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AGENTS THAT ELEVATE cAMP INHIBIT HUMAN NEUTROPHIL APOPTOSIS
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SUMMARY: Neutrophil apoptosis, determined after 20 h in culture using standard criteria and
shedding of cell surface CD16 (FcyRlIl), is dramatically inhibited, in a concentration-dependent
manner, by the cAMP analogs, dibutyryl-cAMP and 8-Br-cAMP, and the adenylyl cyclase
activator, forskolin. Furthermore, the stable receptor-directed PGD2 mimetic, ZK 118.182, and the
PGE2 mimetic, 11-deoxy PGEi, similarly inhibited apoptosis. The DP-receptor antagonist BW
A868C blocked the effect of ZK 118.182 and the protein kinase A inhibitor H-89 reversed the
inhibition of apoptosis induced by dibutyryl-cAMP. These results clearly show that neutrophil
apoptosis is markedly attenuated by cAMP elevating agents. This nucleotide second messenger
may play a fundamental role in controlling neutrophil longevity and pharmacological regulation of
cAMP levels or actions may influence neutrophil apoptosis in vivo. e 1995 Academic ?iWS, inc.

Neutrophils have been specifically implicated in the pathogenesis of a variety of inflammatory
diseases. Their granules contain a large number of agents with the capacity not only to injure
tissues but also to initiate and amplify the inflammatory response. It had been assumed that
extravasated neutrophils inevitably disintegrate (or underwent necrosis) before being removed from
tissues, although this process as a rule would be potentially injurious to healthy local tissue (1).
However, we have identified an alternative fate whereby the neutrophil undergoes apoptosis (2,3).
During this process the cell remains intact and retains its granules but loses its ability to mount

secretory responses in response to external stimuli (4). The apoptotic neutrophil is phagocytosed by
macrophages using highly effective and novel phagocyte recognition mechanisms (3) which fail to
trigger macrophage pro-inflammatory responses (5). Moreover, apoptosis may be the key
mechanisms controlling the functional longevity of granulocytes, the constitutive rate being
profoundly influenced by inflammatory mediators (6-9), a number ofwhich are known to modulate
intracellular levels of cAMP (10,11).

Thus apoptosis may be a centrally important process for the control of neutrophil biology
and in the resolution of the inflammatory response thereby limiting tissue injury and promoting
wound repair. In this study we investigate the effects of agents that modulate cAMP levels on

'Corresponding author: Fax: 0131 650 6528.
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neutrophil apoptosis. Numerous studies have shown that agonist-induced human neutrophil
activation is inhibited by cAMP analogs and cAMP-elevating agents such as the adenylyl cyclase
activator forskolin, phosphodiesterase inhibitors, and receptor-directed prostaglandins (e.g., PGD2
and PGE2). In particular, the stable PGD2 mimetic ZK 118.182 (12,13), acting via DP receptors,
and 11-deoxy PGEi(14), acting primarily via EP2 receptors, suppress neutrophil activation.
Although cAMP promotes apoptosis in a variety of other cell types (15-25) the mechanism by
which cAMP influences apoptosis and the effect of cAMP-elevating agents on neutrophil apoptosis
is currently unknown. In this study we show that cell permeant cAMP analogs, forskolin, and
stable PG mimetics all act to inhibit neutrophil apoptosis in vitro as determined by standard criteria
(4,8,26) and by changes in cell surface CD 16 (FcyRIII) expression (26). Hence, cAMP, as well as
rendering neutrophils less responsive to secretagogue agonists, also inhibits apoptosis thereby
promoting neutrophil survival. We propose that cAMP plays an important role in the intracellular
control of neutrophil apoptosis and that PGs may serve as physiological regulators of neutrophil
survival as well as function. Modulation of cAMP levels may therefore have important
consequences in the treatment of acute and chronic inflammatory conditions.

MATERIALS AND METHODS

Materials. The hybridoma clone 3G8 (CD 16) was from Dr. J. Unkeless, Mount Sinai Medical
School, NY and mAb 3G8 (anti-CD 16) was purified as described (26). FITC-conjugated F(ab')2
goat Ab to mouse Ig was purchased from the Dako Corp., High Wycombe, UK. ZK 118.182 was
from Dr. F. McDonald, Schering AG, Berlin, Germany and BW A868C was from Dr. B. Whittle,
Wellcome Pic, UK. 11-deoxy PGEt was purchased from Cascade Biochem, Reading, UK.
Forskolin, dibutyryl-cAMP, and 8-Br-cAMP, were from Sigma Chemical Co, Poole, UK and H-
89 was from Calbiochem-Novabiochem, Nottingham, UK.

Neutrophil isolation and culture. Human neutrophils were purified as previously described
(27). The neutrophils (>95% pure and >99% viable) were resuspended (4 x 106/ml) in Iscove's
modified Dulbecco's medium (Life Technologies, Paisley, UK) containing 10% autologous serum,
100 U/ml penicillin, and 100 pg/ml streptomycin. All reagents tested for their effects on neutrophil
apoptosis were sequentially diluted, from stock solutions, in the above medium, placed in duplicate
wells of a flat bottomed 96 well polypropylene plate (Becton Dickinson, Oxford, UK) and the
volume adjusted to 75 pi. Aliquots of cells (75 pi) were added to the wells to give a final volume of
150 pi and cell concentration of 2xl06/ml. The plates were incubated at 37°C in a 5% CO2
atmosphere for 20 h.
Assessment of cell viability and recovery. At time 0 and 20h, aliquots (40 pi) of cells were
counted on a haemocytometer and cell viability assessed by exclusion of the vital dye trypan blue.
Morphological assessment of apoptosis. At time 20h, aliquots (150 pi) of cell suspension
were used for cytocentrifuge preparations, fixed in methanol and stained with Wright-Giemsa and
examined for morphological features of apoptosis (nuclear condensation and vacuolation) using oil
emersion light microscopy. A minimum of 500 cells/slide were examined.
Assessment of apoptosis by measurement of CD16 shedding. Aliquots (50 pi) from
one of the duplicate treatments were placed in wells of a round bottomed 96-well polypropylene
plate and washed in ice cold PBS containing 0.2% BSA and 0.1% sodium azide. Cells were
incubated in 30 pi of saturating concentrations of primary Ab (mouse mAb anti CD 16; 3G8) for 30
min on ice. The cells were then washed twice with the above buffer and incubated in 30 pi of a 1/40
dilution of FITC-conjugated F(ab')2 goat Ab to mouse Ig for 30 min on ice and washed twice
before flow cytometric assessment using an EPICS Profile II (Coulter Electronics, Luton, UK).
Statistical methods. Data were expressed as mean ± SEM and were analysed by one way
analysis of variance followed by the Newman-Keuls procedure. P values <0.05, indicated by an *,
were considered to be significant.
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RESULTS AND DISCUSSION

Neutrophils cultured in vitro for 20 h undergo spontaneous apoptosis as assessed by standard
criteria (4,8,26) and by loss of surface CD 16 (FcyRIII)(26). Our data confirm the close correlation
that exists between these assessment methods; for example, 59±5% of neutrophils cultured for 20 h
exhibited typical morphology of apoptotic cells and 62±7% of the neutrophils shed their surface
CD16 (n=6). Treatment of neutrophils with ZK 118.182 (3x10"^ M), 11-deoxy PGEi (3xlO~5
M), dibutyryl-cAMP (2xlO~3 M) and 8-Br-cAMP (2x10"^ M) dramatically inhibited apoptosis (79,
54, 92, and 70% inhibition respectively)(Fig.l). The marked inhibition of apoptosis induced by
dibutyryl-cAMP (as determined by shedding of CD16) is exemplified by the representative flow
cytometric analysis depicted on Fig.2. The CD16 "low" peak in the control 20 h cells represents
apoptotic cells that have shed their surface CD16; the percentage of cells with "low" CD16 was

markedly reduced when compared to cells that had been treated with dibutyryl-cAMP whereas the
corresponding CD16 "high" peak was increased. Together, these results demonstrate that
morphological and surface alterations that accompany apoptosis are inhibited by cAMP elevating
agents. When neutrophils were incubated in the presence of the cAMP analogs, dibutyryl-cAMP
and 8-Br-cAMP (Fig.3A), and the adenylyl cyclase activator, forskolin (Fig.3B) there was a

concentration-dependent inhibition of apoptosis. Similarly, incubation of neutrophils with the PG
mimetics, ZK 118.182 and 11-deoxy PGEj (Fig.4A) also caused a concentration-dependent
inhibition of apoptosis. Furthermore, the DP receptor antagonist, BW A868C inhibited the effect of
ZK 118.182 suggesting that the PGD2 mimetic is indeed interacting with specific DP receptors

(Fig.4B). ZK 118.182 and dibutyryi-cAMP were the most effective inhibitors of neutrophil
apoptosis. None of the reagents used were toxic to the cells as determined by the exclusion of
trypan blue. Apoptosis and its inhibition by cAMP elevating agents was verified using a DNA

80n

Figure 1. Effect of PG mimetics and cAMP analogs on neutrophil apoptosis as assessed
morphologically after 20h culture. All treatments were significantly different from control level of
apoptosis (n=3-6).
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A Control (20 h)

B dibutyryl-cAMP treated (20 h)

Figure 2. Effect of dibutyryl-cAMP upon levels of surface CD 16 (FcyRIII) expression during
20h in vitro culture. The results are representative flow cytometric traces of control cells (A) and
cells treated with 2x10~3m dibutyryl-cAMP (B).

fragmentation technique (8) and by propidium iodide staining of DNA (26) (data not shown).
These results demonstrate that cell permeable cAMP analogs (dibutyryl-cAMP and 8-Br-cAMP),
elevation of cAMP by the receptor agonists (ZK 118.182 and 1I-deoxy PGE() and direct activation
of adenylyl cyclase (forskolin) all result in suppression of neutrophil apoptosis. Inhibition of
apoptosis mediated by dibutyryl-cAMP treatment was completely prevented when the cells were co-
cultured with the PKA inhibitor H-89 (Fig.5) suggesting that cAMP-mediated inhibition of
apoptosis is mediated by PKA activation. H-89 per se did not promote apoptosis at 20 h suggesting
that basal turnover of cAMP may not be an important factor in regulating neutrophil apoptosis; a
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Figure 3. Effect of cAMP analogs (A) and forskolin (B) on neutrophil apoptosis as assessed by
CD 16 expression after 20h culture (n=4-6). Control level of apoptosis is represented by an unfilled
square in both panels, dibutyryl-cAMP by filled circles (A), 8-Br-cAMP by open circle (A), and
forskolin by filled circles (B).

Figure 4. Effect of PG mimetics (ZK 118.182 and 11-deoxy PGE;) on neutrophil apoptosis (A)
and the effect of BW A868C on ZK 118.182-induced inhibition of apoptosis (B). Apoptosis was

assessed by the levels of expression of surface CD16 after 20h culture (n=5-6). In panel A, control
level of apoptosis is represented by an unfilled square, ZK 118.182 by filled circles, and 11-deoxy
PGEi by open circles.

possibility requiring further investigation. Although we have not directly monitored cAMP levels in
this study it is highly likely in view of the documented effects of these agents on intracellular cAMP
that prostaglandins are exerting their inhibition of neutrophil apoptosis by interacting with distinct
plasmalcmmal receptors to cause an elevation of cAMP (28). In addition, direct ligand binding (29)
and pharmacological (30) studies have correlated PG-induced inhibition of function with the
existence of DP and EP2 receptors on human neutrophils.

Our observations show that cAMP-elevating agents inhibit neutrophil apoptosis whereas in
a number of other cell types cAMP accelerates apoptosis (15-25). These results indicate that
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90-1

dibutyryl-cAMP
(2xl(HM)

Figure 5. Effect of H-89 on dibutyryl-cAMP-induced inhibition of neutrophil apoptosis as
assessed by the levels of expression of surface CD16 after 20h culture (n=5).

neutrophil apoptosis is regulated differently from other cells. Indeed, other studies have shown that
agents that inhibit protein synthesis retard thymocyte apoptosis (31) whereas they promote

neutrophil apoptosis (32) and elevation of cytosolic free calcium concentration retards neutrophil
apoptosis (33) but promotes thymocyte apoptosis (31). We have also shown recently that hypoxia
inhibits apoptosis in the neutrophil (34) whereas an identical stimulus is pro-apoptotic in a number
of cell lines (35-39). Interestingly, eosinophil survival has been reported to be enhanced in the
presence of airway epithelial cells, an effect possibly mediated by PGE2 as well as GM-CSF (40).
It has recently been reported that dibutyryl-cAMP, forskolin and the type IV phosphodiestease
inhibitor, rolipram, slightly shorten human neutrophil survival (41); however, the cells were
cultured in the absence of serum and apoptosis per se was not determined for neutrophils treated
with these agents. These differences most likely explain the apparent discrepancies between that
study and the clear inhibition of neutrophil apoptosis by cAMP-elevating agents reported in this
study.

Although the mechanisms by which cAMP influences apoptosis are unknown it is possible
that cAMP mediates changes in expression of key regulatory genes, transcription factors and
proteins reportedly associated with regulation of apoptosis. Elevation of cAMP has been reported to
modulate neutrophil production and effects of cytokines known to influence the rate of neutrophil
apoptosis (e.g., TNFa and GM-CSF) (11,42,43). cAMP has also been shown to alter the
reorganisation of microfilament components of the actin cytoskeleton (44), a fundamental process
in cell responses such as chemotaxis and phagocytosis but also likely to be important in the
formation of apoptotic bodies (45). Our study shows that agents that elevate cAMP retard
neutrophil apoptosis thereby promoting their survival and increasing their functional longevity.
Furthermore, receptor-directed agonists such as PGs, which have been shown in vivo to be either
pro- or anti-inflammatory depending on the site of action (13), can also suppress programmed cell
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death. Thus pharmacological manipulation of cAMP levels or actions may be expected to exert

modulating influences in inflammatory conditions where the neutrophil plays a key role.
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Abstract Although inflammatory mediators modulate the rate
of constitutive neutrophil apoptosis in vitro the effects of micro-
environmental conditions have not been fully investigated. In this
study, we demonstrate that the rate of constitutive neutrophil
apoptosis is affected by the number of cells per unit surface area,
with enhanced survival at high cell density. Furthermore, the
presence of protein or serum in the culture medium also enhances
neutrophil survival. These effects were independent of P2
integrin-mediated adhesion and were not influenced by specific
adhesion to extracellular matrix components. Thus, the rate of
neutrophil apoptosis is fundamentally influenced by micro-
environmental conditions and indicates that factors such as cell

density and extracellular protein concentration must be con¬
sidered when investigating mechanisms regulating inflammatory
cell apoptosis in vitro.
© 1998 Federation of European Biochemical Societies.

Keywords: Neutrophil; Apoptosis; Adhesion;
Micro-environment

1. Introduction

Tissue infection by pathogens initiates an acute inflamma¬
tory response characterised by rapid neutrophil recruitment
[1,2] and release of neutrophil granule contents with anti-mi-
crobial activity to facilitate pathogen destruction [3]. Follow¬
ing elimination of the inflammatory insult, resolution of acute
inflammation requires that recruited neutrophils are removed
before they cause 'inappropriate' damage to tissue due to
cytotoxic effects of granule contents [4-6], Neutrophil apop¬
tosis (programmed cell death) characterised by morphological
and biochemical alterations, e.g. condensation and cleavage of
nuclear chromatin [9] together with functional alterations that
limit stimulus-driven release of cytotoxic granule contents
[7,8] provides one mechanism for limiting the tissue destruc¬
tive potential of the neutrophil. Furthermore, specific neutro¬
phil membrane alterations signal macrophage recognition and
phagocytosis of apoptotic neutrophils [10-12] via mechanisms
which do not provoke pro-inflammatory mediator release,
consistent with a role for apoptotic neutrophil death in reso¬
lution of inflammatory processes [13].

♦Corresponding author. Fax: +44 (131) 650-4384.
E-mail: s.hannah@ed.ac.uk

Abbreviations: mAb, monoclonal antibody; MDM, modified Dulbec-
co's medium; db-cAMP, dibutyryl adenosine-3',5'-cyclic monophos¬
phate; fMLP, TV-formyl-methionyl-leucyl-phenylalanine

The rate at which neutrophils undergo apoptosis is likely to
represent a critical factor determining the absolute tissue load
of neutrophil products at inflammatory sites. The presence of
inflammatory mediators such as granulocyte-macrophage col¬
ony-stimulating factor (GM-CSF) and bacterial lipopolysac-
charide (LPS) can prolong neutrophil longevity in vitro
[14,15], and also potentiate neutrophil effector function. In
addition, local environmental conditions such as hypoxia sup¬

press the apoptotic programme in neutrophils [16] and it is
likely that micro-environmental factors profoundly influence
progression of the inflammatory response.
Recent studies indicate that in addition to the critical role

of neutrophil adhesion in efficient recruitment of cells during
development of the inflammatory response [17], adhesion
plays an important role in regulation of cellular survival. Neu¬
trophil apoptosis is potentiated following adhesion to fibro-
nectin in a p2 integrin-dependent manner when neutrophils
are cultured on interleukin-1-stimulated endothelial cells

[18]. A role for the (32 integrin CDllb/CD18 (Mac-1) in the
regulation of neutrophil apoptosis was further supported by
studies in CDllb/CD18 deficient mice [19] where neutrophil
apoptosis was found to be accelerated following engagement
of CDllb/CD18 and assembly of the NADPH oxidase during
phagocytosis. This pathway was suggested to provide a regu¬

latory feedback mechanism for elimination of phagocytically
active neutrophils, although these studies suggested that the
constitutive rate of neutrophil apoptosis in suspension culture
was largely CD18-independent. Furthermore, a recent study
showing that cross-linking of CD lib/CD 18 potentiated
TNFa induced human neutrophil apoptosis again suggesting
a role for (i2 integrins in the rate of activated neutrophil
apoptosis [20].
In the present study, we have defined the environmental

parameters which affect the rate of constitutive apoptosis of
monolayers of neutrophils during in vitro culture. The rate of
apoptosis was found to be decreased in a manner that is in¬
versely related to the cell density per cm2 of the culture vessel,
apparently independent of adhesion to the culture vessel. In
addition, neutrophil survival was enhanced when the cells
were cultured in medium containing protein. The results of
experiments presented in this paper together with our previous
work raises the possibility that localised hypoxic conditions
provide one mechanism for increased neutrophil survival at
high cell density. Furthermore, our data demonstrate that
careful consideration must be given to the design of culture
conditions when studying the effects of agents that modulate
apoptosis.

0014-5793/98/$ 19.00 © 1998 Federation of European Biochemical Societies. All rights reserved.
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2. Materials and methods

2.1. Materials
All chemicals were purchased from Sigma, Dorset, UK except dex-

amethasone which was from David Bull Laboratories, Warwick, U.K.
Cell culture media were from Life Technologies, Paisley, UK, dextran
T-500 and Percoll from Pharmacia, Milton Keynes, UK, Diff Quick
from Baxter Healthcare, Glasgow, UK and cell culture plastic was
from Becton Dickinson, Leics., UK. Monoclonal antibodies (mAb):
KIM 127, CD18 function promoting antibody [21] (gift from Martyn
Robinson, Celltech); TS1-18, anti-CD18 (American Type Tissue Cul¬
ture Collection); ICRF44, anti-CDllb [22] (gift from Nancy Hogg,
ICRF); BBA-2, anti-CD62-E (R and D Systems, Oxon, UK); and
VLA-3, anti-CD49c (clone 11G5; Serotec, Oxford, UK). Extracellular
matrix components: fibronectin (Sigma); vitronectin (Calbiochem-
Novobiochem, Nottingham, UK), and collagen types I and VI (Life
Technologies).

2.2. Neutrophil isolation
Neutrophils were isolated from citrate anti-coagulated blood as

previously reported [23], Briefly, cells were separated from whole
blood by centrifugation at 220 Xg for 20 min and the upper plate¬
let-rich plasma layer removed. Leukocytes were separated from the
erythrocytes in the cell pellet by differential sedimentation using 0.6%
(w/v) dextran T-500. Granulocytes were separated from the mononu¬
clear cells through a discontinuous isotonic Percoll gradient. Granu¬
locytes were harvested from the 63/73% interface of the gradient and
were > 95% neutrophils as determined by morphological analysis and
> 99% viable as determined by trypan blue dye exclusion.

2.3. In vitro culture of neutrophils
Neutrophils were suspended in Iscove's MDM containing penicillin

(100 U/ml) and streptomycin (100 pg/ml) and supplemented with ei¬
ther autologous serum (recalcified autologous plasma; 0.00008-2.4%
(w/v albumin) corresponding to 0.001-30% (v/v serum)) or 0.001-0.1%
(w/v) BSA. In a separate series of experiments, the neutrophils were
suspended in Iscove's MDM containing penicillin (100 U/ml) and
streptomycin (100 pg/ml) and supplemented with either 10% (v/v)
autologous serum or 0.1% (w/v) BSA, in the absence or presence of
2 mM db-cAMP or 1 pM dexamethasone. The neutrophils were dis¬
pensed into either flat-bottomed 96-well polypropylene plates or Tef¬
lon pots (Pierce, Chester, UK) at various densities and volumes and
incubated at 37°C/5% CC>2.

men ted with 10% (v/v) autologous serum, penicillin (100 U/ml) and
streptomycin (100 pg/ml) then cultured overnight in Teflon pots. A
positive control culture of high density neutrophils aged in the ab¬
sence of serum and other exogenous protein supplements was also
prepared. After culture for 20 h at 37°C/5% CO2, the supernatants
were collected and added to fresh neutrophils from the same donor at
low density (0.5 X 106/ml). The serum-free supernatant was supple¬
mented with serum to 10% (v/v), and a further control culture con¬
sisting of fresh neutrophils cultured in fresh medium supplemented
with 10% (v/v) serum was prepared. The neutrophils were cultured
for 20 h at 37°C/5% C02, after which triplicate cytocentrifuge prep¬
arations were made.

2.8. Statistics
All data are presented as mean + S.E.M. for («) separate experi¬

ments. Values were compared using the Student's r-test or where
appropriate by one-way analysis of variance followed by the New-
man-Keuls procedure. Differences were considered significant when
EC 0.05.
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2.4. Assessment of apoptosis
Triplicate cytocentrifuge preparations were made for each treatment

and time point, stained with Diflf-Quick, and apoptotic neutrophils
identified by their darkly stained, condensed nucleus and cytoplasmic
vacuolation [7], In addition, neutrophils were labelled with FITC-con-
jugated CD 16 mAb and samples analysed by flow cytometry with
CD16 'low' expressing neutrophils representing the apoptotic popula¬
tion [23].

2.5. Antibody blocking experiments
Neutrophils were suspended at a density of 0.5 X 106/ml in Iscove's

MDM supplemented with autologous serum, penicillin (100 U/ml)
and streptomycin (100 pg/ml) and dispensed into flat-bottomed
96-well polypropylene plates (0.1 ml/well) containing either PBS or
test antibody (final concentration 20 pg of IgG/ml in PBS). After
culture for 20 h at 37°C/5% CO2, apoptosis was assessed morpholog¬
ically.

2.6. Extracellular matrix
Extracellular matrix proteins (10 pg/ml) were adsorbed to flat-bot¬

tomed polypropylene 96-well plates (0.1 ml/well) overnight at 4°C and
the wells washed with PBS. Neutrophils (1X10° cells/ml or 8xl06
cells/ml) in Iscove's MDM supplemented with 10% (v/v) autologous
serum, penicillin (100 U/ml) and streptomycin (100 pg/ml) were dis¬
pensed into the coated wells or uncoated, control wells (0.15 ml/well).
The samples were then cultured for 20 h at 37°C/5% C02, after which
the percentage of apoptosis assessed as described above.

2.7. Supernatant transfer experiments
Neutrophils were suspended at densities of either 0.5 X 106/ml (low

density) or 4xl06/ml (high density) in 4 ml Iscove's MDM supple-
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Fig. 1. The effect of serum and BSA on neutrophil apoptosis. Neu¬
trophils (5 X 10'7ml) were cultured for 20 h in flat-bottomed 96-well
polypropylene plates after which the percentage apoptosis was as¬
sessed morphologically as detailed in Section 2. a: Neutrophils
(0.2 ml) were suspended in the presence of either Iscove's MDM
supplemented with 0.001-30% (v/v) serum (equivalent a serum albu¬
min protein concentration of 0.00008-2.4% (w/v); closed symbols)
or 0.003-10% (w/v) BSA (open symbols) (data represent mean±
S.E.M.; n- 5). b: Neutrophils were suspended in medium supple¬
mented with either 10% (v/v) serum (closed bars) or 0.1% (w/v)
BSA (open bars) and cultured in the presence or absence of 2 mM
db-cAMP or 1 pM dexamethasone (data represent meant S.E.M.;
n = 5; E<0.05).
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Fig. 2. The effect of volume, cell number and surface area on the rate of neutrophil apoptosis. Neutrophils were cultured for 20 h in Teflon
vessels after which the percentage of apoptosis was assessed morphologically as detailed in Section 2. a: Neutrophils were suspended at either
0.5xl06/ml or 4Xl06/ml in a constant volume of 4 ml (data represent mean±S.E.M; n = 6; .P<0.05). b: Neutrophils were suspended at a
constant density of 4xl06/ml and cultured in volumes of either 1 ml or 4 ml (data represent mean ± S.E.M.; n = 4; P< 0.05). c: The total
number of neutrophils cultured in each vessel was constant (16x 106) but they were suspended at either a low density (32 ml) or a high density
(4 ml) in large Teflon containers (data represent meant S.E.M.; n = 3). d: Neutrophils (4X106) were cultured in Teflon containers with differ¬
ent surface areas. The surface area of the small and large containers were 201 mm2 and 1385 mm2 respectively (data represent meant S.E.M.;
n = 5; P<0.05).

3. Results and discussion

Unlike a number of other cell types, neutrophils undergo
constitutive apoptosis when cultured in vitro [3], The rate at
which a population of neutrophils become apoptotic can be
influenced by the addition of cytokines [14-16] or altered lev¬
els of second messengers within the cell [24] and by manipu¬
lating the extracellular environment [16], However, in view of
conflicting reports relating to the effects of certain mediators
such as fMLP [15,25] and cAMP [26,27] on neutrophil apop¬
tosis we have determined how the rate of neutrophil apoptosis
is influenced by culture conditions.
We first assessed the effects of different serum concentra¬

tions upon constitutive neutrophil apoptosis during in vitro
culture. In these experiments, neutrophils were cultured in the
absence or presence of various concentrations of autologous
serum. These experiments revealed that in the absence of exo-
genously added protein, neutrophils cultured for 20 h under¬
went secondary necrosis with large numbers of trypan blue
positive cells present (data not shown). In contrast, the addi¬
tion of 0.008-0.1% (w/v) concentrations of serum was suffi¬
cient to maintain neutrophil plasma membrane integrity,
although a large proportion of cells underwent apoptosis
(Fig. la). We next tested whether inclusion of bovine serum
albumin (BSA) also provided survival in the absence of hu¬
man serum components and whether survival was still aug¬
mented by db-cAMP or dexamethasone in the presence of
BSA. As shown in Fig. la, addition of 0.1-1% (w/v) BSA

was sufficient to rescue significant numbers of neutrophils
from necrosis in the absence of other serum factors. However,
in the presence of high concentrations of BSA (10% w/v) in¬
creased neutrophil apoptosis was observed. Neutrophil apop¬
tosis in the presence of BSA could be inhibited by the addition
of exogenous mediators suggesting that db-cAMP and dexa¬
methasone survival effects are independent of other serum

components (Fig. lb). In contrast to the effects of high con¬
centrations of BSA, serum (0.1 -3% w/v) had a profound in¬
hibitory effect upon neutrophil apoptosis suggesting the pres¬
ence of additional survival factors. One possible explanation
for the pre-survival effects of inclusion of protein in the cul¬
ture medium is that respiratory burst activation and release of
reactive oxygen species occurs in the absence of protein and
engages 'activation-dependent' apoptosis pathways in neutro¬
phils, accelerating the rate of apoptosis [28].
Having established that neutrophil survival factors in vitro

required the presence of protein, but not necessarily serum, we
next investigated the influence of the type of culture vessel. In
this series of experiments, we cultured the neutrophils in the
presence of 10% (v/v) autologous serum, allowing for direct
comparison with other studies. Neutrophils were cultured for
18 h at various densities (0.5X 106/ml or 4X 106/ml) in Teflon
containers. Results shown in Fig. 2a indicate that the rate of
neutrophil apoptosis was inversely proportional to the cell
density (density being defined as the number of cells per
unit volume) suggesting that neutrophil survival was increased
at high cell density. The observed density-dependent effect was
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investigated further by varying the volume of cell suspension
at a constant cell density in Iscove's MDM containing 10%
autologous serum. Results presented in Fig. 2b suggested that
the proportion of neutrophils undergoing apoptosis during in
vitro culture was affected by volume. However, under these
culture conditions neutrophils in suspension settle onto the
surface of the culture vessel. When we attempted to keep cells
in suspension they went necrotic suggesting a sensitivity to
mechanical shear in vitro (data not shown). We then inves¬
tigated the possibility that the absolute number of cells placed
in a culture vessel of defined size may be of greater signifi¬
cance than either the cell density or the total volume of cell
suspension. In order to test this suggestion we placed a con¬
stant number of cells in different volumes of culture medium
in identical sized culture vessels. We found that under these

conditions, the rate of apoptosis was unaffected (Fig. 2c) sug¬

gesting that cell concentration per se was not a critical factor.
Since under these experimental conditions the surface area of
the vessel was kept constant, we examined whether culturing a
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Fig. 3. Comparison of neutrophil apoptosis after culture in Teflon
or polypropylene vessels, a: Neutrophils were cultured in Teflon
(open bars) or polypropylene (closed bars) containers at a variety of
different cell densities and a constant volume of 4 ml in Teflon con¬

tainers and 0.1 ml in polypropylene containers. The percentage of
apoptosis after 20 h was assessed morphologically as detailed in
Section 2. Data represent mean±S.E.M.; n- 3 separate experi¬
ments. b: The same data were expressed as the percentage of apop¬
tosis per unit surface area of the culture vessel. The surface area of
the Teflon and polypropylene containers were 201 mm2 and
19.6 mm2 respectively.
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Fig. 4. The effect of culturing neutrophils in pre-coated polypropyl¬
ene vessels, a: Neutrophils were cultured in polypropylene vessels
for 20 h in the presence of a panel of antibodies as detailed in Sec¬
tion 2. The percentage of apoptosis after culture was assessed mor¬
phologically as previously detailed. Data represent mean ± S.E.M.;
n = 3 separate experiments, b: Neutrophils were cultured in polypro¬
pylene vessels which were pre-coated with matrix proteins at low
(closed bars) and high densities (open bars). The percentage apopto¬
sis was assessed after 20 h of culture. Data show a representative
experiment, which was confirmed by labelling with FITC-conjugated
CD 16 mAb as detailed in Section 2.

constant number of cells in vessels with different surface areas

affected the rate of apoptosis. From results of experiments
shown in Fig. 2d it was evident that the rate of apoptosis
was inversely proportional to the number of cells per unit
surface area. We next investigated whether cell density per
unit area of culture vessel influenced the rate of apoptosis
when cells were cultured on polypropylene, a surface to which
neutrophils will adhere (data not shown). Although the den¬
sity per unit volume of neutrophils which exhibit higher rates
of apoptosis in polypropylene was higher than that in Teflon
(Fig. 3a), when the data were expressed in terms of the num¬
ber of cells per unit area (Fig. 3b) there appeared to be little
difference between the two culture conditions, suggesting that
adhesion to a culture vessel was not influencing the apoptosis
rate under these culture conditions. Whilst the use of culture
conditions that place neutrophils in contact with 2-dimension-
al surfaces to investigate regulation of apoptosis may fail to
mimic the environment of neutrophils at inflammatory sites,
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Fig. 5. The effect of culturing low density neutrophils in previously
prepared supernatants from high and low density neutrophils. Neu¬
trophils were cultured at 0.5Xl06/ml (low density) or 4xl06/ml
(high density) in the presence of 10% (v/v) serum or at high density
in the absence of added serum in Teflon pots for 20 h as detailed in
Section 2. The supernatants were collected and used as the culture
media for fresh neutrophils from the same donor which were cul¬
tured at low density for 20 h. Control cultures containing fresh neu¬
trophils cultured in fresh medium were also prepared. The percent¬
age of apoptosis after culture was assessed morphologically as
previously detailed (data represent mean±S.E.M.; n = 3).

these experiments establish that cell density per unit surface
area represents a critical factor determining the rate of neu¬
trophil apoptosis during in vitro culture.
In view of evidence that adhesion provides regulatory sig¬

nals determining cell survival we next investigated whether
specific adhesion via (32 integrins affected the rate of apoptosis
of neutrophils cultured in polypropylene. Neutrophils were
cultured in the presence of CD 18 blocking monoclonal anti¬
bodies (mAb). Although CD 18 mAb efficiently blocked neu¬

trophil adhesion to plastic in static adhesion assays (data not
shown), we did not observe alterations in the rate of neutro¬
phil apoptosis in the presence of CD18 mAb (Fig. 4a). More¬
over, addition of the p2 integrin function promoting mAb
KIM 127 did not influence the rate of apoptosis, indicating
that (32 integrin-mediated adhesion events may not provide
regulatory signals determining commitment to apoptosis in
unstimulated cells. In addition, neutrophil apoptosis at either
low (lxl06/ml) or high (8xl06/ml) cell densities was not
altered by pre-coating the culture vessels with extracellular
matrix proteins fibronectin, vitronectin or collagens (Fig.
4b). Together, these data suggest that engagement of specific
adhesion receptors on neutrophils does not influence the con¬
stitutive rate at which neutrophils undergo apoptosis in vitro.
The possibility that neutrophils secrete factor(s) which at

high cell density provide autocrine survival signals was ad¬
dressed in a series of supernatant transfer experiments. Neu¬
trophils were suspended at high and low densities in the pres¬
ence of serum in Teflon pots and cultured for 20 h. The
supernatants were collected and used to culture, at low den¬
sity, freshly isolated neutrophils from the same donor (Fig. 5).
Neutrophils cultured in the presence of supernatants from
'high density' neutrophils were not protected against apopto¬
sis. Moreover, the supernatant from neutrophils cultured in
the absence of serum did not cause any significant effect on
the extent of apoptosis of fresh neutrophils cultured in vitro.
Although cellular depletion of media constituents may com¬
plicate interpretation of these results, it seems likely that neu¬
trophils are not capable of secreting survival factors at levels
sufficient to rescue neutrophils cultured in vitro at low density
from apoptosis.

In summary, examination of physical parameters which in¬
fluence neutrophil apoptosis in culture revealed that survival
is dependent on the number of cells per unit area of the
culture vessel, consistent with the suggestions of Raff [29],
that cellular communication is a key determinant of commit¬
ment to apoptosis. In addition, the presence of protein in the
culture medium also augmented neutrophil survival. However,
our data did not support a role for the principal neutrophil
adhesion receptors, p2 integrins, in providing regulatory sig¬
nals that determine rates of apoptosis. Moreover, at low cell
density, plating neutrophils onto a variety of extracellular
matrix components failed to provide 'rescue' from accelerated
apoptosis. Although supernatant transfer experiments do not
exclude the possibility that high local concentrations of auto¬
crine factors are present prior to harvesting of the superna¬
tant, it is equally likely that high neutrophil density per unit
area of culture vessel gives rise to local hypoxic conditions
and pH changes which exert protective effects [16]. Further¬
more, our findings that micro-environmental conditions influ¬
ence neutrophil survival have important implications for study
design when assessing the role of exogenous factors in regu¬
lation of the apoptotic programme in neutrophils.
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Regulation of Macrophage Phagocytosis of Apoptotic Cells by
cAMP1

Adriano G. Rossi,2 Judith C. McCutcheon, Noemi Roy, Edwin R. Chilvers,
Christopher Haslett, and Ian Dransheld

Regulation of macrophage capacity to remove apoptotic cells may control the balance of apoptotic and necrotic leukocytes at
inflamed foci and the extent of leukocyte-mediated tissue damage. Although the molecules involved in the phagocytic process are

beginning to be defined, little is known about the underlying regulatory and signaling mechanisms controlling this process. In this
paper, we have investigated the effects of treatment of human monocyte-derived macrophages with PGs and other agents that
elevate intracellular cAMP on phagocytosis. PGE2 and PGD2 specifically reduced the proportion of macrophages that phagocy-
tosed apoptotic cells. Similar results were obtained with the membrane-permeable cAMP analogues dibutyryl-cAMP and 8-bro-
mo-cAMP but not with the cGMP analogue dibutyryl-GMP. Consistent with the observation that phagocytosis was inhibited by
cAMP elevation, treatment of monocyte-derived macrophages with PGE2 resulted in rapid, transient increase in levels of intra¬
cellular cAMP. These effects were not due to nonspecific inhibition of monocyte-derived macrophage phagocytosis given that
ingestion of Ig-opsonized erythrocytes was unaffected. Elevation of cAMP induced morphologic alterations indicative of changes
in the adhesive status of the macrophage, including cell rounding and disassembly of structures that represent points of contact
with substrate containing actin and talin. These results strongly suggest that rapid activation of cAMP signaling pathways by
inflammatory mediators regulates processes that limit tissue injury and that modulation of cAMP levels represents an additional
therapeutic target in the control of resolution of inflammation. The Journal of Immunology, 1998, 160: 3562-3568.

The ultimate fate of the large numbers of recruited neutro¬phil granulocytes during inflammatory responses has been
widely assumed to involve necrosis and disintegration in

situ before cellular fragments arc cleared by local phagocytes (1).
However, the capacity ofmany granule contents to cause cellular
injury (2) and cleave tissue matrix proteins into chemotactic frag¬
ments (3) implies that necrotic cell death would damage healthy
tissues and exacerbate inflammatory processes. There is now com¬

pelling evidence that neutrophil apoptosis, which is associated
with preservation of granule contents and down-regulation of ef¬
fector function, including granule secretion (4, 5), limits the po¬
tential for ncutrophil-mediated tissue damage during progression
of inflammatory responses (reviewed in Rcf. 6). An important
consequence of the apoptotic process is cell surface alterations
that lead to rapid recognition and phagocytosis of apoptotic
neutrophils (4, 7). In contrast to macrophage phagocytosis of
particles opsonized with C or Ig, this does not provoke the
release of proinflammatory macrophage mediators (thrombox¬
ane B2 or A-acctyl-j3-D-glucosaminidasc) (8), contributing to
limitation of tissue injury and promotion of resolution of in¬
flammation. There is clear histologic evidence for the involve¬
ment of this process in acute inflammation (9), and necrotic
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neutrophils are observed at chronically inflamed sites; thus, the
tissue load of apoptotic cells is likely to be a critical factor in
determining the outcome of inflammation.
Potential control mechanisms for regulation of the recognition

and phagocytic pathways by which apoptotic cells arc removed
include prolongation of myeloid cell functional longevity, such as

phagocytic and secretory responses by inflammatory mediators
and growth factors (10-12). Inhibition of the rate of apoptosis in
these cell populations at inflamed sites would serve a dual purpose
of regulating the potential for ncutrophil-mediatcd damage at these
sites and the numbers of neutrophils that arc available for recog¬
nition by macrophages. Inflammatory mediators also act to regu¬
late phagocytosis of apoptotic cells by macrophages. Multiple re¬

ceptor pathways arc implicated in the phagocytosis of apoptotic
cells, although specific pathways may be dominant in certain en¬
vironmental conditions (13, 14). For human monocytc-dcrived
macrophages, we have proposed a model in which macrophage
av/3, and CD36 act in concert to allow apoptotic cell recognition
(7, 13). Modulation of receptor expression during monocyte dif¬
ferentiation may determine the phagocytic ability of macrophage
populations at different anatomic sites. Induction of av(3 , occurs

concomitantly with the acquisition of the capacity to phagocytose
apoptotic cells during in vitro culture ofmonocytes (15). For mu¬
rine macrophages, different phenotypes may be induced by local
microenvironmcntal stimuli. Bone marrow-derived macrophages,
in contrast to those isolated from the peritoneal cavity which uti¬
lize a phosphatidylserinc based pathway, use an av/33 intcgrin-
bascd recognition mechanism (16). In addition, phagocytosis of
(3-1,3-glucan particles can induce a switch between these two path¬
ways (17). There is also clear evidence that macrophage phago¬
cytic responses arc also influenced by intcgrin-mcdiatcd signal
transduction pathways (18). Thus, control of apoptotic cell re¬
moval may be achieved by regulation of macrophage phagocytic
potential.

Copyright © 1998 by The American Association of Immunologists 0022-1767/98/S02.00
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In this study, we have investigated whether modulation of
protein kinase activity had a regulatory role in the process ofmac¬
rophage recognition of apoptotic cells. In particular, we have ex¬
amined the effects of short term treatment of human monocyte-
derived macrophages with PGs, which elevate intracellular cAMP.
Our results suggest that specific inhibition of phagocytosis of ap¬
optotic neutrophils following cAMP elevation may involve disas¬
sembly of cytoskeletal elements involved in cell-substratum inter¬
action without inducing cell detachment. These data support a
model in which the matrix microcnvironment exerts control over
the macrophage capacity for clearance of apoptotic cells. Thus,
pharmacologic targeting of elements of the PKA pathway may
represent a novel strategy for the modulation of macrophage ca¬
pacity for the clearance of apoptotic cells.

Materials and Methods
Abs and other reagents

Iscove's DMEM, HBSS, and culture supplements were from Life Tech¬
nologies, Paisley, U.K., and Falcon tissue culture plastic was from A. & J.
Beveridge, Edinburgh, U.K. Rhodamine-phalloidin was obtained from Mo¬
lecular Probes (Eugene, OR). Dextran T500 was from Pharmacia, Milton
Keynes, U.K. Normal rabbit serum was from the Scottish Ab Production
Unit, Lanarkshire, U.K. Rabbit anti-human erythrocyte membrane Ags and
FITC-conjugated F(ab')2 fragments of goat anti-mouse Ig were from Dako
(High Wycombe, U.K.), MAb all of IgGl isotype, 23C6 (CD51/CD61
complex) and 13C2 (CD51), were a gift from Dr. Mike Horton, Imperial
Cancer Research Fund, London, U.K. PM6/13 (CD61) was a gift from Dr.
Mike Wilkinson, Royal College of Surgeons, London, U.K. FA6-152
(CD36) was selected from Ab panels obtained from the Vth International
Workshop on Leukocyte Differentiafion Ags. PGs were purchased from
Cascade Biochem., Reading, U.K. All other chemicals were obtained from
Sigma Chemical, Poole, U.K.

Cell isolation

Mononuclear cells and neutrophils were isolated from peripheral blood as
described (4, 19). Freshly citrated blood was centrifuged at 400 X g for 20
min, and the platelet-rich plasma supernatant was used to prepare autolo¬
gous serum by addition of calcium chloride (10 mM final concentration).
Leukocytes were isolated after removal of erythrocytes by sedimentation
using 6% (w/v) dextran T500 in saline by fractionation on a discontinuous
gradient of isotonic Percoll solutions made in Ca2+/Mg2+-free PBS (CMF-
PBS) Percoll concentrations of49.5, 63, and 72.9% at 700 X g for 20 min.
Mononuclear cells were aspirated from the 49.5%/63% interface and neu¬
trophils from the 63%/72.9% interface and washed three times in HBSS
before culture. Neutrophils were cultured at 4 X 106/ml in Iscove's DMEM
containing 10% autologous serum at 37°C in a 5% C02 atmosphere for 18
to 24 h. Neutrophils used in the phagocytosis assay were >50% apoptotic
as determined by morphologic appearance, CD 16 "low" expression, an-
nexin V positivity and >98% of cells retain membrane integrity as as¬
sessed by the vital dye trypan blue. Monocytes were enriched from the
mononuclear cells by selectively attaching them to 24-well plates for 1 h at
37°C. The nonadherent lymphocytes were removed and the adherent
monocytes were washed twice in PBS. Monocytes were then cultured for
5 to 7 days in Iscove's DMEM containing 10% autologous serum at 37°C
in a 5% C02 atmosphere. Their maturation into macrophages was assessed
by flow cytometry using a panel ofmyeloid-specific and activation markers
including CD 16 and CD51/CD61 (data not shown).

Assay for macrophage phagocytosis ofapoptotic neutrophils
Phagocytosis of apoptotic neutrophils was assayed by minor modifications
of previously described methods (4, 7). Neutrophils that had been cultured
in vitro were washed once with Iscove's DMEM and resuspended at 4 X
106 cells/ml in Iscove's DMEM alone. Adherent macrophages were
washed in Iscove's DMEM before addition of 1 ml of the above neutrophil
suspension to each well. After 30 min of incubation at 37°C, the wells were
washed four times with ice-cold CMF-PBS, fixed in 2.5% glutaraldehyde/
PBS for 10 min, and then stained for myeloperoxidase at 37°C using 0.1
mg/ml dimethoxybenzidine and 0.03% (v/v) hydrogen peroxide in PBS.
The percentage of macrophages that had phagocytosed myeloperoxidase-
positive apoptotic neutrophils was quantified microscopically by examina¬
tion of randomly selected fields and counting at least 500 cells/well. Re¬
sults from each experiment were expressed either as the mean percentage

of phagocytic macrophages of triplicate wells or as the percentage phago¬
cytosis relative to untreated controls.

Macrophage phagocytosis of IgG-opsonized erythrocytes

Erythrocytes were washed and resuspended at 2.5 X 107/ml in Iscove's
DMEM and incubated at 4°C with rabbit polyclonal anti-human erythro¬
cyte Ab (1:100) for 30 min. Opsonized erythrocytes were then washed and
resuspended at 1 X 10(,/ml in Iscove's DMEM and incubated with mac¬
rophages at a macrophage-erythrocyte ratio of 1:2.

Flow cytometry and immunocytochemistry
Flow cytometry was performed as described previously (19, 20), with all
incubations conducted on ice. Six-day-old monocyte-derived macrophages
were detached from cell culture plates by vigorous pipetting after incuba¬
tion on ice with PBS for 30 min. Macrophages (1 X 105) were washed with
ice-cold PBS containing 0.2% (w/v) BSA and 0.1% (w/v) sodium azide
and preincubated with 20% (v/v) normal rabbit serum to block "nonspe¬
cific" binding to Ig Fc receptors. Cells were then incubated with saturating
concentrations of mAb for 30 min. After washing, cells were incubated
with FITC-conjugated F(ab')2 goat anti-mouse Ig (1:25) for 30 min and
washed twice before flow cytometric analysis using an EPICS Profile II
flow cytometer (Coulter Electronics, Luton, U.K.) (20). For indirect im¬
munofluorescence analysis, macrophages were resuspended at 1 X 106/ml
of Iscove's DMEM and 105/well added to multispot microscope slides and
allowed to adhere by incubation for 1 h at 37°C. After rinsing with Iscove's
DMEM, cells were fixed in 1% formaldehyde in PBS for 10 min. Cells
were permeabilized using 1% Triton X-100 in PBS for 5 min and then
washed thoroughly in PBS. Slides were blocked in PBS containing 20%
normal rabbit serum for 10 min before incubation with primary Ab opti¬
mally diluted in PBS containing normal rabbit serum. Bound primary Ab
was detected using F(ab')2 FITC-conjugated rabbit anti-mouse Ig Ab. For
visualization of actin, rhodamine-phalloidin (0.15 pM) was included.
Slides were mounted in 50% glycerol in PBS and examined using an
Olympus BH-2 microscope with a fluorescent lamp attachment.

Treatment ofmonocyte-derived macrophages with agents that
elevate intracellular cAMP

Macrophages were washed once with Iscove's DMEM and incubated for
various times as stated in text at 37°C with dbcAMP,3 8-Br-cAMP, or PGs
diluted in Iscove's DMEM. For cAMP determinations, PGE2 was added in
the presence of a 2.5 mM concentration of the phosphodiesterase inhibitor
3-isobutyl-l-methylxanthine (IBMX). The treated cells were then washed
once with Iscove's DMEM before assessment ofmacrophage phagocytosis
or immunocytochemistry.

Determination ofcAMP concentration

Macrophages were cultured adherent to six-well tissue culture plates for 6
days as described above. Macrophages were washed once with Iscove's
DMEM and incubated with Iscove's DMEM alone or Iscove's DMEM

containing 0.5 mM IBMX and 3 pM PGE2 for 0.5, 2, 5, 10, 15, or 45 min.
The medium was then aspirate and 600 p\ of ice-cold 0.5 M trichloroacetic
acid were added. Macrophages were extracted on ice for 20 min and then
scraped off, and material was transferred to Eppendorf tubes. The samples
were then vortexed and centrifuged (10,000 X g, 5 min), and 500 p\ of the
supernatant were added to 125 p\ of \0 mM EDTA (pH 7.0) and 500 p\
of freshly prepared 1,1,2-trichlorotrifluoroethane-tri-rt-octylamine (50:50,
v/v) (21). After further vigorous mixing, the samples were centrifuged
(10,000 X g, 2 min), and 500 p\ of the aqueous layer were removed and
neutralized with 100 p\ of 6 M sodium hydrogen carbonate. Cyclic AMP
measurements were made on triplicate 50-p\ aliquots from each sample.
Each tube contained 50 p\ of buffer (50 mM Tris-HCl, 4 M EDTA, pH
7.5), 50 p\ of sample, or standard containing known amounts of cAMP
(doubling dilutions from 0.125 to 16 pmol with 250 pmol of cAMP used
to define nonspecific binding) and 100 p\ [3H]cAMP (88,000 dpm; DuPont
(U.K.), Stevenage, U.K.). The reaction was initiated by addition of 150
jul-cAMP-binding protein (final concentration, 0.85 pg protein/ml) and
incubated overnight at 4°C. The reaction was terminated by the addition of
250 p\ of 0.5% activated charcoal. After 3 min, the samples were centri¬
fuged (10,000 X g, 4 min) and 200 p\ of the supernatant were transferred
to 5-ml scintillation vials. Five milliliters of Flo-Scint IV scintillation fluid

(Canberra Packard, Pangbourne, U.K.) were added to each vial, and the
samples were analyzed on a liquid scintillation counter.

3 Abbreviations used in this paper: dbcAMP, dibutyryl-cAMP; dbcGMP, dibutyryl-
cAMP; IBMX, 3-isobutyl-l-methylxanthine; 8-Br-cAMP, 8-bromo-cAMP; PKA,
protein kinase A.
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□ Ig-opsonized erythrocytes

■ apoptotic neutrophils

FIGURE 1. Effect of dbcAMP on macrophage recognition of apoptotic
neutrophils and opsonized erythrocytes. Human monocyte-derived macro¬
phages pretreated with dbcAMP (2 mM) for 15 min were assessed for their
ability to phagocytose in vitro cultured neutrophils (■) or Ig-opsonized
erythrocytes (□). Relative percentage phagocytosis is expressed compared
with control medium pretreatment cells representing mean ± SEM of 14
separate experiments. In these experiments, the percentage of cells ingest¬
ing apoptotic neutrophils under control conditions was 20 ± 4% and fol¬
lowing dbcAMP treatment was 10 ± 3%. The percentage of control mac¬
rophages ingesting opsonized erythrocytes was 30 ± 3%, whereas in
dbcAMP-treated macrophages the value was unchanged (31 ± 4%). *p <
0.05 compared with control.

Analysis of results
Results are expressed as the mean ± SEM and n = number of independent
experiments using macrophages from different donors. Results were ana¬
lyzed by one-way analysis of variance followed by the Newman-Keuls
procedure to determine significant differences between groups, p values <
0.05 were considered to be significant where * represents p < 0.05.

Results
Elevation ofcAMP specifically inhibits macrophage
phagocytosis of apoptotic neutrophils
Human monocyte-dcrivcd macrophages were pretreated with the
membrane-permeable analogue of cAMP, dbcAMP, to mimic el¬
evation of intracellular cAMP levels, and phagocytosis of apopto¬
tic neutrophils was assessed. When compared with preincubation
in medium alone, 2 mM dbcAMP decreased the percentage of
monocyte-derived macrophages that phagocytosed apoptotic neu¬

trophils (Fig. 1). The low proportion of phagocytic macrophages
following dbcAMP treatment made assessment of the elfects of
dbcAMP on the number ofapoptotic neutrophils phagocytosed per
macrophage (phagocytic index) difficult, particularly since under
control conditions the phagocytic index was ~ 1.4. In a series of
experiments, maximal effects of 2 mM dbcAMP treatment were
apparent following 15 min of pretreatment with no further inhibi¬
tion observed with longer incubation times (data not shown). All
subsequent experiments were therefore performed using 15-min
prctrcatment times. Since elevation of cAMP might result in func¬
tional alterations downstream of the receptors mediating macro¬
phage recognition of apoptotic neutrophils that would affect all
phagocytic processes, we assessed whether dbcAMP had similar
effects on FcyR-mcdiatcd phagocytosis. In contrast to the observed
inhibition ofmonocyte-derived macrophage phagocytosis of apo¬
ptotic cells, pretreatmcnt of macrophages with dbcAMP did not
inhibit recognition of Ig-opsonized erythrocytes (Fig. 1). Thus,
treatment ofmacrophages with an activator of PKA does not non-
specifically inhibit all phagocytic pathways. Furthermore, modu¬
lation of phagocytosis of apoptotic neutrophils following cAMP

FIGURE 2. F.ffect of prostanoids, dbcAMP, 8-Br-cAMP, and dbcGMP
on macrophage recognition of apoptotic cells. Human monocyte-derived
macrophages pretreated with PGE, (10 pM), PGD2 (10 p.M), dbcAMP (2
mM), 8-Br-cAMP (2 mM), and dbcGMP (2 mM) for 15 min were assessed
for their ability to phagocytose in vitro cultured neutrophils. The percent¬
age of macrophages ingesting apoptotic neutrophils is expressed as the
mean ± SEM of3 to 12 separate experiments. In this series ofexperiments,
24 ± 2 of control macrophages phagocytosed apoptotic neutrophils. *p <
0.05 compared with control.

elevation suggests that the potential of monocytc-dcrivcd macro¬

phages to phagocytose apoptotic cells can be rapidly and dynam¬
ically regulated.

Effect of inflammatory mediators that elevate cAMP
Arachidonic acid metabolites of the PG series arc key inflamma¬
tory mediators that interact with specific cell surface receptors to
activate adenylate cyclase resulting in an elevation of intracellular
cAMP. We therefore assessed the effects of a number of different
PGs for their ability to inhibit monocyte-dcrivcd macrophage
phagocytosis of apoptotic neutrophils. Macrophages were pre¬
heated with either PGE2 (10 pM) or PGD2 (10 pM) for 15 min
before testing their phagocytic ability. We also compared the ef¬
fects of elevation of cGMP using dbcGMP (2 mM) in comparison
with the positive controls, dbcAMP (2 mM) and 8 Br-cAMP (2
mM), as described above. We found that all the PGs tested were

capable of inhibition of macrophage phagocytosis of apoptotic
neutrophils (Fig. 2). In contrast to the effects of elevation of in¬
tracellular cAMP, raising cGMP levels did not inhibit monocytc-
derived macrophage phagocytosis. These results suggest that mac¬
rophage phagocytosis can be regulated by intracellular signals
and that the levels of intracellular cAMP may have a role in de¬
termining macrophage capacity for phagocytosis of apoptotic
neutrophils.

Concentration-response effects ofPGE2, PGD2, and dbcAMP on
macrophage phagocytosis of apoptotic neutrophils
Since the above data suggest that macrophages express multiple
receptors for different PG species, we next determined the relative
potency and efficacy of PGE2 and PGD2 in comparison with db¬
cAMP for inhibition of phagocytosis of apoptotic neutrophils. Re¬
sults shown in Figure 3 indicate that half-maximal inhibition
(IC50) is observed at M).5 mM for dbcAMP treatment. Maximal
inhibition of macrophage phagocytosis was observed following
pretreatment with 10 pM concentrations of both PGE2 and PGD2.
However, PGE2 (to IC50 = I pM) was much more potent that
PGD2 (10 pM inhibited phagocytosis only by "-25%).
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FIGURE 3. Concentration-response effects of dbcAMP, PGE,, and
PGD2 on macrophage recognition of apoptotic cells. Human monocyte-
derived macrophages pretreated with varying concentrations of dbcAMP
(O) PGE2 (•), and PGD2 (■) for 15 min were assessed for their ability to
phagocytose in vitro cultured neutrophils. The percentage ofmacrophages
ingesting apoptotic neutrophils is expressed as the mean _L SEM of 5 to 12
separate experiments.

Effect ofPGE2 on intracellular cAMP concentrations in
macrophages
To determine whether prctrcatmcnt of monocyte-derivcd macro¬

phages with PGs exerted inhibitory effects via elevation of cAMP,
we next measured intracellular concentrations of cAMP in mac¬

rophages following treatment with PGE2 using a radioreceptor as¬
say. As shown in Figure 4, PGE2 acted rapidly to elevate cAMP,
increasing cAMP levels 10-fold after 5 min. Interestingly, ob¬
served elevation was transient, returning to basal levels within 30
min. In contrast, inhibition of phagocytosis of apoptotic neutro¬
phils following PGE, treatment was prolonged with inhibitory ef¬
fects observed after 1 h (data not shown), implying that elevation
of cAMP initiates signaling pathways that ultimately determine
phagocytic responses.

Effects of cAMP elevation on macrophage adhesion
One possible mechanism for the rapid regulatory effects of cAMP
elevation would be altered expression of surface receptors in¬
volved in macrophage recognition of apoptotic cells. However,

S
0
1

Time (min)

FIGURE 4. Effect of PGE2 on intracellular levels of macrophage
cAMP. The intracellular concentrations of cAMP in human monocyte-
derived macrophages pretreated with PGE2 (3 p,M) in the presence of
IBMX (2.5 mM) for the indicated times were determined. The results are

expressed as picomols of cAMP/105 cells representing mean ± SEM of
four separate experiments.

flow cytometric analysis indicated that there was no significant
alteration in surface expression ofCD51, CD61, and the 61D3 Ag,
as assessed by changes in mean fluorescence intensity, following
dbcAMP prctrcatmcnt (data not shown), suggesting that the ob¬
served effects did not involve modulation of surface receptor ex¬
pression. We therefore examined the effects of cAMP elevation on
the distribution of receptors involved in the recognition process.
Indirect immunofluorescence analysis of )3, integrins and CD36 on

macrophages prctreatcd with dbcAMP for 15 min revealed that the
cellular distribution of CD36 was similar on untreated macro¬

phages and those prctreatcd with dbcAMP. Although heterogene¬
ity in terms of the pattern of distribution of the intcgrin /33 subunit
was observed in both untreated and treated macrophage popula¬
tions and treatment of macrophages with dbcAMP resulted in an
increase in the proportion of macrophages with a unifonn J33 dis¬
tribution (data not shown), no clear association between /33 distri¬
bution patterns and phagocytic capacity was apparent.
It has previously been demonstrated that elevation of cAMP

induces phcnotypic alterations in macrophages and other cell
types. Microscopic examination of human monocytc-derived mac¬

rophages treated with dbcAMP (Fig. 5, A and B) and PGE2 (data
not shown) revealed clear morphologic alterations that were

suggestive of altered adhesion. However, quantitative analysis re¬
vealed that elevation of cAMP did not alter the numbers of adher¬
ent macrophages (104 ± 4% of adhesion of untreated macro¬

phages, n = 3 separate experiments). These data also demonstrate
that observed inhibition of phagocytosis is not due to selective
detachment of phagocytic macrophages. Moreover, additional ex¬
periments indicated that pretrcatmcnt of macrophages with db¬
cAMP did not alter the ability of macrophages to adhere to sub¬
strate (data not shown). Although dbcAMP did not affect the
percentage of adherent cells, when we examined the intracellular
distribution of cytoskeletal elements, we found that colocalization
of actin and talin into discrete structures (representing contact
points with substrate) was altered by dbcAMP treatment (Fig. 5,
C-F). Similar results were found when we examined vinculin,
paxillin, and tyrosine phosphorylation patterns (data not shown),
suggesting that dbcAMP induces morphologic alterations by un¬

coupling adhesion receptors from cytoplasmic cytoskelctal ele¬
ments, including potential signal transduction pathways (22).

Discussion

The regulatory mechanisms that underlie macrophage recognition,
phagocytosis, and removal of apoptotic cells from inflamed sites
are central to our understanding of the control and resolution of
inflammation. Perturbation of the balance between neutrophil re¬
cruitment from the circulation, phagocytic removal of apoptotic
neutrophils by macrophages (or other phagocytes), and neutrophil
disintegration or necrosis may be critical determinants of whether
inflammation ultimately resolves (6). A proportion of human
monocytc-dcrivcd macrophages constitutivcly recognize and
phagocytosc apoptotic, but not freshly isolated, neutrophils (13),
indicating that the apoptotic cell provides a phagocytic signal to
the macrophage. However, since peripheral blood monocytes and
some macrophage populations (e.g., alveolar macrophages; our un¬
published observations) are relatively inefficient at phagocytosis of
apoptotic cells, differentiation- or microcnvironment-dcpendcnt
phcnotypic alterations may also regulate this process. Evidence for
further regulatory mechanisms include the finding that treatment of
macrophages with proinflammatory cytokines, notably GM-CSF,
augments macrophage phagocytosis independently of altered re¬

ceptor expression (23). More recently, we have demonstrated that
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FIGURE 5. Effect of dbcAMP treatment on macrophage cytoskeleton. Untreated or dbcAMP-treated human monocyte-derived macrophages were
washed twice before fixation and (A and B) examined using an inverted microscope (X20 objective) or stained for actin (C and E) using rhodamine
phalloidin and talin (D and /■') using dual labeling techniques. Scanning confocal laser microscopy (X60 objective) was then used to examine intracellular
distributions of these proteins. Untreated macrophages (Medium) show morphologic features typical of motile cells (A). In contrast, following dbcAMP
treatment, many more macrophages appear rounded (B). There is clear colocalization of actin and talin in untreated macrophages (C and D) possibly
representing areas of contact with substrate, hi dbcAMP-treated macrophages, actin staining is more disordered (E and F).

cross-linking of CD44 rapidly and specifically augments phago¬
cytosis of apoptotic neutrophils, suggesting that macrophage
phagocytic capacity can be dynamically regulated (20).
In this study, we demonstrate that elevation of cAMP within

monocyte-derived macrophages specifically reduces macrophage
potential to recognize and phagocytose apoptotic neutrophils but

not Ig-opsonized erythrocytes, indicating that cAMP does not
block all phagocytic pathways in macrophages. Elevation of
cAMP and activation ofPKA may signal rapid, subtle responses to
microenvironmental stimuli, resulting in reduced capacity for
phagocytosis of apoptotic cells by macrophages. The prostanoids
PGE2 or PGD2 have antiinflammatory effects on neutrophil
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function in terms of granule secretion (24-26). However, our ob¬
servation that macrophage removal of apoptotic cells is inhibited
by these agents raises the possibility that they may increase the
tissue load of apoptotic cells at inflamed sites. Inflammatory me¬
diators may therefore have complex effects on processes involved
in resolution of inflammation. One possibility is that PG-induced
cAMP elevation may provide counterrcgulatory signals to proin¬
flammatory mediators or CD44 cross-linking. Preliminary exper¬
iments indicate that dbcAMP treatment inhibits CD44 augmented
monocyte-derived macrophage phagocytosis of apoptotic neutro¬
phils (CD44 treated (20), 50.1 + 9% phagocytosis; CD44 + 2 mM
dbcAMP treated, 18.6 + 8%; n = 5). However, since dbcAMP
also inhibits phagocytosis under control conditions (sec Figs. 1-3),
it is difficult to determine the precise relationship between cAMP
elevation and CD44-mcdiated signals in control of phagocytic ca¬
pacity. We are currently further investigating the effects of PGs
and other antiinflammatory agents on macrophage phagocytic re¬
sponses in combination with GM-CSF or other proinflammatory
cytokines.
The observations reported here may be of great significance for

removal ofapoptotic neutrophils in situ. A variety of inflammatory
mediators (including PGs) that stimulate adenylate cyclase activity
and activate PKA (27) arc likely to decrease apoptotic cell re¬
moval. All monocytc-derivcd macrophages may be capable of
phagocytosis of apoptotic cells, providing that a certain activation
"threshold" is reached, with PKA playing a regulatory role in lim¬
iting phagocytic responses. For instance, some monocyte-dcrivcd
macrophage subpopulations, e.g., multinucleated giant cells, show
low levels of phagocytosis of apoptotic cells but are readily able to
phagocytose Ig-opsonizcd erythrocytes, suggesting that phago¬
cytic competence is not the basis for the lack of apoptotic cell
uptake. One possibility is that differential PKA activity in giant
cells accounts for observed low level responsiveness to apoptotic
cell stimuli.
Data presented in this article indicate that there arc multiple

levels of control for macrophage removal of apoptotic cells from
inflamed sites. Although the mechanism by which cAMP elevation
down-regulates macrophage phagocytosis of apoptotic cells re¬
mains to be determined, we have observed that there are rapid
alterations in the distribution of cytoskcletal components (actin,
talin, vinculin, and paxillin) in macrophages following dbcAMP
treatment. These changes arc accompanied by cell "rounding"
when macrophages are examined by light microscopy and show
parallels with the reported effects of PGs on murine macrophage
adhesion, spreading, and motility (28, 29). Membrane ruffling and
filopodia extension were inhibited by prolonged PG treatment in a
reversible manner, resulting in altered macrophage adhesion. To¬
gether with recent evidence that in cytotoxic T cells PKA is able
to phosphorylate Rho (30), a key regulator of cytoskeletal organi¬
zation, these data indicate that intracellular cAMP levels may also
have a pivotal role.

We have investigated the effects of agents that disrupt micro¬
filament and microtubule organization (cytochalasin B and no-

codazolc). Although we did find inhibition of recognition of apo¬
ptotic cells when macrophage were treated with nocodazole (2.5
jug/ml), it was difficult to assess the effects of cytochalasin B (5
p.g/ml) because the washing procedure used for assessment of
macrophage phagocytosis resulted in significant detachment of
cells in three of five experiments. These findings suggest that treat¬
ment of macrophage with dbcAMP differs from disruption of mi¬
crofilaments in two ways. First, unlike cytochalasin B treatment,
dbcAMP docs not inhibit phagocytosis of Ig-opsonized erythro¬
cytes (Fig. 1) (31, 32). Indeed, Newman ct al. (32) have previously
demonstrated that cAMP docs not inhibit FcR-mediatcd phagocy¬

tosis. Second, although we have noted disassembly of structures
that may represent areas of contact with substrate and cell "round¬
ing," treatment of macrophages with dbcAMP does not result in
detachment, and cells remain firmly adherent through multiple
washes that arc necessary for assessment of phagocytic capacity.
Adhesion ofmacrophages to extracellularmatrix components, e.g.,
fibroncctin, has previously been shown to modulate C or Ig recep¬
tor-mediated phagocytosis (33, 34), and it is tempting to speculate
that the extracellular matrix composition of inflamed sites exerts
indirect regulatory effects on the process of removal of apoptotic
cells. One possibility is that intracellular levels of cAMP are al¬
tered following integrin-mediatcd adhesion to extracellular matrix
components as found for human neutrophils (35).
In summary, elevation of cAMP, using cell permeable ana¬

logues of cAMP (dbcAMP, 8-Br-cAMP) or by rcccptor-dirccted
stimuli (PGE2, PGD2), in macrophages specifically inhibits phago¬
cytosis of apoptotic cells but not Ig-opsonized erythrocytes. Mod¬
ulation is independent of changes in the percentage of adherent
macrophages, although a specific, rapid redistribution of cytoskcl¬
etal elements was observed, suggestive of changes in the adhesive
status ofmacrophages. These data indicate that intracellular cAMP
may have a key role in controlling the capacity for removal of
apoptotic cells by macrophages at inflamed sites during the reso¬
lution of inflammatory processes.
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During beneficial inflammation, potentially tissue-
damaging granulocytes undergo apoptosis before being
cleared by phagocytes in a non-phlogistic manner. Here
we show that the rate of constitutive apoptosis in hu¬
man neutrophils and eosinophils is greatly accelerated
in both a rapid and concentration-dependentmanner by
the fungal metabolite gliotoxin, but not by its inactive
analog methylthiogliotoxin. This induction of apoptosis
was abolished by the caspase inhibitor zVAD-fmk, cor¬
related with the inhibition of nuclear factor-kappa B
(NF-kB), and was mimicked by a cell permeable inhibi¬
tory peptide of NF-kB, SN-50; other NF-kB inhibitors,
curcumin and pyrrolidine dithiocarbamate; and the pro-
teasome inhibitor, MG-132. Gliotoxin also augmented
dramatically the early (2-6 h) pro-apoptotic effects of
tumor necrosis factor-a (TNF-a) in neutrophils and un¬
masked the ability of TNF-a to induce eosinophil apo¬
ptosis. In neutrophils, TNF-a caused a gliotoxin-inhibit-
able activation ofan inducible form ofNF-kB, a response
that may underlie the ability ofTNF-a to delay apoptosis
at later times (12-24 h) and limit its early killing effect.
Furthermore, cycloheximide displayed a similar capac¬
ity to enhance TNF-a induced neutrophil apoptosis even
at time points when cycloheximide alone had no pro-
apoptotic effect, suggesting thatNF-kB may regulate the
production of protein(s) which protect neutrophils from
the cytotoxic effects of TNF-a. These data shed light on
the biochemical and molecular mechanisms regulating
human granulocyte apoptosis and, in particular, indi¬
cate that the transcription factor NF-kB plays a crucial
role in regulating the physiological cell death pathway
in granulocytes.

Neutrophilic and eosinophilic granulocytes originate from a
common myeloid precursor; neutrophils are particularly active
in the defense against invading micro-organisms whereas eo¬
sinophils serve in anti-parasitic defenses and play a role in
allergic inflammation. The normally beneficial acute inflam¬
matory response can become dysregulated and result in chronic
inflammatory conditions where tissue damage arises in part
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due to the inappropriate liberation of inflammatory cell-de¬
rived histotoxic products. We have previously described a gran¬
ulocyte clearance mechanism likely to be important in the
normal control and resolution processes of inflammation
whereby granulocytes must first undergo apoptosis (pro¬
grammed cell death) before being phagocytosed and cleared by
macrophages in situ (1, 2). Apoptosis also causes functional
down-regulation of granulocytes and the retention of proteo¬
lytic granule contents to further limit the potential for granu-
locyte-mediated tissue damage (3, 4). While little is known
about the physiological mechanisms involved in controlling
granulocyte apoptosis, many in vitro studies have now shown
that an array of pro-inflammatory cytokines and inflammatory
mediators known to be present at inflamed sites inhibit the
process of apoptosis in granulocytes (2-9). This has led to the
suggestion that such agents act both to attract and activate
inflammatory cells and also delay their removal. A notable
exception to this rule, however, is TNF-a,1 which, at early time
points in neutrophil culture, causes acceleration of the consti¬
tutive rate of apoptosis (10).
Many inflammatory mediators regulate gene expression in

target cells by influencing the activities of transcription factors
such as nuclear factor-kB (NF-kB). NF-kB is composed ofhomo-
or heterodimers of the Rel family proteins (p50/NFkB1, p52/
NFkB2, p65/RelA, and cRel) which are sequestered in the cy¬

toplasm by physical associationwith inhibitor proteins referred
to as IkB (11). Upon activation, the IkB subunit is rapidly
phosphorylated leading to its proteolytic breakdown permitting
NF-kB to translocate to the nucleus (12, 13) where it regulates
the activity of many genes involved in the inflammatory re¬

sponse, including those for pro-inflammatory cytokines. In a
number of cell systems TNF-a has been shown to induce rapid
activation ofNF-kB, a response known to mediate a number of
TNF-a induced cellular responses (reviewed in Refs. 14-16).
However, whether the activation of NF-kB is involved in either
the pro- or anti-apoptotic effects of TNF-a in granulocytes is
currently unknown.
Whereas the inhibition of NF-kB has been shown to induce

apoptosis in murine B cells (17), a completely opposite effect
has been observed in other cell types where apoptosis is asso¬
ciated with activation of NF-kB (18). In addition, several
groups have reported that inactivation ofNF-kB increases the
cytotoxic effects of TNF-a (19-21). In granulocytes, it remains
uncertain whether NF-kB can be activated by inflammatory
mediators, or is indeed present, in human neutrophils. For

1 The abbreviations used are: TNF-a, tumor necrosis factor-a; EMSA,
electrophoretic mobility shift assay; LPS, lipopolysaccharide; NF-kB,
nuclear factor-kB; PDTC, pyrrolidine dithiocarbamate; zVAD-fink, ben-
zyloxycarbonyl-Val-Ala-Asp-fluoromethylketone: DMEM, Dulbecco's
modified Eagle's medium.
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example, while MacDonald et al(22) reported that lipopo-
lysaccharide (LPS), TNF-a, and the chemotactic peptide N-
formyl-methionyl-leucyl-phenylalanine all cause a marked ac¬
tivation of NF-kB, Browning et al., (23) found no such activity
in these cells despite obvious NF-kB activation in peripheral
blood mononuclear cells.

Gliotoxin, a member of the epipolythiodioxoperazine family
of compounds (24), exhibits immunosuppressive activity both
in vivo and in vitro. For example, gliotoxin has been shown to
inhibit mitogen-induced proliferation of both T and B cells,
induce macrophage and osteoclast apoptosis in vitro (25, 26),
and cause thymocyte and spleen cell apoptosis in vivo (27).
However, the biochemical and molecular mechanisms underly¬
ing these effects remain uncertain. Gliotoxin has, however,
recently been shown to be a potent and specific inhibitor of
NF-kB (28). We therefore used gliotoxin as a pharmacological
tool to investigate the involvement of NF-kB in the regulation
ofgranulocyte apoptosis. We demonstrate that gliotoxin causes
a rapid and major induction of apoptosis in human peripheral
blood granulocytes in vitro and up-regulates TNF-a-induced
apoptosis in both neutrophils and eosinophils. In addition, we
present evidence that these effects occur via a specific, non¬
toxic and caspase-controlled mechanism that is mediated by
the ability of gliotoxin to inhibit an inducible form of NF-kB.
The ability of other NF-kB inhibitors to cause a similar induc¬
tion of apoptosis provides further evidence supporting the in¬
volvement of NF-kB in granulocyte apoptosis. Interestingly,
the pro-apoptotic effect of TNF-a is enhanced by protein syn¬
thesis blockade suggesting that NF-kB activation results in the
generation of an unidentified survival protein. These data
therefore strongly suggest that NF-kB plays a key role in
regulating both constitutive and TNF-a stimulated human
granulocyte apoptosis.

EXPERIMENTAL PROCEDURES

Neutrophil and Eosinophil Isolation and Culture
Neutrophils and eosinophils were isolated from the peripheral blood

of normal donors by dextran sedimentation followed by centrifugation
through discontinuous plasma-Percoll gradients (2, 29). Only neutro¬
phil preparations with a neutrophil purity of >98% were used. Eosin¬
ophils were separated from contaminating neutrophils using an immu-
nomagnetic separation step with sheep anti-mouse IgG-Dynabeads
(Dynabeads M-450, Dynal, Merseyside, United Kingdom) coated with
the murine anti-neutrophil antibody 3G8 (anti-CD16; a gift from Dr. J.
Unkeless, Mount Sinai Medical School, New York). Cells were mixed
with washed 3G8-coated Dynabeads at a bead:neutrophil ratio of 3:1 on
a rotary mixer at 4 °C for 20 min, and the beads removed magnetically
by two 3-min stationary magnetic contacts (Dynal Magnetic Particle
Concentrator, MPC-1) to yield an a eosinophil population of >98%
purity. After purification, cells were washed twice in phosphate-buff¬
ered saline without calcium and magnesium and once in phosphate-
buffered saline before resuspending in Iscove's DMEM (Life Technolo¬
gies, Paisley, UK) with 10% autologous serum. Both cell types were
cultured in flat-bottomed Falcon flexible wells (Becton Dickinson, Ox¬
ford, UK) at 37 °C in a 5% C02 atmosphere; neutrophils at a concen¬
tration of 5 X 10G/ml and eosinophils at 2 X 106/ml. Cells were cultured
in the absence or presence of test agents as described in the figure
legends. All experiments were performed at least 3 times and each
treatment done in triplicate.

Assessment ofGranulocyte Apoptosis
Morphology—Cells were cyto-centrifuged, fixed in methanol, stained

with Diff-Quik™, and counted using oil immersion microscopy (X100
objective) to determine the proportion of cells with highly distinctive
apoptotic morphology (5, 7,10). At least 500 cells were counted per slide
with the observer blinded to the experiment conditions. The results
were expressed as the mean % apoptosis ± S.E.
Annexin VBinding—A separate and independent assessment of apo¬

ptosis was performed by flow cytometry using fluorescein isothiocya-
nate-labeled recombinant human annexin V that binds to phosphati-
dylserine exposed on the surface of apoptotic cells. Stock annexin V
(Bender MedSystems, Vienna, Austria) was diluted 1:200 with binding

buffer and then added (25 pi) to 75 pi of the recovered cell samples.
Following a 10-min incubation at 4 °C, these samples were fixed by the
addition of 100 pi of 3% paraformaldehyde in phosphate-buffered saline
before analysis using an EPICS Profile II (Coulter Electronics, Luton,
UK).
DNA Fragmentation Assay—DNA was extracted as described previ¬

ously (10). Briefly, 2 X 106 neutrophils were taken after the indicated
treatment and lysed in 500 pi of lysis buffer (6 m guanidine hydrochlo¬
ride, 50 mM Tris-HCl, pH 8.0, and 0.1% AMauroyl sarcosine) at 4 °C and
the nucleic acids extracted by the addition of an equal volume of 10 mM
Tris-HCl, pH 8.0-saturated phenol:chloroform mixture (50:50, v/v). The
resulting emulsion was centrifuged at 12,000 X gav for 10 min at room
temperature and the aqueous phase removed and precipitated with 0.6
volumes of isopropyl alcohol at room temperature. The precipitated
nucleic acids were then pelleted by centrifugation at 10,000 X gav for 5
min and re-dissolved in 50 pi of TE buffer (10 mM Tris-Cl, 1 mM EDTA,
pH 8.0) containing 50 pg/ml RNase A. The fragmented DNA was sep¬
arated by agarose gel electrophoresis on a 1.4% (w/v) agarose (Flowgen,
UK) 0.5 X TBE (10 mM Trizma (Tris base), 10 mM boric acid, and 1 mM
EDTA, pH 8.3) gel. The gel was run for 2 h at 75 V and stained using
ethidium bromide (0.5 pg/ml). The UV transilluminated image was
printed by digital thermal printing using a GS7600 gel documentation
system (UVP Products, UK).

Assessment of Cell Membrane Integrity
Since apoptotic neutrophils and eosinophils maintain the integrity of

their plasma membrane, assessment of granulocyte necrosis can be
determined by the ability of cells to exclude the vital dye trypan blue
and also by flow cytometry using propidium iodide staining. Samples
(150 p.1 of cells at 2 X 10G/ml) were centrifuged and resuspended in 150
p.1 of propidium iodide solution (33 pg/ml propidium iodide in phos¬
phate-buffered saline containing 1.67 mg/ml RNase). The profiles of
heat-treated (necrotic cells) from the same samples were used as
controls.

Electrophoretic Mobility Shift Assay (EMSA)
EMSAs were carried out as described by the manufacturer (Promega

Corp, Southampton, UK). Nuclear extracts were prepared from 5 X 106
cells using a modification of the method of Dignam et al. (30). Briefly,
pelleted cells were resuspended in 200 pi of hypotonic buffer (buffer A:
10 mM Tris-HCl, pH 7.8, 1.5 mM EDTA, 10 mM KC1, 0.5 mM dithiothre-
itol, 1 pg/ml aprotinin, leupeptin, and pepstatin A, 1 pM 4-(2-aminoeth-
yl)benzenesulfonyl fluoride, 1 mM sodium orthovanadate, 0.5 mM ben-
zamidine, and 2 mM levamisole) and placed on ice for 10 min. Following
the addition of 0.1 volumes of 10% Nonidet P-40 (W/v) the cells were

vortexed briefly and centrifuged at 12,000 X gav for 2 min at 4 °C. The
supernatant was discarded and the pellet washed in 100 pi of buffer A
minus Nonidet P-40 and re-centrifuged. The pelleted nuclei were then
resuspended in 50 pi ofhypertonic buffer (buffer B: 20 mM Tris-HCl, pH
7.8, 150 mM NaCl, 50 mM KC1, 1.5 mM EDTA, 5 mM dithiothreitol, 1
pg/ml aprotinin, leupeptin, and pepstatin A, 1 pM 4-(2-aminoethyl)ben-
zenesulfonyl fluoride, 1 mM sodium orthovanadate, 0.5 mM benzami-
dine, and 2 mM levamisole) and stored at -80 °C until use.
Nuclear extracts (approximately 2 pg of protein, 7 X 105 cell equiv¬

alent, in 7 pi) were incubated in binding buffer (4% glycerol, 1 mM
MgCl2, 0.5 mM EDTA, 0.5 mM dithiothreitol, 50 mM NaCl, 10 mM
Tris-HCl, pH 7.5, with 50 pg/ml poly(dI-dC>poly(dI-dC) (Pharmacia
Biotech, UK) with 17 fmol of -y-32P-labeled double stranded oligonucleo¬
tide containing the decameric kb-binding site (3000 Ci/mmol; Promega
Corp., Southampton, UK) at 22 °C for 20 min prior to addition of 5 pi of
loading buffer (0.01% (w/v) bromphenol blue, 20% (w/v) Ficoll 400™,
and 1 mM EDTA). Samples were loaded onto an 8% (w/v) native acryl-
amide gel (Protean Ilxi, Bio-Rad, Hemel Hempstead, UK) in 0.5 X TBE
buffer and run at 250 V for 2 h. The gel was then dried onto 3MM paper
(Whatman UK, Maidstone, UK) and BioMax MS-1 x-ray film (Kodak,
Anachem, Luton, UK) was exposed to the gel. Processed films were
analyzed using the Grablt and GelPlate software (UVP, Orme Technol¬
ogies, UK) and the data expressed as a percent of the control value for
each experiment.

Materials

Further specific materials were obtained as follows: curcumin, glio¬
toxin, LPS (Escherichia coli 0127:B8), methylthiogliotoxin, and PDTC
(Sigma Co., Poole, UK); recombinant human TNF-a (R&D Systems,
Abingdon, Oxon, UK); zVAD-fmk (Bachem (UK) Ltd., Saffron Walden,
UK). The proteasome inhibitor MG-132 (N-cbz-Leu-Leu-leucinal), and
the NF-kB inhibitory peptides SN50 and SN50M (Biomol, Affinity Re-
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Fig. 1. Time course and concentration-response curve for the
effect of gliotoxin on human neutrophil apoptosis. Human neu¬
trophils (5 X 106/ml) were cultured at 37 °C in Iscove's DMEM contain¬
ing 10% autologous serum and treated with the indicated concentra¬
tions of gliotoxin. At the time periods indicated, the cells were
resuspended and cytocentrifuge preparations made. These were fixed
and stained, and apoptosis was assessed morphologically. A, represents
the effect of gliotoxin (0.001-30 pg/ml) on neutrophil apoptosis after 2,
6, or 20 h of culture. B, represents the effect of methylthiogliotoxin (30
pg/ml) or gliotoxin (30 pg/ml) on neutrophil apoptosis after 2, 6, or 20 h
culture. All values represent mean ± S.E. of n = 3 experiments, each
performed in triplicate. Where not shown, S.E. values are less than 2%
of the mean.

search Products, Mamhead, UK). All other reagents were obtained from
Sigma, UK, and were of the highest purity.

Statistical Analysis
The results are expressed as mean ± S.E. of the number (n) of

independent experiments each using cells from separate donors with
each treatment performed in triplicate. Statistical analysis was per¬
formed by ANOVA with comparisons between groups made using the
Newman-Kuels procedure. Differences were considered significant
when p < 0.05.

RESULTS

Effect ofGliotoxin onNeutrophil Apoptosis—As shown in Fig.
1 gliotoxin caused a rapid and profound induction ofneutrophil
apoptosis in vitro which was both concentration (e.g. at 6 h
EC50 = 76.1 ± 22.1 ng/ml, Fig. IA), and time-dependent (Fig. 1,
A and B). Hence using a maximally effective gliotoxin concen¬
tration of 1 pg/ml, apoptosis was readily apparent within 2 h
and reached 100% by 6 h. At 20 h, when the rate ofconstitutive
neutrophil apoptosis was 58.7 ± 2.9%, gliotoxin caused 100%
apoptosis at all concentrations greater than 0.1 jug/ml. The
inactive analogue of gliotoxin, methylthiogliotoxin, did not af¬

fect the constitutive rate of neutrophil apoptosis at any of the
time points studied (Fig. LB). Neither gliotoxin nor its inactive
analogue, methylthiogliotoxin, caused cell necrosis since less
than 1% of the cells were permeable to the vital dye trypan
blue.
Gliotoxin Acts Synergistically with TNF-a to Stimulate Neu¬

trophil Apoptosis—In contrast to many other hematopoetic
cells, human neutrophils appear highly resistant to the induc¬
tion of apoptosis induced by certain agents, for example, incu¬
bation with Ca2+ ionophores (31, 32), cAMP elevating agents
(33), corticosteroids (9), and LPS (7) causes inhibition of apo¬
ptosis as does hypoxia (34). Furthermore, while TNF-a and
Fas-L can induce neutrophil apoptosis, this effect is modest and
transient, and in the case of TNF-a abolished if the cells are

initially primed with platelet-activating factor or LPS (10, 35).
We therefore sought to determine the effect of gliotoxin on
TNF-a-induced apoptosis in neutrophils. These experiments
were performed deliberately at a very early time point (2 h)
when the independent pro-apoptotic effects of even a maxi¬
mally effective concentration of TNF-a (10 ng/ml) (10) and
gliotoxin (1 pg/ml; Fig. 1A) are only just apparent. As shown in
Fig. 2A, a major synergy was observed between these agents for
the induction ofapoptosis which was apparent even at gliotoxin
concentrations as low as 3 ng/ml. Hence, a concentration of 0.1
jug/ml gliotoxin in combination with TNF-a (10 ng/ml) caused
almost 100% apoptosis at 2 h. With gliotoxin alone, only 6%
apoptosis was noted at 2 h, with just over 65% at 6 h (Fig. 1A).
Again, methylthiogliotoxin had no effect on constitutive apo¬

ptosis or TNF-a-induced apoptosis at 2 h (Fig. 2B). The level of
necrosis in cells from each treatment was assessed by trypan
blue exclusion; all values were <1% (data not shown).
The genuine nature of both the intrinsic pro-apoptotic effect

ofgliotoxin and the dramatic synergy with TNF-a was assessed
by comparing the quantitative morphological effects of these
agents with their effects on annexin V binding and DNA frag¬
mentation. The changes from normal cell morphology to apo-
ptotic morphology are clearly seen in Fig. 3A; where non-apo-

ptotic neutrophils contain a multilobed nucleus and the
apoptotic cells have a shrunken appearance with pyknotic nu¬
clei. These data can be compared with Fig. 3B, where the
annexin V "low peak" represents non-apoptotic cells and the
annexin V "high peak" represents apoptotic cells since the
fluorescein isothiocyanate-labeled annexin V binds in the pres¬
ence of Ca21 to phosphatidylserine exposed on the outer mem¬
brane ofapoptotic cells. Although control cells at 2 h exhibit low
rates of apoptosis, the small increase in annexin V positive cells
observed with TNF-a and gliotoxin alone is again dramatically
augmented when the cells are cultured in the presence of both
reagents together. Analysis by DNA fragmentation also dem¬
onstrates that cells cultured alone or in combination with the
above reagents exhibit the classical "ladder" of DNA fragmen¬
tation associated with apoptosis (Fig. 3C).
Combined Gliotoxin and TNF-a Treatment Does Not Cause

Necrosis—Although our initial studies using trypan blue as a
marker of plasma membrane integrity indicated that gliotoxin,
both in the presence and absence of TNF-a, induced a purely
apoptotic form of cell death, we felt it was important to validate
this further by assessing necrosis in an independent manner
using propidium iodide staining detected by flow cytometry.
Fig. 3D shows the profile ofneutrophils 4 h following treatment
with gliotoxin (0.1 /xg/ml) and TNF-a (10 ng/ml) where, despite
apoptotic rates of 100%, almost all cells showed low fluores¬
cence indicating that the cell membrane had remained intact.
As a positive control, cells cultured initially with TNF-a and
gliotoxin were then heat-treated (60 °C, 5 min) to ensure 100%
necrosis. This resulted in a uniform and major increase in
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100

Fig. 2. The effect ofgliotoxin, meth-
ylthiogliotoxin, and TNF-a on human
neutrophil apoptosis. Human neutro¬
phils (5 X 106/ml) were cultured at 37 °C
in Iscove's DMEM containing 10% autol¬
ogous serum and treated with the indi¬
cated concentrations of gliotoxin, plus or
minus TNF-a. After 2 h of culture, the
cells were resuspended and cytocentri-
fuge preparations made. These were fixed
and stained, and apoptosis was assessed
morphologically. A, represents the effect
of gliotoxin (0.001-30 jug/ml) on TNF-a
(10 ng/ml)-induced neutrophil apoptosis.
B, represents the effect of methylthioglio-
toxin (30 /xg/ml) or gliotoxin (30 /xg/ml),
plus or minus TNF-a (10 ng/ml). All val¬
ues represent mean ± S.E. of n = 3 ex¬
periments, each performed in triplicate.
Where not shown, S.E. values are less
than 2% of the mean.

B
60 ■

0 0.001 0.003 0.01 0.03 0.1 0.3 1

Gliotoxin (ng/ml)

□Control

□Methylthiogliotoxin (30 pg/ml)
■Gliotoxin (30 pg/ml)

3 10 30

« 40

- TNF + TNF

propidium iodide staining (Fig. 3D). These data coincide com¬
pletely with the results obtained with trypan blue staining and
confirm that these cells had undergone apoptotic cell death and
were not necrotic.
Gliotoxin Inhibits the Survival Effect ofLPS—To investigate

whether gliotoxin could modulate the effects of LPS on the rate
of neutrophil apoptosis we performed a series of experiments
where neutrophils were cultured for 2, 3, 4, and 20 h in the
presence of LPS, gliotoxin, and a combination of LPS plus
gliotoxin and apoptosis assessed morphologically (Fig. 4). As
reported previously (7) LPS caused an inhibition of neutrophil
apoptosis at 20 h when compared with control cells. Interest¬
ingly, the suppressive effect of LPS was prevented by the
strong pro-apoptotic effect of gliotoxin. In addition, unlike co-
culture of gliotoxin plus TNF-a, no synergistic induction of
apoptosis was observed when LPS was cultured in the presence
of gliotoxin (Fig. 4).
Gliotoxin Unmasks theAbility ofTNF-a to Induce Eosinophil

Apoptosis—To explore whether the pro-apoptotic effect of glio¬
toxin was restricted to neutrophils, a similar set ofexperiments
were performed using human peripheral blood eosinophils iso¬
lated frommildly atopic individuals. While these cells display a
similar capacity to undergo constitutive apoptosis when aged in
vitro, this process is much slower than that observed for the
neutrophil and is differentially regulated being, for example,
stimulated rather than inhibited by corticosteroids (9). We
therefore investigated the effect of gliotoxin on eosinophil apo¬

ptosis at 4 h in the presence and absence ofTNF-a. The results,
shown in Fig. 5, A and B, demonstrated that gliotoxin caused a
similar induction of apoptosis in eosinophils (EC50 = 0.37 ±
0.22 pg/ml) and caused a synergistic increase in the rate of
apoptosis when the cells were co-cultured with TNF-a. This
latter observation was all the more striking since in eosino¬
phils, TNF-a treatment alone had no effect on the rate of
apoptosis (Fig. 5B and data not shown). Hence, almost 100%
apoptosis was observed using a gliotoxin concentration of 0.1
pg/ml plus TNF-a at a time point of 4 h. In comparison, eosin¬
ophils cultured in the absence ofgliotoxin would normally show
only 40% apoptosis at a 40-h time point (2, 36). Necrosis in
these cells was <2% and the inactive analogue of gliotoxin had
no effect on either the constitutive rate of apoptosis alone or in
conjunction with TNF-a (data not shown). As with the neutro¬
phils, eosinophils demonstrated classic apoptotic morphology
when treated with these agents.
Gliotoxin Causes Inhibition of an Inducible Isoform ofNF-

kB—Recent studies have indicated that NF-kB may play an
important role in regulating the rate of apoptosis in certain
transformed cells (17, 18). Hence, because gliotoxin has been
reported to act as a specific inhibitor ofNF-kB (28) experiments
were designed to identify and characterize the expression of
this transcription factor in human neutrophils and determine if
gliotoxin could inhibit such activity. Preliminary time course
data established 90 min as the optimal time to examine basal,
gliotoxin, and TNF-a regulated NF-kB activity in these cells
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Fig. 3. The effect of gliotoxin and
TNF-a: on neutrophil morphology,
phosphatidylserine expression, and
cell membrane integrity. A, cytocentri-
fuge preparations of human neutrophils
incubated for 2 h in Iscove's DMEM at
37 °C containing 10% autologous serum
alone (control), plus TNF-a, plus glio¬
toxin, or with both TNF-a and gliotoxin at
the concentrations shown. Neutrophils
treated with both reagents all clearly
show apoptotic morphology. B, after 2 h in
culture at 37 °C, cells treated with
Iscove's DMEM, TNF-a (10 ng/ml), glio¬
toxin (0.1 fig/ml), or with both TNF-a plus
gliotoxin were resuspended and incu¬
bated with fluorescein isothiocyanate-la-
beled recombinant human annexin V to
determine phosphatidylserine expression.
The cells were then fixed and analyzed
using an EPICS Profile II. Mean fluores¬
cence values are shown for a minimum of
5,000 cells for each condition. C, DNA
fragmentation in human neutrophils
treated with TNF-a (10 ng/ml), gliotoxin
(0.1 jLig/ml), or both reagents together for
2 h. DNA was prepared as detailed under
"Experimental Procedures"; lane 1, DNA
marker (1-kilobase ladder); lane 2, freshly
isolated neutrophils; lane 3, control; lane
4, TNF-a; lane 5, gliotoxin, 2 h; lane 6,
co-culture with gliotoxin and TNF-a; lane
7, DNA marker (1-kilobase ladder). D, to
assess cell membrane integrity, cells
treated with both TNF-a (10 ng/ml) and
gliotoxin (0.1 fig/ml) for 4 h, which in¬
duced 100% apoptosis even by 2 h, were
resuspended and incubated with pro-
pidium iodide, fixed, and analyzed using
an EPICS Profile II (solid line). An aliquot
of cells from this prepsrstinn was hesteH
as indicated under "Experimental Proce¬
dures" to produce 100%> necrosis (dotted
line). Mean fluorescence values are shown
for a minimum of 5,000 cells for each
condition.

Giiokixin (0.1 fig/ml) 2 h Apoptaus (11.3%) TJfF-O (10 ng/ntl) +Gltotoxia (0.1 JigimX) Apcptosfcs (100%)

(data not shown). Of note, this time point also coincided with
the onset of the biologically observable effect of gliotoxin. As
shown in Fig. 6, A-C, NF-kB EMSAs performed on neutrophil
nuclear extracts indicated the presence of 3 discrete bands in
these gels. To ascertain which of these bands were specifically
NF-kB, an excess of unlabeled probe was included in the label¬

ing reaction to displace specific binding; as shown in Fig. 6C,
two NF-kB bands were identified and designated A and B.
In both TNF-a: (10 ng/ml, 0-90 min) and LPS (1 pg/ml, 0-120

min) treated cells, no change in the intensity of band B was
observed (Fig. 5, A and B, and data not shown). This, together
with its strong expression in freshly prepared untreated neu-
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Fig. 4. The effect ofgliotoxin alone and in the presence of LPS

on human neutrophil apoptosis. Human neutrophils (5 x 106/ml)
were cultured in Iscove's DMEM at 37 °C containing 10% autologous
serum alone and treated with gliotoxin (0.1 pg/ml), with orwithout LPS
(1 pg/ml). At the time periods indicated, the cells were resuspended and
cytocentrifuge preparation made. These were fixed and stained, and
apoptosis was assessed morphologically. All values represent mean ±
S.E. of n — 3-5 experiments, each performed in triplicate. Where not
shown, S.E. values are less than 2% of the mean.

trophils suggests that this band represents a form of constitu-
tively active NF-kB. However, band A was markedly up-regu-
lated by TNF-a (Fig. 6, A and C), and as shown in Fig. 6A,
gliotoxin caused both a concentration-dependent inhibition of
this NF-kB activity and abolished the TNF-a: stimulated in¬
crease in this band. As shown in Fig. 6D, densiometric analysis
of these data confirmed that co-treatment of neutrophils with
TNF-a and gliotoxin at a maximal effective functional concen¬
tration of 0.1 pg/ml (Fig. 2A) inhibited this band more than
treatment with gliotoxin alone. The results in Fig. 6, A and D,
confirm that the basal level of NF-kB activity in control sam¬
ples at 90 min was inhibited by gliotoxin treatment; a finding
that was observed at all other time points tested.
Further evidence that strongly supports the suggestion that

NF-kB inhibition is linked to the induction of neutrophil apop¬
tosis is provided by the fact that the cell permeable NF-kB
inhibitory peptide, SN50 (37), also increased the rate of consti¬
tutive neutrophil apoptosis despite the fact that less than 5% of
the peptide reportedly enters the cell (37). Hence at 6 h, the
SN50 peptide increased neutrophil apoptosis from 4.7 ± 1.2 to
15.0 ± 3.2% (n = 3; p < 0.05), whereas the less active peptide
SN50M only increased apoptosis from 4.7 ± 1.2 to 5.6 ± 0.8%
(n = 3). Similar effects on neutrophil apoptosis were seen at
20 h and eosinophil apoptosis at 20 and 40 h (Table I and data
not shown). Other agents known to inhibit NF-kB similarly

0.01 0.03 o.t

Gliotoxin (tig/ml)

Fig. 5. The effect of gliotoxin alone and in the presence of
TNF-a on human eosinophil apoptosis. Human eosinophils (2 x
106/ml) were cultured in Iscove's DMEM at 37 °C containing 10% au¬
tologous serum alone and treated with the indicated concentrations of
gliotoxin with orwithout TNF-a. At the time periods indicated, the cells
were resuspended and cytocentrifuge preparation made. These were
fixed and stained, and apoptosis was assessed morphologically. A, rep¬
resents the effects ofgliotoxin (0-3 jug/ml) on eosinophil apoptosis after
4 h of culture. B, represents the effects gliotoxin (0-0.3 pg/ml) with or
without TNF-a (10 ng/ml) on eosinophil apoptosis after a 4-h culture. All
values represent mean ± S.E. of n = 3 experiments, each performed in
triplicate. Where not shown, S.E. values are less than 2% of the mean.

induced neutrophil apoptosis. The proteasome inhibitor, MG-
132 (38) and the NF-kB inhibitor curcumin (39) caused a time-
dependent induction of neutrophil apoptosis (Fig. 7A). PDTC,
that acts as both a radical scavenger and inhibitor of NF-kB
activation (40), also caused a significant induction of apoptosis
when cultured with neutrophils for 20 h (Fig. IB). Further¬
more, treating neutrophils with LPS (100 ng/ml, 20 min) which
we have previously reported to induce a profound inhibition of
neutrophil apoptosis (7) was found to cause the appearance of
this inducible isoform of NF-kB (Fig. 65); and this induction
could be inhibited by gliotoxin (0.1 pg/ml).
Induction ofApoptosis by Gliotoxin Is Dependent on Activa¬

tion of the Caspase-cascade Pathway—We have recently dem¬
onstrated that the early pro-apoptotic effects of TNF-a in hu¬
man neutrophils requires activation of both TNF-55 and
TNF-75 receptor subtypes and thereby differs significantly
from the priming effect of TNF-a which is signaled via the
TNF-p55 receptor alone (10). To determine whether the pro-
apoptotic effects of gliotoxin and the marked synergism dis¬
played by TNF-a and gliotoxin were mediated via activation of
the caspase pathway, we co-incubated neutrophils with TNF-a,
gliotoxin, and zVAD-fmk. At 2 h, zVAD-fmk completely inhib¬
ited the increase in apoptosis induced by gliotoxin, TNF-a and
by both factors together (Fig. 8A). This demonstrates that
apoptosis induced by both factors alone, or together, is depend¬
ent on caspase activation.
Gliotoxin May Enhance TNF-a-induced Apoptosis by Inhib¬

iting Production of a Survival Factor—Taken together, the
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Table I
The effect ofNF-kB inhibitory peptides on human neutrophil

apoptosis
Human neutrophils (5 X 106/ml) were resuspended in Iscove's DMEM

without autologous serum and treated with control buffer, SN50 (100
/xg/ml), and SN50M (100 pg/ml). After 15 min at 37 °C, 10% autologous
serum (final concentration) was added, and after 6 and 20 h of culture,
the cells were resuspended and cytocentrifuge preparations made.
These were fixed and stained, and apoptosis was assessed morpholog¬
ically. All values are from n = three separate experiments, each per¬
formed in triplicate.

Treatment Time Mean S.E.

% apoptosis
Control (buffer) 6h 4.7 1.2
SN50 (active) 6h 15.0" 3.3
SN50M (less-active) 6h 6.8 5.6
Control (buffer) 20h 58.9 7.7
SN50 (active) 20h 81.4" 2.7
SN50M (less-active) 20h 70.3 8.2

a Represents significance differences (p < 0.05) from the appropriate
control.
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Fig. 6. Effect ofgliotoxin and TNF-a on NF-kB mobilization. A,
EMSA of nuclear extracts from neutrophils treated with control buffer:
lane 1, TNF-a (10 ng/ml); lane 2, gliotoxin (1 ^ig/ml); lane 3, gliotoxin
(0.1 /itg/ml); lane 4, and TNF-a (10 ng/ml) plus gliotoxin (0.1 pg/ml); lane
5, for 90 min at 37 °C. B, EMSA showing the up-regulation of the
inducible isoform (band A) by LPS (a known inhibitor of neutrophil
apoptosis) after 20 min culture: lane 1, control; lane 2, LPS (100 ng/ml);
and lane 3, LPS (100 ng/ml) plus gliotoxin (0.1 jug/ml). C, EMSA show¬
ing displacement of specific NF-kB bands by excess cold oligonucleotide
probe; lane 1, control; lane 2, TNF-a (10 ng/ml); lane 3, TNF-a (10
ng/ml) plus 50-fold excess cold oligonucleotide; lane 4, TNF-a (10 ng/ml)
plus 100-fold excess cold oligonucleotide. Only the bands marked A and
B are specific. D, densiometry scanning of band A from the EMSA
shown in A. This shows the reduction of an inducible isoform of NF-kB
by gliotoxin (a = 1 jug/ml; b = 0.1 /xg/ml), and further inhibition by
co-treatment with TNF-a plus gliotoxin (b).

above results suggest that activation of an inducible form of
NF-kB may inhibit or restrain the pro-apoptotic effects of
TNF-a which are mediated by the parallel activation of the

Control MG-132 Curcumin PDTC

Fig. 7. Effect of other NF-kB inhibitors on neutrophil apopto¬
sis. Human neutrophils (5 X 106/ml) were cultured at 37 °C in Iscove's
DMEM containing 10% autologous serum and treated with the indi¬
cated reagent. A, neutrophils were treated with MG 132 (20 pM) and
curcumin (20 pM) at the time periods indicated; B, neutrophils were
treated with MG-132 (100 pM), curcumin (20 pM), and PDTC (300 pu)
for 20 h. After incubation, the cells were resuspended and cytocentri¬
fuge preparations made. These were fixed and stained, and apoptosis
was assessed morphologically. All values represent mean ± S.E. of n =
three to six experiments, each performed in triplicate. Where not
shown, S.E. values are less than 2% of the mean.

caspase pathway. The possibility that this most likely reflects
the production of a protein or proteins which act to suppress
the activation of the caspase pathway and thus protect granu¬
locytes from the cytotoxic effects of this cytokine was investi¬
gated by incubating neutrophils with TNF-a and cyclohexi-
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Fig. 8. Effect of the caspase inhibitor, zVAD-fmk, and the pro¬
tein synthesis inhibitor, cycloheximide, on gliotoxin, TNF-a, or
gliotoxin plus TNF-a-induced human neutrophil apoptosis. Hu¬
man neutrophils (5 X 106/ml) were cultured in DMEM containing 10%
autologous serum and treated with the indicated reagents. After 2 h of
culture, the cells were resuspended and cytocentriluge preparation
made. These were fixed and stained, and apoptosis was assessed mor¬
phologically. A, represents the effects of zVAD-fmk (100 /(Mi on glio¬
toxin (0.1 pg/ml)-, TNF-a (10 ng/ml)-, or gliotoxin plus TNF-a-induced
neutrophil apoptosis. B, represents the effects of cycloheximide (5 /am)
on gliotoxin (0.1 /xg/ml)-, TNF-a (10 ng/ml)-, or gliotoxin plus TNF-a-
induced neutrophil apoptosis. All values represent mean ± S.E. of ra =
three experiments, each performed in triplicate. Where not shown, S.E.
values are less than 2% of the mean.

mide, a protein synthesis inhibitor. As illustrated in Fig. 8B,
cycloheximide used specifically at a concentration (5 /am) that
alone had almost no effect on neutrophil apoptosis at 2 h,
caused a synergistic increase in the level of apoptosis when
neutrophils were co-cultured with TNF-a. This supports the
view that TNF-a treatment indeed results in the generation of
a survival protein that protects these cells from the TNF re-
ceptor-caspase-dependent induction of apoptosis by TNF-a.

DISCUSSION

We have demonstrated that gliotoxin, but not its inactive
derivative methylthiogliotoxin, (a) induces a direct time- and
concentration-dependent increase in the rate of constitutive
apoptosis in both neutrophils and eosinophils, (b) enhances the
pro-apoptotic effect ofTNF-a in neutrophils, and (c) reveals the

cytotoxic effects of TNF-a in eosinophils. In these studies ex¬
treme care was taken to ensure that gliotoxin, at all time points
and concentrations studied, was non-toxic and caused genuine
apoptosis that was indistinguishable from later constitutive
apoptosis. The similar effects of gliotoxin in both neutrophils
and eosinophils and the same concentration of gliotoxin (0.1
pg/ml) required for maximal enhancement of the pro-apoptotic
effects of TNF-a, suggests that an identical underlying mech¬
anism is regulating the induction of cell death in both these cell
types. However, although inhibition of basal NF-kB activity
may be involved in neutrophil apoptosis when induced by glio¬
toxin alone (Fig. 1) since gliotoxin appears to block basal levels
of NF-kB activity (Fig. 6, A and D), only the expression of the
inducible NF-kB isoform is down-regulated before the onset of
cell death driven by the combined effects of TNF-a and glio¬
toxin (Fig. 6). Even in control neutrophils incubated for 20 h,
where the constitutive rate of apoptosis is approximately 70%,
the density of the constitutive NF-kB band was unaffected
(data not shown). These differences in the inducible and con¬

stitutive forms of NF-kB most likely reflects differential regu¬
lation of activation, for example, by the involvement ofdifferent
isoforms of the inhibitory IkB subunit, or that the constitu-
tively active NF-kB is formed from a different set of dimers
from the classical RelA/p50 heterodimer. It has recently been
demonstrated that neutrophils contain c-Rel, p50, and pl05
(the p50 precursor protein) as well as Rel-A (22, 41). The
inducible band we observed has also been reported to be up-

regulated in neutrophils by phagocytosis of IgG opsonized yeast
particles (42), and has been shown to consist mainly of Rel-A/
p50 heterodimers and possibly a small amount of c-Rel (42). In
that study, phagocytosis of these particles did not affect the
activity of the constitutive complex. In addition, it has recently
been reported that NF-kB becomes activated, via a mecha¬
nisms not involving oxidant generation, when neutrophils
phagocytose bacteria (43).
Because NF-kB is also activated by certain pro-apoptotic

stimuli such as TNF-a, this transcription factor has been con¬
sidered as a possible regulator of cell death. Hence, in some T
cell clones, activation of NF-kB appears to correlate with the
onset of apoptosis (18). However, NF-kB activation has clearly
been shown to be anti-apoptotic in HT 1080 fibrosarcoma cells
(21) and TNF-a induced NF-kB activation prevents cell death
in HeLa and MCF7 cells (44). Here we show for the first time
that in a non-transformed cell namely the neutrophil, inhibi¬
tion of an inducible form ofNF-kB is related to the induction of

apoptosis.
Several mechanisms, aside from NF-kB inhibition, have

been proposed for the pro-apoptotic actions of gliotoxin in other
cells. Sutton et al. (45) have shown that although this fungal
metabolite did not affect intracellular calcium levels, there was
a correlation between increases in cAMP levels and apoptosis
in gliotoxin-treated splenocytes. However, we and others have
previously demonstrated that agents that elevate intracellular
cAMP inhibit apoptosis in both neutrophils and eosinophils (33,
46). It has also been suggested that protein kinase A-dependent
phosphorylation of histone H3 correlates with gliotoxin-in-
duced apoptosis in thymocytes (47), but again in neutrophils,
activation ofprotein kinase A inhibits apoptosis (33). Although
gliotoxin has been reported to inhibit protein synthesis (48) it is
highly unlikely that this mechanism is directly responsible for
its pro-apoptotic effects: first, gliotoxin induces apoptosis in
thymocytes whereas inhibition of protein synthesis by cyclo¬
heximide inhibits thymocyte apoptosis. Second, since NF-kB
activation is involved in the control ofmultiple genes, many of
which encode for inflammatory mediator synthesis, inactiva-
tion of NF-kB would therefore be expected to inhibit protein
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synthesis. Third, while protein synthesis inhibitors do up-reg-
ulate the rate of constitutive cell death in granulocytes, the
kinetics of this response are very different to those observed
with gliotoxin. For example, Whyte et al. (49) have reported
that cycloheximide (50 /xm) and actinomycin D (1 p,M) induce
apoptosis in approximately 30% of neutrophils by 6 h. In our

experiments, gliotoxin (0.1 pg/ml), induces a rate of almost
twice this, whereas 1.0 pg/ml gliotoxin induced 100% neutro¬
phil apoptosis by this time point (see Fig. 1A). Likewise, our
own results with cycloheximide indicate that protein synthesis
inhibition alone does not affect the rate ofneutrophil apoptosis
at 2 h whereas gliotoxin alone produced almost 15% apoptosis
over this period (Figs. 1A and 88). While gliotoxin inhibits
NF-kB, cycloheximide and actinomycin D have been shown in
several systems to activate this transcription factor (50, 51).
Although both cycloheximide and gliotoxin give a similar syn¬
ergistic pro-apoptotic response with TNF-a, this suggests that
different mechanisms must be involved. However, while glio¬
toxin may prevent synthesis of a protective protein inducible by
NF-kB activation, cycloheximide would also preclude synthesis
of such a protein so that in both cases the cells would be
sensitive to the pro-apoptotic effects of TNF-a. It is of interest
to note that granulocytes do have the capacity to synthesize
proteins, albeit in a limited capacity (49). We believe that this
synthetic capacity will be directed toward resolution of the
inflammatory response with the generation of protein(s) that
affect the apoptotic program of inflammatory cells.
Our results indicate that the inducible isoform of NF-kB

disappears from the gliotoxin-treated granulocyte nucleus just
before the onset of stimulated apoptosis. The possibility that
these events are causally related is supported by the following
observations: (i) the synthetic cell-permeable peptide SN50
(37), a known inhibitor of NF-kB, also induces apoptosis in
neutrophils and eosinophils; (ii) other agents that inhibit
NF-kB activation, namely PDTC and curcumin as well as the
proteasome inhibitor MG-132 also cause an induction of gran¬
ulocyte apoptosis; (iii) the kinetics for gliotoxin-mediated inhi¬
bition of NF-kB match those for the onset of induction of apo¬
ptosis; (iv) LPS which stimulates NF-kB activity prolongs
neutrophil and eosinophil survival; and (v) that gliotoxin sen¬
sitizes both neutrophils and eosinophils to the pro-apoptotic
effects ofTNF-a. Indeed, our studies provide the first plausible
explanation for the modest and temporally constrained apo¬

ptotic response of neutrophils to TNF-a and the observation
that pretreatment with LPS, PAF or granulocyte/macrophage-
colony stimulating factor, abolishes the cytotoxic effect of this
cytokine (10). Indeed, this latter point is ofparticular relevance
when investigating the pro-apoptotic effect of TNF-a in neutro¬
phils since pre-treatment of these cells causes a rapid decrease
of both TNF-a receptors subtypes from the surface membrane
(10). This phenomenon, together with the fact that the effects of
SN50 are, at best, modest due to limited access of the peptide to
its intracellular target (37) and the requirement for pretreat¬
ment with the peptide, precluded accurate assessment of SN50
on TNF-a induced apoptosis in neutrophils.
When neutrophils were co-cultured with LPS and gliotoxin,

gliotoxin failed to render LPS pro-apoptotic despite the fact
that LPS induced survival was inhibited by gliotoxin (Fig. 4).
These results suggest that LPS does not trigger a death path¬
way in neutrophils but stimulates a NF-xB-mediated survival
pathway i.e. when NF-kB activation is blocked, LPS is no

longer capable of delaying apoptosis. The precise intracellular
mechanisms by which the NF-kB inhibitors used in this study
induce apoptosis are unknown and is the subject of further
investigation. For example, it would be of interest to perform
an in-depth analyses of the effect of gliotoxin and the other

agents on the degradation of the inhibitory subunit IkB, espe¬
cially since Pahl et al. (28) reported that gliotoxin appeared to
prevent IkB degradation rather than mediate its effect at the
level of DNA binding.
In a number of immune cells NF-kB activation by agents

such as TNF-a has been shown to play a central role in regu¬

lating the genes for inflammatory cytokines such as granulo-
cyte/macrophage-colony stimulating factor and TNF-a itself
(14). The importance of this response in vivo is that many of
these factors inhibit granulocyte apoptosis and may therefore
delay inflammatory resolution by enhancing the longevity of
these cells. Indeed, a positive-feedback loop may exist since
many of these inflammatory mediators which protect against
apoptosis in neutrophils and eosinophils also activate NF-kB
(7). Conversely, we have recently shown that NO, a known
inhibitor of NF-kB (52, 53), is a potent inducer of apoptosis in
neutrophils (54). Our current results suggest that the activa¬
tion of an inducible form of NF-kB represents a powerful sur¬
vival mechanism in granulocytes, and that when this pathway
is inhibited, in both neutrophils and eosinophils, these cells
undergo a greatly augmented rate of apoptotic cell death. It is
possible that NF-kB performs a similar function in other cell
types that undergo apoptosis in response to gliotoxin.
Enhanced cytotoxic responses to TNF-a have also been dem¬

onstrated in cells where NF-kB is genetically deficient or inac¬
tivated (19-21) and hepatocytes from Rel-A null mice are
known to undergo apoptosis causing death in utero (55). Em¬
bryonic fibroblasts and macrophages from Rel-A-deficient mice
also showed dramatic loss ofviability when treated with TNF-a
leading to the suggestion that Rel-A regulates a protective
mechanism against the cytotoxic effects of TNF-a. It would be
of interest to investigate the effects of TNF-a and gliotoxin on

granulocytes isolated from mice deficient in Rel A; it would be
reasonable to predict that TNF-a will induce a rapid cell death
and gliotoxin and other NF-kB inhibitors would not have a
dramatic effect on the rate of granulocyte apoptosis. Although
our experiments indicate that gliotoxin does not inhibit the
constitutive form ofNF-kB, at least at early time points, it does
inhibit the activation of an inducible isoform of NF-kB, which
most likely consists of heterodimers containing the Rel-A/p65
protein and therefore could perform a similar anti-apoptotic
function in neutrophils and eosinophils. While in our hands
TNF-a does not produce significant cytotoxic effects in eosino¬
phils, co-treatment with gliotoxin caused these cells to become
highly responsive to this cytokine producing greatly increased
levels of apoptosis. This suggests that both of these inflamma¬
tory cell types could be stimulated to undergo apoptosis and
hence be cleared rapidly by phagocytes at sites of inflammation
if activation of the inducible NF-kB isoform were inhibited.
The mechanism whereby inactivation of NF-kB induces

granulocyte apoptosis and increases the cytotoxic response to
TNF-a is currently unclear. Since gliotoxin and TNF-a driven
apoptosis Eire both inhibited by the caspase-inhibitor zVAD-
fmk, this, together with the synergy for apoptosis observed
with these agents, implies that NF-kB or an NF-kB regulated
step influences granulocyte apoptosis at an intermediate step
between the TNF-a receptor and caspase activation. The pos¬

sibility that NF-kB controls the transcriptional activity of a
gene(s) which induces the synthesis of survival proteins is
supported by the observation that cycloheximide also increases
apoptosis in granulocytes (49). This suggests a strong link
between inducible NF-kB activation and the control of TNF-a-
induced apoptosis, possibly via the production of a protein
inhibitor of this pathway. Indeed, as we have shown, protein
synthesis inhibition enhances the pro-apoptotic effect of TNF-a
as early as 2 h ofculture. Indeed, one possible candidate for this
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protein has already been suggested: A20, a protein induced by
TNF-a activation ofNF-kB (56, 57), has been shown to protect
against TNF-c* induced cell death by acting at the level of the
TNF-a receptor-associated proteins TRAF-1 and TRAF2 (58).
Although A20 has yet to be demonstrated in neutrophils or
eosinophils, this would represent an attractive candidate pro¬
tein to fulfill such a role.
The ability of gliotoxin to enhance the cytotoxic effects of

TNF-a and itself produce a rapid onset of apoptosis in inflam¬
matory cells such as neutrophils and eosinophils may suggest
NF-kB inhibition as a logical therapeutic target in the treat¬
ment of inflammatory conditions. In a rat model of lung inflam¬
mation, suppression ofNF-kB activity has already been shown
to block the development of neutrophil lung inflammation by
inhibiting the synthesis of chemotaxins (59). Our results sug¬
gest that NF-kB inhibition may also be of benefit in enhancing
the resolution of inflammation by allowing a more rapid clear¬
ance of granulocytes. We therefore propose that granulocyte
apoptosis is regulated by an inducible form of the transcription
factor NF-kB and suggest that inhibition of this transcription
factor may be exploited for therapeutic benefit in inflammatory
conditions where granulocytes play a prominent role.
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Glucocorticoids Promote Nonphlogistic Phagocytosis of
Apoptotic Leukocytes1

Yuqing Liu,2* Joanne M. Cousin,2t Jeremy Hughes,* Jo Van Damme,1 Jonathan R. Seckl,8
Christopher Haslett,1 Ian Dransfield,+ John Savill,3* and Adriano G. Rossi1
Phagocyte recognition, uptake, and nonphlogistic degradation of neutrophils and other leukocytes undergoing apoptosis promote
the resolution of inflammation. This study assessed the effects of anti-inflammatory glucocorticoids on this leukocyte clearance
mechanism. Pretreatment of "semimature" 5-day human monocyte-derived macrophages (M</>) for 24 h with methylprednisolone,
dexamethasone, and hydrocortisone, but not the nonglucocorticoid steroids aldosterone, estradiol, and progesterone, potentiated
phagocytosis of apoptotic neutrophils. These effects were specific in that the potentiated phagocytosis of apoptotic neutrophils was

completely blocked by the glucocorticoid receptor antagonist RU38486, and glucocorticoids did not promote 5-day M</» ingestion
of opsonized erythrocytes. Similar glucocorticoid-mediated potentiation was observed with 5-day M<f» uptake of alternative ap¬

optotic "targets" (eosinophils and Jurkat T cells) and in uptake of apoptotic neutrophils by alternative phagocytes (human
glomerular mesangial cells and murine M</> elicited into the peritoneum or derived from bone marrow). Importantly, methyl-
prednisolone-mediated enhancement of the uptake of apoptotic neutrophils did not trigger the release of the chemokines IL-8 and
monocyte chemoattractant protein-1. Furthermore, longer-term potentiation by methylprednisolone was observed in maturing
human monocyte-derived Md>, with greater increases in 5-day M<j> uptake of apoptotic cells being observed the earlier glucocor¬
ticoids were added during monocyte maturation into M<f>. We conclude that potentiation of nonphlogistic clearance of apoptotic
leukocytes by phagocytes is a hitherto unrecognized property of glucocorticoids that has potential implications for therapies aimed
at promoting the resolution of inflammatory diseases. The Journal of Immunology, 1999, 162: 3639-3646.

Inflammatory responses, which evolved to eliminate invadingmicroorganisms and repair damaged tissues, become unde¬
sirably persistent in a number of disease states. Although

there is strong evidence that leukocytes can mediate tissue injury
in inflammatory disorders (1), little is known of the mechanisms
that promote the resolution of inflammation by eliminating leuko¬
cytes from tissues. An important factor in the successful resolution
of inflammation is the recognition, uptake, and degradation by
phagocytes of intact leukocytes undergoing deletion by apoptosis
(2-9). Not only are tissues protected from the noxious contents of
leukocytes, but apoptotic cells are also rapidly phagocytosed and
degraded by professional phagocytes (macrophages (Mcf>)4) and by
semiprofessional phagocytes (e.g., glomerular mesangial cells, fi-
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broblasts) without inciting proinflammatory secretory responses

(6, 10-12).
Although several molecular pathways by which phagocytes rec¬

ognize apoptotic cells have been identified (reviewed in Refs. 13
and 14), the mechanisms that control phagocytic capacity for the
clearance of apoptotic cells are less well understood. The modu¬
lation ofphagocyte capacity for apoptotic cell clearance represents
a potential therapeutic target in the control of inflammatory dis¬
ease. Although CD44-mediated increases in the M tf> uptake of ap¬
optotic neutrophils may hold some therapeutic promise (15), it is
unlikely that there is clinical utility in the observation that pro¬
inflammatory cytokines promote Mcf> ingestion of apoptotic cells
(16). Therefore, we sought to investigate further the regulatory
mechanisms that might control phagocyte clearance of leukocytes
undergoing apoptosis.
It is well established that glucocorticoids are powerful anti¬

inflammatory agents that suppress many phlogistic responses includ¬
ing inflammatory cell recruitment and activation (17-20). However,
there have been relatively few studies of the effects of these steroids
on the resolution phase of inflammation. We and others have shown
that glucocorticoids delay constitutive apoptosis in neutrophils,
whereas eosinophil apoptosis is accelerated (21-23), providing an at¬
tractive explanation for the therapeutic efficacy of glucocorticoids in
eosinophilic inflammation. However, implicit in this observation is
the need for nonphlogistic clearance of an increased tissue load of
apoptotic eosinophils, implying that glucocorticoids might also up-
regulate the phagocytic capacity for apoptotic granulocytes so that
greater numbers are safely removed. Moreover, although glucocorti¬
coids delay neutrophil apoptosis, these agents are effective in sup¬

pressing inflammatory responses characterized by intense infiltration
of tissues with neutrophils (24) that will eventually undergo apoptosis,
implying that glucocorticoids may also up-regulate the phagocyte ca¬

pacity to clear apoptotic neutrophils.

0022-1767/99/S02.00
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To test the hypothesis that glucocorticoids potentiate phagocyte
capacity for the nonphlogistic clearance of apoptotic leukocytes,
we have undertaken the first study of the effects of glucocorticoids
upon this process, which is important in the resolution of inflam¬
mation. We report that glucocorticoids specifically promote safe
clearance by various phagocyte types of apoptotic leukocytes from
different lineages, establishing that glucocorticoids have hitherto
unrecognized but beneficial regulatory effects upon phagocytes,
which may promote the safe termination of inflammatory
responses.

Materials and Methods
Materials

All reagents were obtained from Sigma (St. Louis, MO) unless otherwise
stated. Culture media (Iscove's modified DMEM, RPM1 1640, and HBSS)
and supplements (100 U/ml penicillin, 100 58/ml streptomycin, 2 mM
glutamine, and FCS) were obtained frum Life Technologies Laboratories
(Paisley, U.K.). Brewer's thioglycollate medium was obtained from Difco
(Detroit, Ml). Methylprednisolone was obtained from Upjohn (Birming¬
ham, U.K.); dexamethasone, hydrocortisone, aldosterone, progesterone,
and estradiol were obtained from Sigma (Poole, U.K.). RU38486 was
kindly provided by Dr. Ian Hall (University of Nottingham). Percoll was
obtained from Pharmacia Fine Chemicals (Piscalaway, NJ). Sterile tissue
culture plasticware was obtained from Falcon Plastics (Cockeysville, MD).

Granulocyte isolation and induction ofapoptosis
Human neutrophils (>98% pure on May-Giemsa-stained cytopreparations)
were isolated from fresh, citrated blood of healthy volunteers by dextran
sedimentation and discontinuous plasma-Percoll (Pharmacia Fine Chemi¬
cals) density gradient centrifugation (2, 25). The neutrophils were aged in
tissue culture at 37°C and 5% C02 for 24 h in Iscove's DMEM with 10%
autologous platelet-rich, plasma-derived serum to undergo apoptosis veri¬
fied by typical morphology (2). Only aged neutrophils with a viability
(assessed by trypan blue dye exclusion) >98% were used.

Human eosinophils (95-98% pure on May-Giemsa-stained cytoprepa¬
rations) were isolated from the blood of mildly eosinophilic but healthy
human volunteers by using a combination of discontinuous plasma-Percoll
density gradient centrifugation to obtain eosinophil-enriched granulocyte
populations followed by immunomagnetic depletion of neutrophils using
3G8 CD 16 mAb, essentially as described (6, 26). Purified eosinophils were
then cultured for up to 72 h in conditions identical to those for neutrophils
to undergo apoptosis verified by typical morphology (26). Only aged eo¬
sinophils with viability >98% by trypan blue dye exclusion were used.

Preparation ofhuman monocyte-derived M(f>
Human monocytes were prepared by well-established methods from the
mixed mononuclear cell band of the discontinuous plasma-Percoll gra¬
dients used to prepare neutrophils (2). Mononuclear cells were sus¬
pended in Iscove's DMEM at 4 X 106/ml, and 100 p.1 was added to each
well of a 96-well plate, which was then incubated at 37° for 1 h. Non¬
adherent cells, including contaminating lymphocytes, were then washed
off, and adherent monocytes were cultured in Iscove's DMEM with
10% autologous platelet-rich, plasma-derived serum for 5 days to ma¬
ture into monocyte-derived M<j>.

Preparation ofmurine M<j> populations
Ten-week-old BALB/c mice were purchased from the University of Not¬
tingham Biomedical Facility and were housed and treated under U.K.
Home Office-approved conditions. Thioglycollate-elicited inflammatory
peritoneal M<f> and bone marrow-derived Mcj> were prepared as described
(27). Briefly, inflammatory peritoneal exudate Mtfi were elicited into the
peritoneal cavity of 10-wk-old female BALB/c mice by injection of 3%
Brewer's thioglycollate and harvested 5 days later after humane killing by
peritoneal lavage with DMEM medium alone. Exudate cells were adhered
to 96-well plates for 1 h at 0.1 X 10f' cell/well, and nonadherent cells were
washed off and replaced with DMEM containing 10% FCS plus supple¬
ments as above. Peritoneal M4> were used within 48 h after isolation. Bone
marrow-derived M<j> were isolated from femurs of humanely killed mice,
cut at both ends, and the bone marrow expelled by flushing with a 25-gauge
needle with DMEM with 10% FCS supplements as above and 10% con¬
ditioned medium from L929 cells as a source ofmonocyte-CSF. M<|> were
employed after 7-10 days culture.

Culture ofhuman mesangial cells

Mesangial cells were prepared using standard methods of serial culture/
trypsinization in tissue culture flasks of adherent outgrowth cells from glo¬
meruli obtained by sieving diced human normal renal cortex as described
previously (3, 11). Cells were cultured in RPMI 1640 medium with 10%
FCS and 5 ml/500 ml of insulin/selenium/transferrin growth supplement
from Life Technologies Laboratories (Grand Island, NY) and were used
between passages four and six after subculture into 96-well plates. Great
care was taken to verify the purity and phenotype of mesangial cells, as
previously described (3, 11). Cells were uniformly smooth muscle actin-
positive and CD45-negative (by immunofluorescence). Cells did not take
up acetylated low-density lipoprotein or opsonized zymosan particles (ex¬
cluding M</> contamination) and were cytokeratin and factor VHI-related
Ag-negative (by immunofluorescence), excluding contamination with glo¬
merular epithelial or endothelial cells.

Culture ofJurkat T cells and induction ofapoptosis
Cells of the Jurkat T cell line (a gift from C. Gregory, University of Not¬
tingham) were grown in suspension culture in RPMI 1640 with 5% FCS
and supplements. To induce morphologically verified apoptosis, cells were
deprived of serum with cycloheximide at 50 fig/ml for 4 h before being
washed and employed in interaction assays with M<£.

Interaction assays

A microscopically quantified phagocytic assay of M<J> phagocytosis ofaged
polymorphonuclear leukocytes (PMNs) was used, which has been de¬
scribed and illustrated in detail before (2, 28). Minor adaptations for Mc/>
cultured in 96-well plates have been described (16). Briefly, PMNs aged
for 24 h in culture, to undergo apoptosis, were washed once in HBSS,
suspended in Iscove's DMEM, and 0.5 X 10'' aged PMNs in 50 jul of
medium were added to each washed well of M</>. After interaction for 30
min at 37°C in 5% C02 atmosphere, the wells were washed in saline at 4°C
to remove noningested apoptotic PMNs, fixed with 2% glutaraldehyde in
0.9% saline, stained for myeloperoxidase (MPO; present in PMNs but not
M(j>) using hydrogen peroxide and dimethoxybenzidine as substrate as pre¬
viously described (2, 29), and then the proportion of M <f> ingesting neu¬
trophils were counted by inverted light microscopy, exactly as described
(2,28). Because it was also important to determine whether the phagocytic
capacity of individual M <j> had been increased, the number of PMNs within
100 randomly selected M</j in each well was counted in some experiments.
These counts were possible because the duration of the phagocytic assay
was sufficiently short for ingested PMNs to remain intact (2, 28, 29). The
M<f> uptake of aged apoptotic eosinophils, 0.1 X 106 in 50 /xl medium for
each well of Mcf; or of IgG-opsonized human erythrocytes (EIgG), 0.1 X
106 in 50 fj.1 medium for each well of M<j>, was determined by similar
means, as described (26, 28), because these cell types also stain for per¬
oxidase. The uptake of apoptotic Jurkat T cells was assessed by staining
with Haemalum (BDII, Poole, U.K.), as described (4).

To quantify mesangial cell phagocytosis of apoptotic PMNs, we used a
previously described, reproducible, microscopically quantified assay in
which the uptake of apoptotic PMN was shown by electron microscopy and
susceptibility to inhibition by colchicine to be a result of active phagocy¬
tosis (3). Culture medium was aspirated from the mesangial cells, and 50
jxl of a 20 X 10'Vml suspension of neutrophils in RPMI 1640 with 10%
FCS was added to each well together with 50 pi of Iscove's DMEM. The
two cell types were cocultured in 5% C02 at 37°C for 3 h, and the inter¬
action was then stopped by the addition of cold normal saline and the
removal of nonadherent cells by manual washing with a Pasteur pipette.
The mesangial cell monolayer was then trypsinized, and a separate cyto-
centrifuge preparation was prepared for each well. These were fixed with
2% glutaraldehyde and stained for MPO and finally counterstained with
Haemalum. The proportion of mesangial cells containing brown MPO-
positive globules wholly within the outline of the cell was then counted by
light microscopy with a minimum of 500 cells per slide being counted.

Effect ofsteroid hormones
Before interaction with apoptotic leukocytes, M<() or mesangial cells were
preincubated for varying durations of time in medium plus supplements/
serum, as described above, containing the desired final concentration of
steroid hormone. Control wells were left undisturbed in medium plus sup¬
plements/serum. However, preliminary experiments (not shown) demon¬
strated that the replacement of medium after aspiration at the preincubation
times used did not, in itself, alter the phagocytic signal.
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Effect ofglucocorticoid receptor antagonist RU38486
The effect of glucocorticoid receptor antagonist RU38486 was assessed
using final concentrations of RU38486 or ethanol-based vehicle control
> 10-fold those employed for glucocorticoids. Medium was aspirated from
phagocytes 24 h before assay of phagocytosis and was replaced by 180 pi
of RU38486 at 11.1-fold final steroid concentration in medium plus sup¬
plements/serum as above. Twenty minutes later, 20 p.1 of medium plus
supplements/serum containing no steroid (as a control) or steroid at 10-fold
final concentration was added, and the phagocytes were incubated for the
desired period until interaction with apoptotic leukocytes.

Effect of cycloheximide
The protein synthesis inhibitor cycloheximide was included at 2.5 prM for
12 h in medium plus supplements/serum ± steroid before assay of phago¬
cytosis of apoptotic leukocytes.

Assessment of MtJ> and mesangial cell response following the
ingestion of apoptotic PMNs

Monocyte-derived Mr/.1 in 24-well plates were either incubated in Iscove's
DMEM alone or interacted with apoptotic PMNs or opsonized zymosan.
After 30 min, M</> were carefully washed, and 250 p.1 Iscove's DMEM was
added to each well. After 24 h coculture with M</>, the medium was aspi¬
rated, centrifuged, and stored at -80°C. M</> phagocytosis ofneutrophils or
zymosan was quantified by fixing three of the wells on each plate with 2%
glutaraldehyde and, in the case of neutrophils, by staining for MPO as
outlined previously. The proportion of M</> ingesting apoptotic neutrophils
or opsonized zymosan was counted by inversion light microscopy (28).

Mesangial cells in 96-well plates were either cultured in the presence of
RPMI 1640 with 10% FCS with or without 10 ng/ml IL-1 for 6 h or
interacted for 3 h with apoptotic PMNs as previously outlined. Mesangial
cells were then carefully washed with normal saline, and the medium was
replaced with 50 ju.1 ofRPMI 1640 without FCS and incubated at 37°C. The
medium was aspirated after 24 h, centrifuged, and stored at -80°C. Cy-
tocentrifuge preparations from 4 wells on each plate were used to quantify
mesangial cell phagocytosis of apoptotic PMNs.

Measurement of IL-8 and monocyte chemoattractant protein-1
(MCP-1) levels in tissue culture supernatants

IL-8 and MCP-1 levels were measured by ELISA using a peroxidase con¬
jugate for detection. Briefly, assay plates were coated with protein A-pu-
rified goat polyclonal Ab against pure natural IL-8 (30) or rabbit polyclonal
Ab against recombinant MCP-1 (31). Samples were tested at 1/10 dilution.
Immunoreactivity was specifically measured using mAbs against IL-8 and
MCP-1 (R&D Systems, Abingdon, U.K.), respectively, as secondary Abs.
Detectionwas obtainedby peroxidase-conjugated, affinity-purifiedgoatanti-
mouse IgG. The ELISA for IL-8 and MCP-1 were specific because natural
forms of other chemokines including MCP-2, MCP-3 (32), granulocyte
chemotactic protein-2, ENA-78, GROa, inflammatory protein-10, NAP-2
(33), or cytokines (IL-1, IFN-y, IFN-/3) were not detectable. The sensitivity
of the MCP-1 and IL-8 ELISA were <1 ng/ml and <100 pg/ml,
respectively.

Statistical methods

All values are expressed as mean ± SEM of the indicated number of
experiments. Statistical significance (defined as p < 0.05) was evaluated
using Student's t test and where appropriate by one-way ANOVA with
comparison between groups using the Newman-Keuls procedure.

Results
Glucocorticoids specifically promote phagocytosis ofapoptotic
neutrophils by semimature monocyte-derived MS
To facilitate the detection ofpossible potentiating effects upon M<j>
phagocytosis of apoptotic neutrophils (16), we studied "semima-
ture" cultures of human monocyte-derived MS matured for 5 days
in adherent culture on plastic because maximal capacity for the
uptake of apoptotic cells generally requires maturation for around
7 days (29). Pretreatment of 5-day Mr/) with the glucocorticoid
methylprednisolone (Fig. 1) or dexamethasone (data not shown)
for different periods of time up to 24 h caused a progressive in¬
crease in the proportion of that were capable of phagocytosing
apoptotic neutrophils and in the number of apoptotic neutrophils
ingested per Mrf>. For example, methylprednisolone at 200 nM for

Oh 3h 5 h 20 h 24 h

Duration of preincubation

FIGURE X. Time course ofpotentiation by 200 nM methylprednisolone
of human monocyte-derived M <j> phagocytosis of apoptotic PMNs. Note
increase in methylprednisolone-treated M<(> (filled bars) vs control M</>
(open bar) as early as 3 h. In all conditions, phagocytosis was assayed at the
same time, with differing preincubation times. Data are mean ± SEM, n =
17. *, p < 0.05 and **, p < 0.001 vs control values.

24 h augmented the number of apoptotic neutrophils ingested per
100 phagocytically active M<f> from 138.9 ±4.1 to 209.6 ± 5.1
(P < 0.01; n — 9). Short preincubation times (<3 h) were without
effect (Fig. 1), excluding the remote possibility that there was a
"carry over" effect of glucocorticoid treatment of upon added
apoptotic neutrophils. The specificity of glucocorticoid effects
upon Md> phagocytosis was further investigated by comparison of
the effects of pretreatment of M d> for 24 h with a number of dif¬
ferent steroids. These studies demonstrated that methylpred¬
nisolone, dexamethasone, and hydrocortisone acted in a concen¬
tration-dependent manner to augment phagocytosis (Fig. 2),
whereas the mineralocorticoid aldosterone at 5 nM, a concentra¬
tion 10-fold above that inducing maximal effects on sodium trans¬
port in vitro (34), and the sex steroids progesterone (1 pM) and
estradiol (1 /uM) were without effect (Table I). The specificity of
the observed augmentation of M<j> phagocytosis of apoptotic neu¬
trophils by glucocorticoids was further demonstrated by the failure
of glucocorticoid prctreatment to induce either binding or phago¬
cytosis of nonapoptotic neutrophils (data not shown) and the lack
of effect ofmethylprednisolone on the phagocytosis of EIgG; in a
series of nine experiments, pretreatment for 24 h with methylpred¬
nisolone at 200 nM increased the proportion of 5-day Mc/> ingest¬
ing apoptotic neutrophils from 14.1 ± 1.5% to 29.6 ± 3.2%
(mean ± SE, p < 0.001) but had no significant effect on the pro¬
portion of 5-day M</> ingesting EIgG (untreated 5-day MS 52.7 ±
6.4% vs methylprednisolone-treated 5-day MS 54.3 ± 7.1%).

Glucocorticoid promotion ofMS uptake ofapoptotic neutrophils
is specific for the glucocorticoid receptor and inhibitable by
cycloheximide
To confirm that glucocorticoids were acting via Mcf> steroid recep¬
tors, we assessed the effect of the specific steroid receptor antag¬
onist RU38486 upon glucocorticoid-promoted 5-day M</> phago¬
cytosis of apoptotic neutrophils (Fig. 3). RU38486 used at a 10-
fold greater concentration than the glucocorticoids completely
blocked increased phagocytosis stimulated by 24-h treatment with



3642 GLUCOCORTICOIDS PROMOTE SAFE PHAGOCYTOSIS OF APOPTOTIC CELLS

■ Methylprednisolone
13 Dexamethasone

S3 Hydrocortisone

control 10 nM 50 nM 100 nM 200 nM 400 nM 800 nM 1000 nM

Concentration of glucocorticoids

FIGURE 2. Concentration-related potentiation of human monocyte-de-
rived M<f> phagocytosis of apoptotic PMNs by 24-h treatment with glu¬
cocorticoids. Methylprednisolone, dexamethasone, and hydrocortisone ex¬
hibited similar effects. Logistic considerations required a separate series of
experiments for each glucocorticoid explaining variation in controls for
each compound. Data are mean ± SEM, n = 12 for each compound. *,p <
0.05 and **, p < 0.001 vs control values.

methylprednisolone, dexamethasone, and hydrocortisone without
exhibiting any independent inhibitory effect upon Md> phagocyto¬
sis of apoptotic cells (Fig. 3). Together with the lack of effect upon
M </> phagocytosis of EIgG cited above, these data argue strongly
against a nonspecific "membrane" effect on MtJ>. Furthermore,
methylprednisolone failed to promote phagocytosis of apoptotic
neutrophils by Mtjb pretreated for 12 h with the protein synthesis
inhibitor cycloheximide (a reversible blocker of mRNA transla¬
tion) at 2.5 pM, a concentration previously shown to inhibit >95%
of protein synthesis in myeloid cells and to inhibit Mb phagocy¬
tosis of apoptotic cells without toxic effects on the M</>, as evi¬
denced by retained ability to ingest opsonized erythrocytes (35,
36). Thus, in a series of seven experiments in which 15.7 ± 1.7%
(mean ± SE) of 5-day M(f> ingested apoptotic neutrophils under
control conditions and 12-h pretreatment with methylprednisolone
at 200 nM increased recognition to 38.3 ± 4.2% (p < 0.001 vs
control), such glucocorticoid pretreatment was unable to reverse
the inhibitory effect of concomitant 12-h pretreatment with cyclo¬
heximide at 2.5 juM, which significantly reduced the proportion of
Mc|> ingesting apoptotic neutrophils whether Mc/> had been treated
with methylprednisolone (4.9 ± 0.9%, p < 0.001) or not (5.7 ±
1.4%, p < 0.001).

Table I. Effect of 24-h treatment with nonglucocorticoid steroid
hormones on human monocyte-derived Mtb uptake of apoptotic PMNs"

Mrf> Uptake of Apoptotic PMNs
Hormone (% of control; mean ± SE; n ~ 10)

None 100.0 ± 4.0
Aldosterone (5 nM) 108.5 ± 6.1
Estradiol (1 pM) 112.5 ± 9.3

Progesterone (1 ptM) 97.4 ± 14.3

"No statistically significant differences were observed. In these experiments,
22.1 ± 1.8% of M</>-ingested apoptotic PMNs were used.

FIGURE 3. Specificity of glucocorticoid enhancement of human mono¬
cyte-derived Mrf> phagocytosis of apoptotic neutrophils; abrogation by
competitive antagonism of steroid receptor. Note RU38486 at 10 times the
glucocorticoid concentration completely inhibited potentiation by methyl¬
prednisolone at 200 nM, dexamethasone at 1 p,M, and hydrocortisone at 1
/aM without exerting an independent inhibitory effect on phagocytosis;
controls included RU38486 vehicle. Data are mean ± SEM, n = 10. **,
p < 0.001 vs control values.

Glucocorticoids also promote phagocytosis in other models of
phagocyte clearance of apoptotic cells
In view of the observation that ligation of M$ CD44 specifically
promotes phagocytosis of apoptotic neutrophils, having little effect
upon uptake of apoptotic cells of other lineages (15), it was of
interest to determine whether the prophagocytic effect of glucocor¬
ticoids upon Mr/; was restricted to uptake of apoptotic neutrophils.
This proved not to be the case in that methylprednisolone also
promoted phagocytosis of apoptotic Jurkat Cells from 13.4 ± 1.4%
of M<b under control conditions to 24.2 ± 1.5% after 24-h culture
with 200 nM methylprednisolone (mean ± SE, n = 6,p < 0.001).
Furthermore, 24-h incubation of Mt( with 1 pM dexamethasone
increased M<f> phagocytosis of apoptotic eosinophils from 49.0 ±
3.9% to 67.8 ± 5.1% (mean ± SE, n = 6, p < 0.001).
We were also concerned to establish whether the prophagocytic

effect of glucocorticoids was limited to the human monocyte-de¬
rived M<5, because previous work has established that other phago¬
cyte populations recognize apoptotic cells by mechanisms distinct
from the avfi3 vitronectin receptor/thrombospondin/CD36 system
characterized in the human monocyte-derived M<f> (reviewed in
Ref. 13). Human mesangial cells, "semiprofessional" glomerular
phagocytes, which usually recognize apoptotic neutrophils by a
CD36-independent, av/33-mediated mechanism (11) also exhib¬
ited increased phagocytosis of apoptotic neutrophils when treated
with glucocorticoids (Fig. 4). Furthermore, this effect was not lim¬
ited by phagocyte species in that glucocorticoids exhibited a sim¬
ilar promotion of phagocytosis of apoptotic neutrophils by murine
bone marrow-derived M </> populations and murine thioglycollate-
elicited peritoneal inflammatory Mrj> (Fig. 5), which normally em¬
ploy cev/33-independent phosphatidylserine receptors in the uptake
of apoptotic cells (27).

Glucocorticoid-promoted uptake ofapoptotic cells does not
promote proinflammatory secretory responses by phagocytes
Growing evidence supports the concept that phagocyte clearance
of leukocytes undergoing apoptosis is an injury-limiting leukocyte

control steroids steroids
+

RU38486 RU38486

■ Methylprednisolone

■ Dexamethasone

■ Hydrocortisone
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disposal mechanism likely to promote the resolution of inflamma¬
tion (reviewed in Ref. 37). Strong support is provided by data that
demonstrate that M<)> and mesangial cells phagocytosing apoptotic
cells are not stimulated to secrete proinflammatory eicosanoids,
granule enzymes, or cytokines (6, 10, 11). The wide-ranging anti¬
inflammatory effects of glucocorticoids suggested that the promo¬
tion of phagocyte clearance of apoptotic cells would be unlikely to
provoke proinflammatory responses from ingesting phagocytes,
but it was clearly necessary to test this assumption. We found that
increases in M<(> uptake of apoptotic neutrophils induced by meth-
ylprednisolone pretreatment did not invoke the release of the
proinflammatory chemokines IL-8 and MCP-1 by VI <l> (Table II) or
mesangial cells (Table III). However, methylprednisolone at 200
nM failed to abrogate IL-8 and MCP-1 secretion triggered by M4>
phagocytosis of opsonized zymosan particles (Table III), indicat¬
ing that glucocorticoids were not acting to suppress production of
these chemokines by

a.
o
CL

S
s
CO

control 10 nM 50 nM 100 nM 200 nM 500 nM 1000 nM

During monocyte maturation, earlier and more prolonged
exposure to glucocorticoid results in greater potentiation ofM<f>
phagocytic capacity at 5 days
Although human monocyte-derived Mcf> are able to ingest senes¬
cent neutrophils undergoing apoptosis, freshly isolated human pe¬
ripheral blood monocytes lack this capacity, which is progressively
acquired over several days as adherent monocytes cultured with
autologous serum differentiate into Me/) (29). Because the mecha¬
nisms responsible are very poorly understood, we considered it
possible that early exposure of maturing monocytes to glucocor¬
ticoids might undesirably disrupt acquisition of the capacity to
ingest apoptotic neutrophils. In fact, the earlier maturing mono¬
cytes were exposed to 200 nM prednisolone throughout subse¬
quent culture, the greater (compared with control) the potentiation
of the uptake of apoptotic neutrophils at 5 days (Fig. 6).

Methylprednisolone

Dexamethasone

Hydrocortisone

50-1

CO

o>

control

Duration of preincubation

FIGURE 4. Time course of glucocorticoid potentiation of human glo¬
merular mesangial cell (HMC) phagocytosis of apoptotic neutrophils.
Methylprednisolone, dexamethasone, and hydrocortisone, all at 200 nM,
exerted similar effects. Under all conditions, HMC phagocytosis of apo¬
ptotic PMNs was assayed at the same time; preincubation times varies as
shown. Data are mean ± SEM, n = 6. *,p < 0.05; **,/? < 0.001 vs control
values.
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FIGURE 5. Concentration-related potentiation of murine Mr/) phagocy¬
tosis of human apoptotic neutrophils by 24-h treatment with methylpred¬
nisolone. A, Murine bone marrow-derived M</> (BMMr/>). B, Thioglycol-
late-elicited peritoneal Mr/). Data are mean ± SEM, n = 6. **, p < 0.001
vs control values.

Discussion

This report establishes the capacity of glucocorticoids to promote
nonphlogistic phagocytosis of cells undergoing apoptosis. This ef¬
fect was specific in that in human monocyte-derived Mcjb treated
for 24 h from 4 days' maturation it was mediated via the
RU48686-inhibitable steroid receptor, not induced by the miner-
alocorticoid aldosterone or by sex steroids, and not observed for
FcR-mediated phagocytosis. Furthermore, there was evidence of a
generally relevant promotion of phagocyte clearance of apoptotic
cells in that glucocorticoids promoted M<j> phagocytosis of apo¬
ptotic Jurkat T lymphocytes and apoptotic eosinophils as well as
promoting the uptake of apoptotic neutrophils by both human glo¬
merular mesangial cells and two different populations of murine
M</>. Finally, the promoting effect of glucocorticoids was not lim¬
ited to "semimature" 4-day M<f> because earlier exposure to glu¬
cocorticoid during M</> differentiation resulted in a still greater
capacity for phagocytosis of apoptotic cells at 5 days.
The data provide new insights into the anti-inflammatory effects

of glucocorticoids, demonstrating a hitherto unrecognized mecha¬
nism by which these agents may ameliorate inflammatory injury
(the promotion of safe phagocytic clearance of leukocytes being
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Table II. Effect of 24-h treatment with 200 nM methylprednisolone upon IL-8 and MCP-1 release from
human monocyte-derived M<f> ingesting particulate stimuli"

Condition Stimulus
IL-8 Concentration

(ng/ml; mean ± SE; n = 4)
MCP-1 Concentration

(ng/ml; mean ± SE; n = 4)

Control None 0.7 ± 0.1 1.8 ± 0.5
Control Apoptotic PMNs 0.5 ± 0.0 1.7 ± 0.4
Control Opsonized zymosan 53.0 ± 2.U 7.4 ± 2.6*

Methylprednisolone None 0.7 ± 0.2 2.0 ± 0.6

Methylprednisolone Apoptotic PMNs 0.8 ± 0.2 2.4 ± 0.8

Methylprednisolone Opsonized zymosan 53.5 ± 7.2f 6.1 ± 2.6*

a In these experiments, 10.8 ± 0.5% of M tf-mgested apoptotic PMNs under control conditions were used, a figure that
increased to 17.8 ± 1.6% alter methylprednisolone treatment. *, p < 0.05 and r, p < 0.01 vs M <b not receiving phagocytosed
particles.

deleted by apoptosis). Data from in vitro studies emphasize that
glucocorticoids may coordinately promote the deletion of certain
leukocyte types by engaging apoptosis (22, 23, 38), while at the
same time up-regulating the capacity for phagocytic clearance (this
study). Recently published observations that steroid treatment of
asthma is associated with the resolution of eosinophilic inflamma¬
tion and increased evidence of eosinophil phagocytosis by bron¬
cho-alveolar MA provide evidence that similar mechanisms may

operate in vivo in man (8). Furthermore, although glucocorticoids
slow constitutive apoptosis in neutrophils (21, 23), glucocorticoid-
treated neutrophils eventually undergo apoptosis and therefore re¬

quire phagocytic clearance in vivo to prevent secondary necrosis
with the resultant release of toxic granule contents. Further studies
will be required to establish whether these findings can be extrap¬
olated to inflammatory conditions in different tissues in vivo. How¬
ever, it appears likely that the observed increases in both the pro¬
portion ofMA ingesting apoptotic neutrophils and in the number
of ingested cells per phagocytically active MA will equate to a

significant increase in clearance capacity in vivo.
Nevertheless, our observation that glucocorticoid-mediated en¬

hancement of MA phagocytosis of apoptotic cells was not
achieved by a costly loss of the teleogically appropriate lack of
proinflammatory response by the phagocyte is of fundamental im¬
portance. Methylprednisolone-enhanced phagocytosis of apoptotic
cells failed to stimulate IL-8 and MCP-1 release from either M A or

mesangial cells. By contrast, under the conditions employed, meth¬
ylprednisolone did not suppress MA release of IL-8 and MCP-1
after phagocytosis of opsonized zymosan. These findings were un¬
derscored by comparable observations when mesangial cells were

employed as the phagocyte, where IL-1 was employed as a posi¬
tive control stimulus (11, 30) instead of opsonized zymosan.
Therefore, failure to elicit a proinflammatory response did not
merely reflect a general suppression of chemokine synthesis by

glucocorticoids, which has been reported in other in vitro systems
(reviewed in Ref. 24).
The modulation of phagocyte capacity for uptake of apoptotic

cells by glucocorticoids exhibits interesting differences from pre¬
vious reports on the regulation of phagocytosis of these and other
particles. In contrast to CD44-mediated enhancement of MA up¬
take of apoptotic neutrophils (15), the prophagocytic effect of glu¬
cocorticoids required several hours of treatment and was unable to
reverse inhibition by cycloheximide, consistent with a requirement
for new protein synthesis. Moreover, unlike CD44 ligation, proph¬
agocytic effects were not restricted to apoptotic target cells of the
neutrophil lineage. Furthermore, in other phagocytic systems glu¬
cocorticoids have been reported to inhibit rat alveolar MA inges¬
tion of carbon particles (39) and murine MA phagocytosis of heat-
killed Saccharomyces cerevisiae (40-43). Nevertheless, freshly
isolated human monocyte phagocytosis of /3-glucan particles pre¬

pared from the same species of yeast was enhanced by glucocor¬
ticoids such as dexamethasone at 200 nM (44), and there are re¬

ports that glucocorticoids up-regulate MA receptors for cytokines,
including those for granulocyte-MA CSF (45), which can promote
MA uptake of apoptotic cells (16). Consequently, the current data
are not necessarily inconsistent with previous studies of the glu¬
cocorticoid regulation of phagocytosis.

Further studies will be needed to define mechanisms by which
glucocorticoids potentiate phagocytosis of apoptotic cells. Our pre¬
liminary immunofluorescence flow cytometry studies (data not
shown) on 5-day human monocyte-derived MA treated with 200
nM methylprednisolone for 24 h have shown no detectable differ¬
ence in MA surface expression of components of the av/3, vitro¬
nectin receptor/thrombospondin/CD36 recognition mechanism
(35) and a modest down-regulation of CD14 consistent with pre¬
vious reports (46), suggesting that up-regulated expression of these
surface receptors is unlikely to account for the potentiating effects

Table III. Effect of24-h treatment with 200 nM methylprednisolone upon IL-8 and MCP-1 release from
stimulated human mesangial cells"

Condition Stimulus
IL-8 Concentration

(ng/ml; mean ± SE; n — 4)
MCP-1 Concentration

(ng/ml; mean ± SE; n = 4)

Control None 15.2 ± 1.65 22.5 ± 3.0
Control Apoptotic PMNs 14.5 ± 1.7 31.3 ± 1.25
Control IL-1 (10 ng/ml) 350.0 ± 60.0* 133.5 ± 8.5*

Methylprednisolone None 17.4 ± 0.4 21.8 ± 1.75

Methylprednisolone Apoptotic PMNs 29.0 ± 5.5 42.5 ± 7.0

Methylprednisolone IL-1 (10 ng/ml) 425.0 ± 85.0* 188.5 ± 16.5*

" In these experiments, 7.4% ofmesangial cells ingested apoptotic PMNs under control conditions, a figure that increased to
14.8% after methylprednisolone treatment.

*, p < 0.01 vs unstimulated mesangial cells. IL-8 and MCP-1 release from methylpredisolone-treated mesangial cells was
not significantly different from controls.
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control Id 2d 3d 4 d

Duration of preincuabtion with methylprednisolone

FIGURE 6. Progressively earlier inclusion of methylprednisolone at
200 nM in cultures ofmaturing monocytes leads to greater potentiation of
5-day M<f> phagocytosis of apoptotic neutrophils. Compare potentiation by
1-day treatment with that for 4-day treatment (i.e., methylprednisolone
included from 1 day of monocyte (M<f> culture). Data are mean ± SEM,
n = 6. *, p < 0.05; **, p < 0.001 vs control values.

of glucocorticoids. This work on surface receptor expression will
need to be expanded, and possible effects of glucocorticoids on

cytoskeletal elements (47) should also be considered.
Lastly, although hydrocortisone and dexamethasone might ap¬

pear to be equipotent in our studies, comparisons of concentrations
at which different glucocorticoids exert a similar effect in vitro
should be made with considerable caution because ABC transport¬
ers such as MDR1A can expel synthetic glucocorticoid substrates
such as dexamethasone from within leucocytes (48), with the result
that the effective concentration of glucocorticoid at the intracellu¬
lar receptor is lower than the extracellular concentration applied to
the cell.
In conclusion, we report that glucocorticoids specifically en¬

hance the nonphlogistic phagocytic uptake of apoptotic leukocytes
of differing lineages by human and murine M<f> populations and
also "semiprofessional" phagocytes, glomerular mesangial cells.
The data add new emphasis to the anti-inflammatory properties of
glucocorticoids and suggest that further work could identify novel
therapeutic approaches toward promoting the safe resolution of
inflammatory conditions.
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Induction of Human Neutrophil Apoptosis by Nitric
Oxide Donors: Evidence for a Caspase-dependent,

Cyclic-GMP-independent, Mechanism
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ABSTRACT. This study investigated the regulatory effects of the major inflammatory mediator, nitric oxide
(NO), on human neutrophil apoptosis in vitro. Co-culture of human neutrophils with the NO donors GEA 3162
(l,2,3,4-oxatriazolium,5-amino-3-(3,4-dichlorophenyl)-chloride) (10-100 pM) and 3-morpholino-sydnoni-
mine (SIN-1) (0.3-3 mM) caused a dramatic and concentration-dependent induction of apoptosis. However,
N-formyl-methionyl-leucyl-phenylalanine (FMLP)-induced neutrophil activation (actin reorganization and
chemotaxis) was inhibited by GEA 3162 treatment. The pro-apoptotic effects of the NO donors were (i)
unaffected by the soluble guanylate cyclase inhibitor LY-83583 (6-anilino-5,8-quinolinedione; 100 pM), (ii)
antagonized by superoxide dismutase (6 pg/mL), (iii) mimicked by exogenous peroxynitrite (at concentrations
>100 pM), and (iv) inhibited by the caspase inhibitor Z-Val-Ala-DL-Asp-fluoromethylketone (100 pM). The
pro-apoptotic effect of the NO donors was not mimicked by the cell-permeable cyclic nucleotide analogue,
N6,2-0-dibutyrylguanosine-3',5'-cyclic monophosphate (dibutyryl-cGMP) at concentrations S0.2 mM. Indeed,
at high concentrations (s2 mM), dibutyryl-cGMP caused an inhibition of apoptosis. These results suggest that
NO-mediated apoptosis, although caspase-dependent, is mediated by a cGMP-independent mechanism and
involves the concurrent generation of oxygen free radicals and, potentially, peroxynitrite. Our data reveal a

unique role for NO in inflammatory responses with differential effects upon neutrophil activation and survival,
with important implications for the successful resolution of inflammation. biochem pharmacol 59;3:305—314,
2000. © 1999 Elsevier Science Inc.
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Apoptosis represents a physiological form of programmed
cell death that permits efficient phagocytic removal of
intact senescent cells. In contrast, cell death by necrosis is
typified by the loss of membrane integrity and hence
represents a potentially pro-inflammatory and injurious
mode of cell deletion [1, 2]. In the neutrophil, apoptosis is
characterized by a set of distinct morphological and bio¬
chemical changes [3-6] which results in functional down-
regulation [5] and the rapid ingestion and removal of these
cells by a process that uniquely fails to incite an inflamma¬
tory phagocytic response [7]. In view of the enormous

capacity of the neutrophil to release an array of histotoxic
products during necrotic cell death, apoptosis therefore
offers a physiological, efficient, and non-inflammatory
mechanism for neutrophil removal. Granulocyte apoptosis
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is thus regarded as a crucial process underlying the control
and successful resolution of inflammation.

Despite clear evidence that NO$ plays an important role
in a number of physiological and pathological processes,
displaying pro-inflammatory or anti-inflammatory effects
depending on its effective concentration at the inflamma¬
tory site [8-10], the regulatory effects of NO on human
neutrophil apoptosis are unknown. Furthermore, the signal¬
ing events regulating neutrophil apoptosis remain ill de¬
fined. Many of the known modulators of apoptosis in other
cell types have very different effects on neutrophil apopto¬
sis; for example, the glucocorticoid dexamethasone and
agents that elevate cytosolic free Caz+ or intracellular
cAMP inhibit neutrophil apoptosis [11-15], yet induce
apoptosis in other myeloid cells [13, 14, 16, 17]. Inflamma-

t Abbreviations: db-cAMP, N6,2-0-dibutyryladenosine-3',5'-cyclic mono¬
phosphate; db-cGMP, N2,2-0-dibutyrylguanosine-3',5'-cyclic monophos¬
phate; MDM, modified Dulbecco's medium; FMLP, N-formyl-methionyl-
leucyl-phenylalanine; GEA 3162, l,2,3,4-oxatriazolium,5-amino-3-(3,4-
dichlorophenyl)-chloride; HBSS, Hank's balanced salt solution; LY-
83583, 6-anilino-5,8-quinolinedione; NO, nitric oxide; ONOO-,
peroxynitrite; Oj,, superoxide anion; sGC, soluble guanylate cyclase;
SIN-1, 3-morpholino-sydnonimine; SOD, superoxide dismutase; and
ZVAD-fmk, Z-Val-Ala-DL-Asp-fluoromethylketone.
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tory mediators also differentially regulate neutrophil apo-
ptosis; for example, tumor necrosis factor induces apoptosis
at early time points after culture [18], whereas granulocyte-
macrophage colony-stimulating factor, C5a, and lipopoly-
saccharide all inhibit the rate of apoptosis [4, 19]. There¬
fore, these data relating to the effects ofNO on apoptosis in
other cell types cannot be extrapolated to the neutrophil.
We therefore sought to define the role of NO in

regulating human neutrophil apoptosis in vitro. We exam¬
ined the direct effects of the well-characterized NO donors
GEA 3162 [20] and SIN-1 [21], together with the cell-
permeable cyclic nucleotide analogue db-cGMP, LY-83583,
an inhibitor of the cGMP-protein kinase G pathway [22],
exogenous SOD, and ONOO~ (a product of 02 and NO
interaction). We present evidence demonstrating that in
contrast to its effect on neutrophil activation NO mediates
a profound pro-apoptotic effect on neutrophils. These data
represent a further investigation of our initial preliminary
observations ofNO-mediated apoptosis in neutrophils [23],
which have been confirmed in recent reports by Blaylock et
al. [24] and Fotenberry et al. [25], who also demonstrated
that NO induces apoptosis in human neutrophils. Our
results describe additional mechanistic data on the NO-
mediated pro-apoptotic effect. We report for the first time
that NO induces apoptosis in human neutrophils by a
mechanism involving a caspase-dependent pathway that is
not mediated by the guanylate cyclase/cGMP pathway. Our
studies suggest that NO-mediated effects may have signifi¬
cance in inflammatory conditions where the mechanisms
controlling neutrophil activation and survival are normally
tightly regulated.

MATERIALS AND METHODS

Reagents
Sodium citrate was purchased from Phoenix Pharmaceuti¬
cals Ltd. Percoll and dextran were obtained from Pharmacia

Biotechnologies. Iscove's MDM, PBS, HBSS, and supple¬
ments (penicillin and streptomycin) were from Life Tech¬
nologies. Sterile tissue culture plasticware and flexiwell
plates were purchased from Corning-Costar and Falcon.
Methanol was purchased from Fisons Scientific. Diff-Quik
stain was obtained from Baxter. db-cAMP, db-cGMP,
SOD, SIN-1, N°-nitro-L-arginine methyl ester (L-NAME),
FMLP, and trypan blue were purchased from Sigma Chem¬
ical Co. Ltd. GEA 3162, NG-monomethyl-L-arginine
monoacetate (L-NMMA), LY-83583 were from Alexis
Corporation. ZVAD-fmk was from Bachem.

Neutrophil Preparation
Human neutrophils were isolated and purified from periph¬
eral venous blood taken from healthy adult volunteers as

previously described [26]. In brief, aliquots (40 mL) of blood
were anticoagulated with 4 mL 3.8% sodium citrate and
centrifuged (300 g; 25°; 20 min). The leukocyte-rich
fraction was separated from erythrocytes using dextran

sedimentation and the neutrophils separated from mono¬
nuclear cells using discontinuous PBS-Percoll gradients.
The purified neutrophils were washed in platelet-poor
plasma, followed by HBSS without Ca2+ and Mgz+, and
finally resuspended in HBSS with Ca2+ and Mg2+. Cell
purity was determined by examining cytocentrifuged prep¬
arations (fixed in methanol and stained with Diff-Quik)
and viability assessed by trypan blue exclusion. The neu¬

trophils were routinely >95% pure (<0.5% monocyte
contamination) and >99.5% viable.

Assessment of Neutrophil Apoptosis by Cytology

Neutrophils (5 X 106/mL) were suspended in Iscove's
MDM supplemented with 10% autologous serum, 10 U/mL
penicillin, and 50 |xg/ml streptomycin (unless otherwise
stated). Iscove's MDM was replaced with PBS containing
Ca2+ and Mg2+ for cultures with ONOO~ (see below).
Neutrophils (3.75 X 105) were cultured in the presence or
absence of the reagents indicated in a final volume of 150
pL at 37° in a humidified 5% COz atmosphere in flat-
bottomed 96-well flexiwell plates. At 4, 6, and 20 hr,
neutrophils were harvested from culture and assessed for
recovery, viability (trypan blue exclusion), and apoptosis.
Apoptosis was assessed morphologically by oil immersion
light microscopy (X100 objective) of fixed and stained
cytocentrifuge preparations of the recovered neutrophils.
Apoptotic neutrophils were defined as cells containing one
or more hyperchromatic pyknotic nuclei [3]. All treatments
were performed in triplicate with at least 500 cells counted
per slide and the observer blinded to the experimental
condition. Results are expressed as the percentage of cells
displaying characteristic apoptotic morphology.

Assessment of Neutrophil Apoptosis by Annexin V
Binding
A separate and independent assessment of apoptosis was

performed by flow cytometry using fluorescein isothiocya-
nate-labeled recombinant human annexin V that binds to

phosphatidylserine exposed on the surface of apoptotic cells
[27]. Neutrophils (5 X 106/mL) were cultured as described
above and at the time indicated an aliquot (25 pL) of
recovered cells was added to 75 |jlL of a 1:200 dilution of
annexin V (Bender Med Systems). Following a 10-min
incubation at 4°, samples were analyzed using an EPICS
Profile II (Coulter).

Neutrophil Shape Change
The effects ofNO donors on FMLP-induced shape change
were examined by preincubating neutrophils (450 pL at
2 X 106/mL in PBS containing Ca2+ and Mg2+ in the
absence of serum) with the corresponding NO donor for 45
min at 37° in a gently shaking water bath before the
addition of 10 nM FMLP for a further 10 min. Incubations
were terminated by the addition of 500 (jlL 2.5% gluteral-
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dehyde. Samples were analyzed for shape change by flow
cytometry (Coulter EPICS Profile II; Coulter) as previously
described [28].

Neutrophil Chemotaxis
FMLP (100 nM in 35 p,L Iscove's MDM containing 10%
autologous serum) was placed in the bottom wells of a

Neuroprobe 96-well chemotaxis chamber (Porvair Filtron-
ics), with neutrophils (225 (jlL at 3 X 106/mL in Iscove's
MDM containing 10% autologous serum) that had been
incubated in the presence or absence of the indicated
concentration of the NO donor for 45 min at 37° added to
the top wells. The chamber was then incubated for 90 min
at 37° in a humidified 5% COz atmosphere. The polycar¬
bonate filter (with 3-fxm pores) was then removed, the top
surface scraped to remove adherent cells, and washed (0.9%
saline), dried, fixed and stained (Diff-Quik) prior to reading
in a Dynatech MR5000 ELISA plate reader for O.D. at 550
nm. Results are expressed as a percentage of the control
well O.D. values. Neutrophils that had migrated through
the filter into the bottom wells were also counted under

light microscopy using a hemocytometer for verification.

Peroxynitrite (ONOO-) Synthesis
ONOO- was synthesized by the method as detailed by [29].
It is important to note that, due to the chemical instability
of ONOO- when incubated under neutral or acidic con¬

ditions, all experiments examining the potential role of
ONOO- in mediating NO-induced apoptosis, including
control incubations, were performed in PBS containing
Ca2+ and Mg2+ in the absence of serum at a pH of 8.0.

Analysis of Results
The results are expressed as means ± SEM of the number
(N) of independent experiments each using cells from
different donors. Statistical analysts was performed by
ANOVA with comparisons between groups made using the
Newman-Keuls procedure. Differences were considered
significant when P < 0.05.

RESULTS
Effects of NO Donors on Neutrophil Apoptosis

Neutrophil apoptosis is accompanied by dramatic morpho¬
logical changes; non-apoptotic neutrophils contain multi¬
lobular nuclei, whereas apoptotic neutrophils exhibit hy-
perchromatic pyknotic nuclei ([3] and Fig. 1). It is impor¬
tant to note that neutrophils cultured in vitro undergo
constitutive apoptosis; for example, in the current experi¬
ments, 2.8 ± 0.6% and 61.5 ± 4.5% of neutrophils cultured
for 6 and 20 hr, respectively exhibited apoptosis even in the
absence ofNO donors (N = 11). Cellular necrosis at 20 hr
was negligible with >98% cell viability, assessed by trypan
blue exclusion. Non-apoptotic neutrophils cultured for 6 hr

are shown in Fig. 1A (control). In comparison, the apopto¬
tic morphology of neutrophils is demonstrated in Fig. IB,
where the cells had been cultured for 6 hr with the NO
donor GEA 3162 (100 p.M). The induction of apoptosis by
GEA 3162 was confirmed by analyses of annexin V binding
to the cell surface of apoptotic neutrophils, where the NO
donor caused a concentration-dependent increase in the
number of cells binding annexin V after 6 hr culture (Fig.
1, C, D, and E). These findings indicate that GEA 3162
causes cell surface changes (exposure of phosphatidylserine
molecules) as well as the nuclear changes (Fig. 1B) associ¬
ated with apoptosis. The effects of two structurally distinct
NO donors, GEA 3162, and SIN-1, on neutrophil apoptosis
at 6 and 20 hr is shown in Fig. 2. GEA 3162 (10-100 p-M)
(Fig. 2A) and SIN-1 (0.3-3 mM) (Fig. 2B) caused a

concentration-dependent induction of apoptosis at both
time points. There was little evidence of necrosis under
any condition except after treatment with GEA 3162
(100 p,M) for 20 hr (control, 99 ± 1% viable, 100 |i,M
GEA 3162, 54 ± 15% viable, as assessed by trypan blue
exclusion). The markedly different potency and effec¬
tiveness of the two NO donors probably reflects the
lipophilic nature of GEA 3162 and the fact that it is a

highly effective NO donor when used in intact cells in
comparison to SIN-1 [30, 31].

Cyclic QMP'independent Effect of NO Donors on

Neutrophil Apoptosis
To investigate whether the pro-apoptotic effects of NO
donors are mediated via a cGMP-dependent pathway, we
(i) examined the effects of the cell-permeable cGMP
analogue db-cGMP on the constitutive rate of neutrophil
apoptosis and (ii) co-cultured cells with NO donors in the
presence of the sGS inhibitor LY-83583. As shown in Fig.
3A, addition of db-cGMP at 0.2 or 2 mM failed to induce
apoptosis, but a concentration of 2 mM inhibited apoptosis
at 6 and 20 hr to a similar extent as that observed with
db-cAMP [12], Concentrations of db-cGMP <0.2 mM also
had no effect on the rate of apoptosis (data not shown).
Figure 3B shows that a concentration of 100 |xM LY-83583,
which inhibits agonist-induced cGMP-dependent protein
kinase activation and degranulation in human neutrophils
[22], did not significantly affect SIN-1 (3 mM)- or GEA
3162 (30 |xM)-induced apoptosis assessed at 6 hr. Taken
together, these results suggest that NO donors trigger
apoptosis independently of cGMP signaling pathways.
Interestingly, when neutrophils were co-cultured with
GEA 3162 in the presence of the caspase inhibitor
ZVAD-fmk (100 |xM), NO-induced apoptosis was inhib¬
ited by >70% (Fig. 3C). This experiment was performed
at the earlier time point of 4 hr, when the constitutive
rate of apoptosis was extremely low. This ensured that
the NO-induced apoptosis was blocked rather than
constitutive apoptosis.
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FIG. 1. Effect of the NO donor GEA 3162 on human neutrophil apoptosis. Neutrophils (5 X 106/mL) were cultured with (A) vehicle
control or (B) GEA 3162 (100 jxM) for 6 hr and cytocentrifuge preparations made (magnification X 1000). Neutrophils were cultured
for 6 hr as above and treated with (C) vehicle control, (D) GEA 3162 (30 ptM), or (E) GEA 3162 (100 ptM), and samples were
processed for annexin V binding to determine phosphatidylserine expression (LFL1, log fluorescence).

LFLl

LFLi

Effects of NO Donors Potentially Mediated by the
Qeneration of Oxygen free Radicals
The capacity for certain NO donors to co-release 0'2 is well
recognized. However, neither receptor-mediated generation
of 02 nor the application of exogenous reactive oxygen
species (e.g. hydrogen peroxide) is able to induce compa¬
rable apoptotic responses in neutrophils [32]. To examine
whether the generation of 02 may be contributing to the
pro-apoptotic effect of the NO donors, the effects of SOD
(6 (jtg/mL) on SIN-1- and GEA 3162-induced apoptosis
were assessed. Figure 4 demonstrates that SOD abolished
the pro-apoptotic effect of SIN-1 (which releases more 0'2
than GEA 3162) and partially inhibited the effect of the
latter, this being particularly evident at submaximal GEA
3162 concentrations. We investigated whether ONOO ' , a

major product of 0'2 and NO interaction, could trigger
neutrophil apoptosis directly. Figure 5 shows that ONOO"
(>100 (jlM) caused a dramatic and concentration-depen¬
dent induction of neutrophil apoptosis at 4 hr (e.g. 500 |xM
gave approximately 40% apoptosis), although at higher
concentrations and longer incubation periods evidence of
necrosis is evident, as assessed by trypan blue exclusion (e.g.
855 |xM induced >30% necrosis at 4 hr). Given the high

rates of apoptosis and the onset of necrosis by 4 hr, the 6-hr
timepoint was not examined.

Effects of the NO Donor QEA 3162 on Neutrophil
Activation

The rapid and dramatic pro-apoptotic effects ofNO donors
raised the possibility of initiation of signals within neutro¬
phils that lead to engagement of the apoptotic machinery.
We therefore examined whether these agents affected
neutrophil polarization and directed migration as indices of
neutrophil activation. After 45-min pretreatment in media
alone, the mean percentage shape change for control
neutrophils was 14.2 ± 1.8% (N = 3), as detennined by a
flow cytometric method to assess shape change using
forward and side scatter parameters (Fig. 6, A-D). Treat¬
ment with FMLP (10 nM, 10 min) increased shape change
to 89.5 ± 1.9% (N = 3). Preincubation of neutrophils with
GEA 3162 (1-100 |xM) caused a concentration-dependent
inhibition (ic50 = 9 |JiM) of FMLP (10 nM, 10 min)-
induced shape change (Fig. 6E). Note that these experi¬
ments were performed in PBS, since the presence of serum
itself can induce cell polarisation. Optimal conditions for
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FIG. 2. Effect of the NO donors GEA 3162 and
SIN-1 on human neutrophil apoptosis. Neutrophils
(5 X 106/mL) were cultured with (A) GEA 3162
(10-100 ptM) or (B) SIN-1 (0.3-3 mM) for 6 or
20 hr and apoptosis assessed morphologically. Re¬
sults are expressed as the mean ± SEM percent
apoptosis of 3-4 separate experiments. Significant
difference (P < 0.05) from the appropriate control
(open bars) is indicated by *.

chemotaxis were achieved using neutrophils suspended in
Iscove's MDM containing 10% autologous serum. Mean
O.D. values under control conditions (reflecting spontane¬
ous chemokinesis) and maximal FMLP-stimulated condi¬
tions (directed chemotaxis) were 0.55 ± 0.04 and 1.17 ±
0.14, respectively (N = 9). Preincubation of neutrophils
with GEA 3162 (1-100 p.M) inhibited FMLP (100 nM)-
induced chemotaxis in a concentration-dependent fashion
(ic50 7 ptM) (Fig. 7). SIN-1 (ic50 1 mM) caused a similar
inhibition of FMLP (100 nM)-induced chemotaxis (data
not shown).

DISCUSSION

Our results clearly show the capacity of structurally distinct
NO donors (GEA 3162 and SIN-1) to induce apoptosis in
human neutrophils. These data corroborate and extend our
initial findings [23] and also those recently reported [23-
25]. These results are of particular interest since neutrophils
are relatively resistant to receptor-mediated or pharmaco¬
logical induction of apoptosis and fail to undergo aug¬
mented apoptosis in response to stimuli such as glucocor¬
ticoids, agents that increase cAMP or cytosolic free Ca2+,
and hypoxia [11-15, 32], Although some variability oc¬
curred in the levels of induction of apoptosis between
experiments, this was mainly due to donor variation and
differences in activity between batches of GEA 3162 and
SIN-1 (data not shown). To examine the mechanism of
NO-induced neutrophil apoptosis, we initially investigated
whether such effects were mediated via activation of sGC
with the subsequent generation of cGMP. Although neu¬

trophils possess a sGC [33], the mechanism of induction of
apoptosis by NO does not appear to utilize the sGC-cGMP

pathway, since the cyclic nucleotide analogue db-cGMP
(0.002-200 |JiM) did not induce apoptosis and the GEA
3162 and SIN-1 pro-apoptotic effect could not be blocked
by the sGC inhibitor LY-83583. On the contrary, db-
cGMP at a higher concentration of 2 mM inhibited
apoptosis. Preliminary data indicate that the ability of
db-cGMP to inhibit neutrophil apoptosis at higher concen¬
trations may be mediated via cross-activation of protein
kinase A, since the protein kinase A inhibitor H89 blocks
the inhibition of apoptosis by db-cGMP as well as the effect
of agents that elevate cAMP [12 and *].
We next examined whether the pro-apoptotic effect of

the NO donors involved, or was mediated by, the formation
of oxygen-derived free radicals. Human neutrophils have
the capacity to generate NO and 02 , which may react to
form ONOO~ [34, 35] with the potential for the induction
of apoptosis [36]. In the presence ofNO donors, neutrophil-
derived extracellular 0'2 -mediated generation of ONOO
can be prevented by the presence of exogenous SOD.
Furthermore, direct addition of ONOO"" to neutrophils
resulted in a rapid and marked induction of apoptosis, again
suggesting that GEA 3162- and SIN-l-induced apoptosis
may be mediated, at least in part, by ONOO"" formation,
particularly in the case of SIN-1, which releases equimolar
concentrations of NO and 0'2 . The resulting protection
against SIN-1- and GEA 3162-induced apoptosis provides
strong evidence in support of this hypothesis, not least
because SOD is not cell-permeable, its effects thus being
restricted to protecting against extracellular 0'2 . The
finding that the pro-apoptotic effect of GEA 3162 at 100
p,M was not blocked by SOD suggests that either GEA

* Wong TH and Rossi AG, unpublished observations.
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FIG. 3. (A) Effect of the cyclic nucleotide analogues db-cAMP and db-cGMP on human neutrophil apoptosis. Neutrophils (5 X
106/mL) were cultured with db-cAMP (0.2 mM) and db-cGMP (0.2 and 2 mM) for 6 or 20 hr and apoptosis assessed morphologically.
Results are expressed as the mean ± SEM percent apoptosis of 6 separate experiments. Significant difference (P < 0.05) from the
appropriate control (open bars) is indicated by *. (B) Effect of the sGC inhibitor LY-83583 on NO donor-induced human neutrophil
apoptosis. Neutrophils (5 X 106/mL) were cultured with GEA 3162 (30 |xM) or SIN-1 (3 mM) in the absence (open bars) or presence
of 100 |xM LY-83583 (filled bars) for 6 hr and apoptosis assessed morphologically. Data represent means ± SD of triplicate
determinations from a single representative experiment. (C) Effect of the caspase inhibitor ZVAD-fmk on GEA 3162-induced human
neutrophil apoptosis. Neutrophils (5 X 106/mL) were cultured with GEA 3162 (30 pM) in the presence or absence of 100 pM
ZVAD-fmk for 4 hr and apoptosis thereafter assessed morphologically. Results are expressed as the mean ± SEM percent apoptosis
of 3 separate experiments. Significant difference (P < 0.05) from the control and from GEA 3162 is indicated by * and *, respectively.

3162 triggers apoptosis by both ONOO~-dependent and
ONOO~-independent routes or that SOD is unable to
provide complete protection against ONOO formation at
this concentration of NO donor. Whether Oz is produced
as a byproduct of NO during its oxidation to N02 by
dioxygen or released after endogenous production by neu¬

trophils themselves, the presence of SOD in these experi¬
ments should prevent the formation of oxygen-derived free
radicals. In addition, further preliminary data suggest that
the generation of endogenous NO by the neutrophil does
not appear to play a critical role in regulating the consti¬
tutive rate of apoptosis in these cells since (i) depletion of
the NO synthase substrate L-arginine had no significant
effect on the rate of apoptosis at 20 hr and (ii) incubation
of neutrophils with the NO synthase inhibitors L-NMMA
(NG-monomethyl-L-arginine) (0.3 mM) and L-NAME

(NG-nitro-L-arginine methyl ester) (0.3 mM) likewise did
not affect the rate of apoptosis compared to control un¬
treated cells (data not shown). Interestingly, the sGC
inhibitor LY-83583 (100 |xM) reproducibly increased the
rate of constitutive neutrophil apoptosis. The data shown
(Fig. 3, A and B) suggest that cGMP, while not involved in
NO-induced apoptosis, can clearly enhance the survival of
neutrophils. This supports the view that activation of sGC
may play a role in regulating inhibition of apoptosis,
particularly since the inhibitor enhances the increase in the
rate of apoptosis achieved by NO alone.
A number of possible molecular mechanisms may ac¬

count for the pro-apoptotic effect of ONOO- and NO
donors. Firstly, reactive oxygen and nitrogen radicals can
lead to direct 'free radical-mediated' DNA damage, includ¬
ing deamination and DNA strand breaks [37, 38], Sec-
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FIG. 5. Effect of ONOO on human neutrophil apoptosis.
Neutrophils (5 x 106/mL in PBS in the absence of serum) were
cultured with ONOO- for 4 hr and apoptosis assessed morpho¬
logically. Results are expressed as the mean ± SEM percent
apoptosis of 3 separate experiments.

ondly, recent evidence indicates that NO effects could be
mediated by inhibition of cytosolic ADP-ribosyltransferase,
an enzyme that catalyzes the transfer of the ADP-ribose
moiety ofNAD f to other proteins [39]. Finally, conversion
of NO to ONOO- may deplete intracellular Ca2+ stores
[40]. This effect could play a crucial role in neutrophil
apoptosis, since elevation of cytosolic free Ca2+ delays
neutrophil apoptosis [11, 14] whereas depletion may induce
apoptosis [11]. Our results suggest that the effects of NO
donors are not due to direct DNA damage, since the
caspase inhibitor ZVAD-fmk dramatically inhibited the
pro-apoptotic effect of NO donors. NO has been reported
to inhibit the activity of the transcription factor nuclear
factor-kappaB (NF-kB) [41], and interestingly we have
recently demonstrated that inhibition of this transcription
factor results in the onset of neutrophil apoptosis [42], We
are currently investigating whether NO can inhibit NF-kB
in neutrophils, thus providing another possible mechanism
for NO-induced apoptosis in these cells. Results in Figs. 6
and 7 clearly demonstrate that GEA 3162 inhibits FMLP-
induced shape change and chemotaxis consistent with
inhibitory actions of NO upon neutrophil activation [20,
43-45]. Clearly, further work is required to ascertain the
precise signaling pathways involved and whether the re¬

ported effects of NO on cytoskeletal elements via ADP-
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FIG. 6. Effect of GEA 3162 on FMLP-induced shape change. Neutrophils (2 X 106/mL in PBS in the absence of serum) were
preincubated with GEA 3162 for 45 min at 37° before the addition of 10 nM FMLP for 10 min. The incubations were terminated by
the addition of 500 (J.L 2.5% gluteraldehyde. Samples were assessed by an EPICS (Profile II) flow cytometer. Representative flow
cytometry histograms of control cells (A), FMLP-stimulated cells (B), cells preincubated with GEA 3162 alone (C), and cells
preincubated with GEA 3162 followed by FMLP stimulation (D) are shown, where the x-axis shows mean forward light scatter (FS)
and the y-axis is the relative cell number. The mean percentage shape change (E) was calculated from the FS of each sample by gating
out the population of non-shape-changed neutrophils. Results are expressed as the mean ± SEM percentage shape change of 3 separate
experiments.

ribosylation of actin [46] are responsible for the effects on

neutrophil activation and apoptosis. Our results, however,
show that NO donors can functionally uncouple neutrophil
responsiveness to external stimuli by two potential mech¬
anisms: by directly inhibiting neutrophil function (inhibi¬
tion of shape change and chemotaxis) and by stimulating
programmed cell death (inducing apoptosis).
In conclusion, we have demonstrated that structurally

distinct NO donors have the unique ability to induce
neutrophil apoptosis and inhibit neutrophil activation. The
induction of apoptosis by NO donors appears to be medi¬
ated via a caspase-dependent mechanism as well as a

cGMP-independent pathway, possibly involving the forma¬
tion of ONOO-. Since the induction of neutrophil apo¬

ptosis and the functional uncoupling of these cells appear to
be prerequisites for the successful resolution of inflamma-

CO

0 200 400 600
FS



Regulation of Neutrophil Apoptosis by Nitric Oxide 313

120 -i

■40

[GEA3162 (uM)]

FIG. 7. Effect of GEA 3162 on FMLP-induced chemotaxis.
Neutrophils (3 X 106/mL) were preincubated with vehicle
control or GEA 3162 (1-100 pt-M) for 45 min at 37° before
chemotaxis to FMLP (100 nM; 90 min; 37°) was assessed.
Results are expressed as a mean ± SEM percentage of control
O.D. values obtained at 550 nm of 3 separate experiments.
Similar results were obtained with SIN-1 (data not shown).

tion, the ability of NO donors to trigger both these events
may provide a novel pharmacological approach to promote
resolution of inflammation.
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Temperature-dependent Arrest of Neutrophil Apoptosis
FAILURE OF Bax INSERTION INTO MITOCHONDRIA AT 15 °C PREVENTS THE RELEASE OF CYTOCHROME c*
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Apoptosis is essential for the resolution of neutro¬
philic inflammation. To define the mechanisms trigger¬
ing the execution phase of apoptosis we developed and
utilized a model in which culture of human neutrophils
at 15 °C for 20 h arrested apoptosis and subsequent
warming to 37 °C triggered a synchronous burst of apo¬
ptosis. Treatment of 15 °C cultured neutrophilswith the
pan-caspase inhibitor zVAD-fmk just before warming to
37 °C inhibited the morphological changes associated
with apoptosis, but did not prevent the insertion of the
proapoptotic protein Bax into mitochondria nor the in¬
hibition of secretion and the externalization of phos-
phatidylserine, indices of neutrophil apoptosis. In both
intact neutrophils and a cell-free extract, cytochrome c
released from mitochondria induced proteolytic cleav¬
age of procaspase-3. At 15 °C the binding of Bax to mito¬
chondria was uncoupled from Bax insertion into the
mitochondrial membrane required for the release of cy¬
tochrome c. Apoptosis was also inhibited by low pH dur¬
ing warming to 37 °C, suggesting that changes to the
conformation ofBax, necessary formembrane insertion,
were being inhibited. Bax insertion was only sensitive to
zVAD-fmk when added at the start of the 15 °C culture

period, suggesting that a cytoplasmic substrate of the
effector caspases may mediate in the mechanism of Bax
insertion into mitochondria.

Successful resolution of the inflammatory response requires
that granulocytes, neutrophils and eosinophils, trigger an in¬
tracellular program for "silent" self-destruction called apopto¬
sis (1, 2). If cell-death occurs by necrosis the cytotoxic cargo of
granulocyte molecules is released, inducing tissue damage and
chronic inflammation and stimulating the release ofproinflam¬
matory macrophage products to promote inflammation by
other routes. The apoptotic program induces the morphological
hallmarks of apoptosis, nuclear condensation and cell shrink¬
age, and shuts down the secretory potential of granulocytes (3).
Changes to the molecular profile of the surface of apoptotic
neutrophils target them for phagocytosis by macrophages (4,
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5), without release of proinflammatory mediators from macro¬
phages (6). Proinflammatory mediators and cytokines, such as
granulocyte-macrophage colony-stimulating factor, lipopo-
lysaccharide, C5a, or an hypoxic environment at the site of
inflammation can prolong the functional life span of granulo¬
cytes by delaying apoptosis (7, 8) through increased expression
of the anti-apoptotic proteins Bcl-X, (9) and Mcl-1 (10). The
molecular mechanism triggering the execution phase of apo¬
ptosis in granulocytes is unknown but activation of tumor
necrosis factor a and Fas (CD95) cell surface receptors increase
expression of the proapoptotic proteins Bax and procaspase-3
(9-14). Both the p38 mitogen-activated protein kinase and
p42/p44 mitogen-activated protein kinase, and the transcrip¬
tion factor nuclear factor-kB, regulate the granulocyte apo¬

ptotic program (15, 16), the signals transduced by these path¬
ways converging to induce activation of procaspase-3 (17-20).
In mammalian cells the execution phase of apoptosis in¬

volves either the direct activation of procaspase-3 by caspase-8
(21), or indirect activation of procaspase-3 through the release
of apoptosis-inducing factors, such as cytochrome c, from mito¬
chondria (22-30). The proapoptotic Bcl-2 family member Bax is
a soluble, monomeric, cytoplasmic protein (31) that inserts an
hydrophobic C-terminal membrane-spanning domain into mi¬
tochondria (32, 33), inducing release of cytochrome c (31-35),
triggering the activation of caspase-3 (36-38) and the execu¬
tion phase of apoptosis. Bax dimerization (39), the addition of
recombinant Bax to isolated mitochondria (36) or overexpres-
sion of Bax (40) has also been shown to induce the release of
cytochrome c. The mechanism by which cytochrome c is trans¬
located from mitochondria into the cytoplasm is controversial
(41). However, once in the cytoplasm cytochrome c complexes
with apoptosis-protease-activating factor-1 (Apaf-1) and pro-
caspase-9 (26) to form a protein complex the "apoptosome" (42).
In the presence of dATP this complex induces the proteolytic
cleavage and activation of procaspase-3 that triggers a down¬
stream cascade of caspase activity (43). It has been reported
that after differentiation and maturation neutrophils have a
reduced number of phenotypically atypical mitochondria, ob¬
taining ATP predominantly by glycolysis (10). Thus, whether
mitochondria play a role in triggering neutrophil apoptosis
remains to be established.
Here we show that peripheral blood neutrophils cultured in

vitro at 15 °C for 20 h failed to induce the execution phase of
apoptosis until warmed to 37 °C, when they showed a synchro¬
nous burst of apoptosis. In temperature-arrested neutrophils
endogenous Bax showed peripheral binding to mitochondria
but failed to induce activation of caspase-3 and apoptosis. On
warming to 37 °C Bax inserted into the neutrophil membranes
with concomitant proteol ytic cleavage of procaspase-3 and in¬
duction of apoptosis. In both intact neutrophils and cell-free
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neutrophil extracts we show that the proteolytic cleavage of
procaspase-3 is induced by translocation of cytochrome c into
the cytoplasm. Analysis of plasma membrane events showed
that externalization ofphosphatidylserine and the inhibition of
secretion were uncoupled from the activation of caspase-3,
when the pan-caspase inhibitor benzyloxycarbonyl-Val-Ala-
Asp-fluoromethyl ketone (zVAD-fmk)1 was added to 15 °C cul¬
tured neutrophils before warming them to 37 °C. Under these
conditions the caspase inhibitor did not prevent Bax insertion
into mitochondria when the cells were warmed from 15 to
37 °C. However, surprisingly, Bax insertion was inhibited if
zVAD-fmk was added to neutrophils at the start of their incu¬
bation at 15 °C. This experimental model of apoptosis has
provided insights into the molecular mechanisms that trigger
the execution phase of neutrophil apoptosis.

EXPERIMENTAL PROCEDURES

Granulocyte Isolation and Culture—Neutrophils were purified on
gradients of Percoll® from Amersham Pharmacia Biotech (Bucks,
United Kingdom) (44). They were cultured in Tuf-Tainer® Teflon® pots
from Pierce & Warriner Ltd. (Chester, UK) at 5 X 106 cells/ml in growth
medium containing: Iscove's modified Dulbecco's medium supple¬
mented with 2 mM glutamine, 100 units/ml penicillin, 100 /xg/ml strep¬
tomycin, and 10% (v/v) autologous serum. Culture at 15 °C was in
growth medium containing: 25 mM Hepes-NaOH, pH 7, 0.2% (w/v)
endotoxin-free bovine serum albumin (BSA), and 20 /xg/ml cyclohexi-
mide. BSA and all other chemicals were from Sigma. Neutrophil prep¬
arations were 98% pure with <2% eosinophil contamination (16). Gran¬
ulocytes from atopic donors were used to purify eosinophils by a
negative selection procedure (16). Incubations with zVAD-fink from
BACHEM Ltd. (Essex, UK), staurosporine from CN Biosciences (Not¬
tingham, UK), and bongkrekic acid from BIOMOL Research Laborato¬
ries Inc. (Plymouth Meeting, PA) were in Iscove's medium with 0.2%
(w/v) BSA and 20 /xg/ml cycloheximide.
Assessment of Granulocyte Apoptosis—Nuclear morphology was as¬

sessed on cytocentrifuged slides stained with Diff-Quik® Gamidor Ltd.
(Abingdon, Oxon, UK) (16). Annexin V-FITC, from BenderMed Systems
(Vienna, Austria), was used at 1:200 dilution (5 X 105 cells/ml) to assay

phosphatidylserine externalization and propidium iodide (10 /xg/ml in
Ca2+/Mg2+-free phosphate-buffered saline) was used to monitor mem¬
brane integrity by flow cytometry on an EPICS Profile II from Coulter
Electronics (Luton, UK) (16). DNA fragmentation was detected by the
TUNEL® in situ cell death detection kit from Roche Molecular Bio-
chemicals (East Sussex, UK) and by sizing of DNA fragments on aga¬
rose gels, capturing images using a GS 1600m gel documentation sys¬
tem Ultra-Violet Products Ltd. (Cambridge, UK) (16, 45). The data is
representative of at least three experiments unless indicated.
Measurement of Intracellular pH—Neutrophils (5 X 104 cells) in 100

/xl of Hank's buffered saline, supplemented with 20 mM Hepes-NaOH,
pH 7.4, 5 mM glucose, 0.2% (w/v) BSA, and 10 pM SNARF-1/AM from
Molecular Probes (Eugene, OR) were incubated for 10 min at 37 °C.
Intracellular SNARF-1 was excited at 488 nm and emission was meas¬

ured at 575 and 670 nm using linear amplifiers and data plotted as
forward scatter versus fluorescence ratio (FL2/FL3). The intracellular
pH (pH,) was determined by comparing mean 575/670 nm fluorescence
ratio values of histograms, to a calibration curve of histograms from
fresh neutrophils. The pH was clamped between 5.6 and 7.8, with
overlapping 0.2 pH unit intervals, in 20 mM Mes, Pipes, and Hepes
buffers and 2 /xg/ml nigericin, in a high-potassium medium containing:
110 mM KC1, 20 mM NaCl, 5 mM glucose, 1 mM MgCl.2, 1.5 mM CaCl2,
0.2% (w/v) BSA.
Preparation of Cytosol from 15 °C Neutrophils—Neutrophils (5 X

10B; <5% apoptotic after 20 h at 15 °C) were sedimented at 1,500 X gay
at 4 °C. They were washed twice in 50 ml of hoinogenization buffer: 15
mM Pipes-NaOH, pH 7.4, 80 mM KC1, 20 mM NaCl, 0.25 m sucrose, 1 mM
dithiothreitol, and a 1:1000 dilution of protease inhibitor mixture: 87

1 The abbreviations used are: zVAD-fmk, benzyloxycarbonyl-Val-Ala-
Asp- fluoromethylketone; Apaf-1, apoptosis protease activating factor;
PARP, poly(ADP-ribose) polymerase; FITC, fluorescein isothiocyanate;
PAGE, polyacrylamide gel electrophoresis; Pipes, 1,4-piperazinedi-
ethane sulfonic acid; Mes, 2-(iV-morpholino)ethanesulfonic acid;
TUNEL, terminal deoxynucleotydyl transferase (tdt)-mediated dUTP-
FITC nick end labeling; BSA, bovine serum albumin; mtHSP, mitochon¬
drial heat shock protein 70; SNARF-1, seminaphthorhodafluor-1.

mg ofphenylmethylsulfonyl fluoride, 160 mg benzamidine, and 10 mg of
leupeptin and aprotinin, and 5 mg each of bestatin, antipain, chymo-
statin, and pepstatin A solubilized in 1 ml of Me2SO. Neutrophils were
resuspended in 1 ml of homogenization buffer then broken with 20-30
strokes of a tight-fitting pestle in a glass Dounce homogenizer from
Wheaton (Millville, NJ), until 80% of the nuclei stained with trypan
blue. Intact cells and nuclei were removed by centrifugation at 350 X
g,xy for 5 min at 4 °C. Post-nuclear supernatants were centrifuged at
17,000 X gilv in a TLA 100.3 rotor from Beckman (High Wycombe,
Bucks, UK) for 10 min to remove secretory granules and mitochondria
and the supernatant centrifuged at 541,000 X gmax for 15 min in a TLA
100.3 rotor to yield a membrane-free cytosol. Cytosol (200 /xl) was frozen
and stored in liquid nitrogen. Protein concentrations were assayed by
the bicinchonic acid protocol from Pierce & Warriner Ltd. The immu-
noprecipitation procedure, with a monoclonal antibody to a native cy¬
tochrome c epitope (6H2.B4, PharMingen), was as described previously
(46).

Cell-free Proteolytic Cleavage ofProcaspase-3—Cell-free mixtures for
the proteolytic cleavage ofprocaspase-3 contained: 10 /xl of 15 °C cytosol
(50 mg of protein/ml) and 10 /xl of an assay dilution buffer containing:
10 mM Hepes-NaOH, pH 7.4, 40 mM /3-glycerophosphate, 50 mM NaCl,
2 mM MgCl2, 5 mM EGTA, 1 mM dithiothreitol, supplemented with
dATP (20 /xm) and inhibitors where appropriate. Incubations were
stopped by transferring samples to ice and adding 20 /xl of 50 mM
Tris-HCl, pH 8, 0.4 M NaCl, 1% (w/v) deoxycholate, 1% (w/v) Nonidet
P-40, 5 mM EDTA, containing protease inhibitor mixture (lysis buffer)
for 0.5 h.
Isolation of Mitochondria—Rat liver was washed in 10 mM Pipes-

NaOH, pH 7.2, 0.25 m sucrose, 2 mM EDTA and protease inhibitor
mixture then forced through a stainless steel sieve (150 /xm aperture;
Endecotes Ltd., London) to break cells (46). The mitochondria were
isolated from a post-nuclear supernatant as described previously and
washed in the assay dilution buffer described above (47).

SDS-PAGE and Immunoblotting—Assay samples (40 /xl), treated
with ice-cold lysis buffer for 0.5 h (40 /xl) were solubilized with 80 /xl of
2 X SDS-PAGE sample buffer (46) at 95 °C for 10 min, then treated
with 1 mM dithiothreitol, cooled, and treated with 10 mM iodoacetamide.
The proteins were separated on 12% (w/v) polyacrylamide gels and
electrophoretically transferred to nitrocellulose (46). The blots were
probed with monoclonal antibodies to procaspase-3 (clone 19) and pro-

caspase-7 (clone 51) from Transduction Laboratories (Lexington, KY)
and monoclonal antibodies to procaspase-8 (clone B9-2), procaspase-9
(clone B40), cytochrome c (clone 7H8.2C12), and polyclonal human Bax
(13666E) all from PharMingen (San Diego, CA), at dilutions of 1:500—
1:1000. A hybridoma supernatant to poly(ADP-ribose)polymerase
(PARP), used at 1:500 dilution, was a gift from Said Aoufuchi (Labora¬
tory of Molecular Biology, Cambridge, UK). The horseradish peroxi-
dase-conjugated anti-mouse and anti-rabbit IgGs from Kirkegaard &
Perry Labs (Gaithersburg, MA) were used at 1:4000 dilution for 0.5 h
and detected by enhanced chemiluminescence (46). The level of protein
loading and nonspecific proteolysis were monitored by Ponceau S stain¬
ing (46). Tubulin and actin were assayed with anti-bovine a-tubulin
monoclonal antibody (236-10501) from Molecular Probes and a mono¬
clonal antibody to actin; a gift from Simon Brown (Center for Inflam¬
mation Research, University of Edinburgh).

Confocal Microscopy—Neutrophils (105 cells in 100 /xl of medium)
were cytocentrifuged (300 rpm for 3 min) onto 1.5 X 22 X 22-mm glass
coverslips and fixed in methanol-free 3% (w/v) p-formaldehyde/phos-
phate-buffered saline and processed for immunofluorescence micros¬
copy as described previously (46). The fixed cells were permeabilized
with 0.1% (w/v) Triton X-100 and nonspecific binding sites blocked for
1 h with 0.2% (w/v) fish skin gelatin and 20% (v/v) sheep serum in
phosphate-buffered saline. A monoclonal antibody to mitochondrial
heat shock protein 70 (mtHSP70) from Affinity Bioreagents Inc. (Gold¬
en, CO) and a rabbit polyclonal antibody to ubiquinol-cytochrome c
oxidoreductase (complex III) produced by Herman Schagger (University
of Frankfurt-am-Main), were used at 1:200 dilution to stain mitochon¬
dria. The polyclonal antibody to human Bax was used at 1:200 dilution.
The secondary antibodies used at 1:400 dilution were Alexa® 488
(green) goat anti-mouse IgG (highly cross-adsorbed) and Alexa® 568
(red) goat anti-rabbit (highly cross-adsorbed) and the nucleic acid stain
TOPO-3® (8 /xm), from Molecular Probes. Cells were observed using a
X63 water immersion objective lens with a numerical aperture of 1.2 on
a Leica TCS NT confocal laser scanning microscope system (Heidelberg,
GMBH). Single optical sections of the images captured with Leica TCS
software were digitally processed using Adobe Photoshop 5.02 and
Paint Shop Pro 4.
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RESULTS

Neutrophil Apoptosis Is Arrested at 15 °C—Neutrophils from
peripheral blood can be maintained in culture at 37 °C for
several hours in autologous serum before asynchronously un¬

dergoing apoptosis (Fig. 1A, closed squares). Apoptosis was
quantified using annexin V-FITC binding to externalized phos-
phatidylserine and morphological counting of pyknotic nuclei
(16). A synchronous commitment to apoptosis has previously
been induced in cells by using cell-free systems (28, 47-49).
Dividing cells, for example, blocked at cell cycle checkpoints
provide an homogeneous cytosol (49). Although neutrophils are
terminally differentiated (post-replicative) cells, we synchro¬
nized their commitment to the execution phase of apoptosis by
exposure to low temperature.
Low temperature blocks intracellular pathways that rely on

membrane fission and fusion, as exemplified hy vesicular
transport (50, 51). In neutrophils (Fig. 1A, open circles) or
eosinophils (data not shown) cultured at 15 °C, apoptosis was
arrested suggesting that a membrane-associated event re¬
quired for apoptosis was inhibited. In contrast, culture of
HL-60 promyelocytic leukemia cells at 15 °C induced apoptosis
(data not shown) as described previously for these and many
other dividing mammalian cells (52), suggesting that there
may be cell-type or differentiation state-dependent pathways
for apoptosis. The rate of neutrophil apoptosis at 37 °C was
accelerated by treatment with cycloheximide (Fig. LA, closed
circles). In addition to preventing the translation of new pro¬
teins in the cytoplasm, cycloheximide can induce apoptosis
through FADD-dependent mechanisms downstream ofcell-sur¬
face Fas death receptors (53). However, when we cultured
neutrophils at 15 °C with cycloheximide there was no increase
in the rate of apoptosis (Fig. 1A, open circles). Treatment of
15 °C cultured neutrophils with tumor necrosis factor a (16) did
not induce apoptosis (data not shown), suggesting that the
block to the induction of the execution phase of apoptosis was
downstream of these plasma membrane-associated events.
Temperature Shift to 37 °C Triggers Synchronous Apopto¬

sis—The low temperature arrest of neutrophil apoptosis was
reversed by re-warming neutrophils, cultured for 20 h at 15 °C,
to 37 °C. There was reorganization of the cytoskeleton associ¬
ated with cell polarization (shape-change), monitored by flow
cytometry, that showed cytoskeletal integrity had been main¬
tained at 15 °C (data not shown). This polarization of the neu¬

trophils was followed by a burst of synchronous apoptosis (Fig.
LB, closed circles). The initial rate of apoptosis was 10-fold
greater than the rate of constitutive apoptosis in neutrophils
maintained at 37 °C (Fig. LA, closed squares), and by 2 h after
warming 80-90% of the cells were apoptotic (Fig. IB, closed
circles). Neutrophils maintained for a further 2 h at 15 °C
showed no shape change and no increase in their rate of apop¬
tosis (Fig. LB, open circles). By culturing neutrophils in me¬
dium containing BSA and cycloheximide we removed experi¬
mental variables induced by serum factors and translation of
mRNA into new protein.
The accelerated rate ofneutrophil apoptosis at 37 °C, follow¬

ing preincubation at 15 °C, depended on the period of time
neutrophils had been cultured at 15 °C. It was not a cold-shock
response, as previously shown for lymphocytes (54). We dem¬
onstrated this by maintaining cells at 15 °C for increasing
periods of time before warming them to 37 °C and estimating
the initial rate of apoptosis over a 1.5-h period as shown in Fig.
IB (closed circles). For the first 6 h in culture there was no

increase in the initial rate of apoptosis (Fig. 1C). However, as
the cells were cultured for longer periods at 15 °C there was an
increase in the initial rate of apoptosis on warming (Fig. 1C).
These data suggested that there was a time- and temperature-
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Fig. 1. Human neutrophil apoptosis was arrested at 15 °C and
warming to 37 °C induced a rapid and synchronous apoptosis.
Neutrophils were cultured in medium supplemented with: A, 0.2% BSA
and 20 p.g/ml cycloheximide at 15 °C (O) and 37 °C (•), an incubation
with 10% (v/v) autologous serum, without cycloheximide at 37 °C is also
shown (■). Apoptosis was assessed by annexin V-FITC binding ana¬
lyzed by flow cytometry. B, neutrophils cultured and analyzed as de¬
scribed in A were held at 15 °C for 20 h (O), and subsequently warmed
to 37 °C, #. C, neutrophils were cultured at 15 °C as described in A and
at 1-h intervals harvested and warmed to 37 °C for 1.5 h as described in
B to assess the initial rate of apoptosis (single experiment). D, DNA,
extracted from 5 X 106 neutrophils cultured at 15 °C for 20 h and
warmed to 37 °C as described in B, was separated in agarose gels and
stained with ethidium bromide. A 1-kilobase ladder of DNA standards
(Std) is shown. Annexin V-FITC binding was used to assess apoptosis
and the percentage (%) apoptosis for each sample is shown.
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Fig. 2. zVAD-fmk inhibited morpho¬
logical apoptosis but not the external-
ization of phosphatidylserine that is
inhibited by staurosporine but not
okadaic acid. Effects ofthe global caspase
inhibitor zVAD-fmk on the triggering of
neutrophil apoptosis. A, neutrophils were
cultured, as described in the legend to Fig.
1A, at 15 °C for 20 h (O, □) and warmed to
37 °C (#, ■) and apoptosis estimated by
morphological counting. The neutrophils
were treated with 100 /am zVAD-fmk for 15
min (□, ■) prior to warming to 37 °C and
control neutrophils were mock treated with
Me2S0 (O, •). B, DNA fragmentation in
the 15 and 37 °C neutrophils shown in A
was analyzed by TUNED® and flow cytom¬
etry. C, the externalization of phosphati¬
dylserine at the surface of the neutrophil
plasma membrane at 15 °C (O, □) and
37 °C (#, ■) was estimated by annexin V-
FITC binding for the samples shown in A
above. D, staurosporine inhibited phos¬
phatidylserine externalization. Apoptosis,
assessed by morphological counting for
neutrophils warmed from 15 °C (O) to
37 °C (•) was not inhibited by 2 /am stau¬
rosporine treatment of 15 °C cultured neu¬
trophils (□) for 1 h prior to warming to
37 °C (■). E, however, the externalization
ofphosphatidylserine, assessed by annexin
V-FITC-binding, at 15 °C (O), and after
warming to 37 °C (•) was inhibited by
treatment with staurosporine (□, ■). F,
neutrophils were cultured at 15 °C for
20 h (O) and before warming to 37 °C (•)
theywere treated at 15 °C (□) for 1 h with
the 1 /am okadaic acid then warmed to
37 °C (■) and showed no inhibition of the
triggering of apoptosis assessed by an¬
nexin V-FITC binding.
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dependent accumulation of a proapoptotic factor at the site of
the temperature arrest that led to a synchronization of apo¬
ptosis when the cells were subsequently warmed to 37 °C. DNA
laddering (Fig. ID), a downstream hallmark ofactivation of the
execution phase of apoptosis, showed kinetics similar to the
morphological and annexin V-FITC estimates of apoptosis
when 15 °C cultured neutrophils were warmed to 37 °C.

15 °C Arrest Is Proximal to Procaspase-3 Activation—To es¬
tablish whether inhibition of neutrophil apoptosis at 15 °C
(Fig. 2A, open circles) was upstream of caspase-3 activation and
apoptosis at 37 °C (Fig. 2A, closed circles), 15 °C cultured neu¬
trophils were treated with 100 /xm zVAD-fmk (18) (Fig. 2A, open
squares) for 15 min before warming to 37 °C. zVAD-fmk inhib¬
ited chromatin condensation and the formation of pyknotic
nuclei when neutrophils were warmed from 15 to 37 °C (Fig.
2A, closed squares). DNA fragmentation at 37 °C (Fig. 2B,
closed circles), indicative of caspase-3 activation, was also in¬
hibited (Fig. 2B, closed squares) by zVAD-fmk. Phosphatidyl-
serine was still translocated to the cell surface in the presence
of zVAD-fmk (Fig. 2C, closed squares), although the kinetics of
translocation were significantly different from the untreated
neutrophils (Fig. 2C, closed circles). Phosphatidylserine exter¬
nalization has been linked to caspase-3 activity (19, 55-57) so
their uncoupling was surprising. However, two other plasma
membrane hallmarks of apoptosis phagocytosis (57) and regu¬
lated secretion2 were also uncoupled from caspase-3 by zVAD-
fmk. The protein kinase inhibitor staurosporine together with
cycloheximide induces apoptosis in many cells (58). However,
staurosporine did not stimulate apoptosis at 15 °C (Fig. 2D,
open squares) nor did it accelerate the induction ofmorpholog¬

2 J. Pryde unpublished results.

ical apoptosis when neutrophils were warmed to 37 °C (Fig. 2D,
closed squares). Phosphatidylserine, detected on the cell sur¬
face by annexm-V-FITC after warming to 37 °C (Fig. 2E, closed
circles), was not detected in the presence of staurosporine (Fig.
2E, closed squares), suggesting that translocation of this phos¬
pholipid to the cell surface may rely on a critical phosphoryla¬
tion event. The inhibition of mitochondrial respiration also
blocks phosphatidylserine externalization in apoptotic U937
and THP.l cells, suggesting that this may be an energy-de¬
pendent event (57). Okadaic acid, an inhibitor of phosphatases
1 and 2A (46) had no effect on the induction of apoptosis in
15 °C cultured neutrophils warmed to 37 °C (Fig. 2F, closed
squares). This suggested that caspase activation might not be
modulated by phosphorylation events in this experimental
model. A number of other agents that induce neutrophil apo¬
ptosis, such as the nuclear factor-kB inhibitor gliotoxin (16)
and the phosphatidylinositol kinase inhibitor wortmannin, had
no effect on the rate of apoptosis in 15 °C cultured neutrophils
(data not shown). Our results suggest that the temperature-
dependent arrest of apoptosis in neutrophils was not due to
signal transduction nor gene transcription events.
A Low Intracellular pH Inhibits the Triggering of Apopto¬

sis—Acid conditions at sites of inflammation inhibit neutrophil
apoptosis (59), but conversely, low pH has also been implicated
in triggering apoptosis in many cells (60, 61). The pH, of freshly
isolated neutrophils was 7.1, equivalent to the "set point" for
resting cells in culture when measured by accumulation of
carboxy-seminaphthorhodafluor-1 (SNARF-1), a fluorescent
probe whose emission changes with pH (61-63). The pH, of
neutrophils incubated at 15 °C for 20 h was 6.8-7.0 (Fig. 3A,
open circles). However, following the induction of apoptosis
(assayed by annexin-V-binding and morphology, Fig. 3, B and

staurosporine-annexin V
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Fig. 3. Acid pH arrested the trigger¬
ing of apoptosis following a shift in
temperature from 15 to 37 °C. A, neu¬
trophils were cultured at 15 °C for 20 h
then either maintained at an external pH
of 7.2 at 15 °C (O) or 37 °C (•) for 1.5 h,
clamped at pH 6.2 in a high-potassium
buffer containing nigericin to maintain a
pH; of 6.2 when cultured at 15 °C (□) or
warmed to 37 °C (■) for 1.5 h or exposed
to an external pH of 6.2, in the absence of
any added nigericin and potassium, at
15 °C (A) or 37 °C (A). B, apoptosis for the
samples shown in A was assessed by an-
nexin V-FITC-binding at 15 °C (O, □, A)
and 37 °C (•, ■, A) for neutrophils ex¬
posed to an external pH of 7.2 (O, •) or 6.2
(A, A) or clamped at pH 6.2 with nigericin
in a high potassium buffer (□, ■). C, mor¬
phological estimates for neutrophil apop¬
tosis of samples in B above at 1.5 h after
warming from 15 to 37 °C and for neutro¬
phils exposed to external pH of 6.2 (pH
6.2) or clamped with nigericin and potas¬
sium (pH 6.2 N). D, apoptosis estimated
by annexin-V-FITC binding for neutro¬
phils cultured at 15 °C for 20 h and either
held at 15 °C (O) or warmed to 37 °C (•)
and their pH£ clamped at either 7.2 (□, ■)
or 6.2 (A, A) in a high potassium buffer
containing nigericin.
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C), by increasing the temperature to 37 °C the pH, dropped to
6.4 (Fig. 3A, closed circles) as apoptosis progressed (Fig. 3B,
closed circles), consistent with previous measurements ofacidic
pH, during apoptosis (60, 61). However, clamping neutrophils
at pH 6.2, with nigericin and high K+ (Fig. 3A, squares) did not
trigger apoptosis at 15 °C (Fig. 3, B, open squares, and C) or at
37 °C (Fig. 3, B, closed squares, and C). This suggested that
acid pH alone was not a sufficient trigger for apoptosis as

previously suggested (60, 61). Neutrophils cultured in growth-
medium buffered at pH 6.2, in the absence ofnigericin (Fig. 3A,
triangles), did not induce apoptosis at 15 °C (Fig. 3J3, open
triangles, and C) nor on warming to 37 °C (Fig. 3, B, closed
triangles, and C). This in vitro response to low pH appears to
mimic the arrest of neutrophil apoptosis at inflammatory foci
where the pH has dropped below 7 (59). When the pH, of 15 °C
cultured neutrophils was clamped at 7.2, the rate of apoptosis
was significantly greater when the cells were warmed to 37 °C
(Fig. 3D, squares) than in cells clamped at pH 6.2 (Fig. 3D,
closed triangles). However, apoptosis was still not as efficient
as in the untreated cells (Fig. 3D, closed circles). This result is,
however, consistent with reports that suggest an alkaline
pH transient is necessary to trigger the execution phase of
apoptosis (64).
Neutrophil Apoptosis Is Correlated with Procaspase-3 Cleav¬

age—Procaspase-3 cleavage is required for neutrophil apopto¬
sis (65), but was not detected by immunoblotting in freshly
isolated human neutrophils (Fig. 4A, lane 2). However, treat¬
ment of neutrophils with diisopropyl fluorophosphate, a serine
protease inhibitor, before solubilization at 0 °C in a nondena-
turing lysis buffer and SDS sample buffer for PAGE, prevented
nonspecific proteolysis of procaspase-3 (Fig. 4A, lane 3). Neu¬
trophils were treated with diisopropyl fluorophosphate before
isolating cytosols, but while this was not absolutely necessary
for 15 °C cultured neutrophils (Fig. 4A, lanes 4 and 5), diiso¬
propyl fluorophosphate treatment did allow detection of endog¬
enous procaspase-7 and procaspase-8 by immunoblotting. We
have been unable to detect procaspase-9 (data not shown).
Neutrophils cultured at 15 °C for 20 h, when warmed to

37 °C for 2 h, proteolytically cleaved procaspase-3 in a time-de-
pendent manner (Fig. 4B, upper panel, lanes 1-11) that corre¬
lated with estimates of apoptosis by counting of pyknotic nuclei
and annexin V-FITC binding (Fig. 2, A and C). Neutrophils
held for a further 2 h at 15 °C showed no proteolytic processing
of procaspase-3 (Fig. 4B, lower panel, lanes 1-11).
Proapoptotic Events Can be Detected in Neutrophil Cy¬

tosols—To identify the molecular events leading to the proteo¬
lytic cleavage and activation of neutrophil procaspase-3, cy¬
tosols were prepared from cultures of neutrophils maintained
at 15 °C for 20 h. The neutrophils were homogenized in buff¬
ered sucrose and fractionated using a two-step ultracentrifu-
gation procedure (see "Experimental Procedures") to minimize
damage to organelles, particularly secretoiy granules. Elas-
tase, a secretory granule marker, sedimented with membrane
fractions (data not shown), while procaspase-3 remained in the
cytosol (Fig. 5A, lane 1). Neutrophils cultured at 15 °C and
warmed to 37 °C for 1.5 h before preparing the cytosols did not
contain procaspase-3 (Fig. 5A, lane 2). The proteolytic cleavage
of procaspase-3, observed in unbroken 15 °C cultured neutro¬
phils warmed to 37 °C (Fig. 4B, lanes 5-11), had presumably
been triggered by apoptosis-inducing factors released from the
membranes into the cytoplasm before the cells had been ho¬
mogenized. Significantly, when cytosols from 15 °C cultured
neutrophils were warmed to 37 °C in the presence of dATP, a
cofactor involved in the activation of the apoptosome (42), pro¬
caspase-3 was not proteolytically cleaved (Fig. 5A, lane 5) and
was present in an amount comparable to the zVAD-fmk-treated
controls (Fig. 5A, lane 6). These data suggested that apoptosis-
inducing factors were missing from the cytosol and had been
removed with the membrane fraction. The fraction of cytosol
from the small number of contaminating apoptotic cells did not
catalyze a significant rate of proteolytic cleavage ofprocaspase-3.
Mitochondria have been shown to play a key role in the

control and amplification of apoptotic signals (23, 42). Cytosols
from Xenopus laevis eggs only trigger apoptosis when mem¬
brane fractions enriched in mitochondria are added (25, 27, 48).
When rat liver mitochondria were added to cytosols isolated
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Fig. 4. Temperature-dependent pro¬
teolytic cleavage of endogenous pro-
caspase-3 in intact neutrophils. A,
freshly isolated human neutrophils
(PMN) (lanes 2 and 3) and neutrophils
cultured at 15 °C for 20 h (lanes 4 and 5)
were either treated with 2.3 mM diisopro-
pyl fluorophosphate for 15 min on ice
(lanes 3 and 5) or left untreated (lanes 2
and 4). Each lane contains 80 pg of pro¬
tein Bolubilized in lysis buffer on ice then
in SDS sample buffer before separation
on a 12% (w/v) polyacrylamide gel and
electrophoretic transfer to nitrocellulose
sheets and probing with a monoclonal an¬
tibody to procaspase-3. Lane 1 shows cy-
tosol from 15 °C cultured neutrophils. B,
neutrophils cultured at 15 °C, as de¬
scribed in the legend to Fig. 1, and cell
pellets (5 X 106 cells) were solubilized and
analyzed as described in A. The 15 °C cul¬
tured neutrophils were either warmed to
37 °C (upper panel, lanes 1-11) or held at
15 °C (lower panel, lanes 1-11) for the
times indicated and prntenljrtic cleavage nf
procaspase-3 assessed by immunoblotting.
Re-probing the blots with antibodies to tu¬
bulin or actin (not shown) assessed protein
loading and nonspecific proteolysis.
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from 15 °C cultured neutrophils, supplemented with dATP
then incubated at 15 °C for 2 h, immunoblotting revealed no
significant proteolytic processing of procaspase-3 (Fig. 5B,
lanes 1-5). The degree of proteolytic processing was compared
with 15 °C cytosols pretreated with zVAD-fmk (Fig. 5B, lane 6)
and with 15 °C cytosols without added mitochondria (Fig. 5B,
lane 8). In cytosols containing dATP and mitochondria perme-
abilized with Triton X-100, to release apoptosis-inducing fac¬
tors, an efficient proteolytic cleavage of procaspase-3 was ob¬
served by 2 h at either 15 or 37 °C (Fig. 5B, lanes 7 and 14).
Cytosol from 15 °C neutrophils warmed to 37 °C with rat liver
mitochondria, and dATP induced proteolytic cleavage of pro¬
caspase-3 in a time-dependent manner (Fig. 5B, lanes 9-12).
The protease activity was inhibited by zVAD-fmk (Fig. 5B, lane
13) and was dependent upon the addition of mitochondria at
37 °C (Fig. 5B, lane 15).
The involvement of membrane-associated events in the trig¬

gering ofneutrophil apoptosis was also suggested by analysis of
the rate of apoptosis as a function of temperature (Fig. 5C).
There was a sharp decline in the rate of apoptosis below 20 °C
and an Arrhenius plot of this data (not shown) (66) showed that
the temperature dependence was biphasic. As the temperature
drops to 15 °C reduction in the fluidity of the membrane lipid
may affect the behavior of membrane-associated proteins (50,
51, 66). Mitochondrial anion channels have also been shown to
respond to lowered temperature by changing their probability
of being open, a parameter that is also affected by changes in
pH (67). Thus, in our cell-free assay low temperature main¬
tained the segregation of apoptosis-inducing factors within mi¬
tochondria, preventing apoptosome activation.
Cytochrome c Induces Procaspase-3 Cleavage—When horse

heart cytochrome c and dATP were added to cytosol from 15 °C
cultured neutrophils and incubated at 15 or 37 °C for 1 h,
proteolytic cleavage of procaspase-3 was induced (Fig. 5D,
lanes 2 and 4). The kinetics ofprocaspase-3 proteolytic cleavage
were dependent on the concentration of cytochrome c, being
complete between 10 and 100 ng of cytochrome c/80 pg of
cytosol protein after 1 h at 37 °C. Treatment of the neutrophil
cytosol with 100 pM zVAD-fmk prior to the addition of cyto¬
chrome c prevented proteolytic cleavage of procaspase-3 at 15
and 37 °C (Fig. 5D, lanes 3 and 5). Since an efficient proteolytic
cleavage of procaspase-3 occurred at 15 °C the arrest of apo¬

ptosis was unlikely to be a consequence of the failure of the
apoptosome proteins to undergo conformational changes at low
temperature (68).
Poly(ADP-ribose)polymerase Is Cleaved by 15 "C Cytosols—

Neutrophil cytosols containing cytochrome c and dATP pro¬
duced active caspase-3 that processed HL-60 PARP (116 kDa),
not present in mature neutrophils (17), to an 85-kDa polypep¬
tide fragment after a 1.5-h incubation at 15 °C (Fig. 6, lower
panel, lane 3). This proteolytic cleavage was inhibited by zVAD-
fmk (Fig. 6, lower panel, lane 4). There was no apparent pro¬
teolysis of procaspase-3 under these conditions (Fig. 6, upper
panel, lane 3). There was variability between cytosol prepara¬
tions, and under similar conditions procaspase-3 was fully
processed (see Fig. 5D, lane 2). At 37 °C there was complete
proteolytic cleavage ofprocaspase-3 (Fig. 6, upperpanel, lane 5)
with concomitant proteolytic cleavage of PARP (Fig. 6, lower
panel, lane 5); again this was inhibited by zVAD-fmk (Fig. 6,
lower panel, lane 6). No proteolytic processing of neutrophil
procaspase-3 or HL-60-PARP by endogenous proteases was
detected in the absence of cytochrome c (Fig. 6, upper panel,
lane 1, and lower panel, lane 7, respectively).
Release of Cytochrome c from Neutrophil Mitochondria Oc¬

curs at 37 but not 15 °C—Cytochrome c induced the proteolytic
cleavage of endogenous neutrophil procaspase-3 but there was
the possibility that this was only a property of the cell-free
assay, particularly since we were unable to detect procaspase-9
a component of the apoptosome (42). To monitor translocation
of cytochrome c from mitochondria into the cytoplasm of intact
neutrophils, warmed from 15 to 37 °C, we separated post-
nuclear supernatants into membrane and cytosol fractions.
Cytochrome c was immunoprecipitated from the fractions with
a monoclonal antibody to a native cytochrome c epitope and
identified by immunoblotting with an anti-cytochrome c anti¬
body that recognized SDS-denatured cytochrome c. Neutrophil
cytochrome c (Fig. 7, lane 3) co-migrated with cytochrome c
from both horse heart and HeLa cells (Fig. 7, lanes 1 and 2). In
neutrophils held at 15 °C, cytochrome c remained with the
membrane fraction (Fig. 7, lanes 4 and 5), but on warming to
37 °C cytochrome c was translocated to the cytosol (Fig. 7, lanes
7 and 8). Thus neutrophils released endogenous cytochrome c
from mitochondria into the cytoplasm, an event that correlated
with the onset of apoptosis.
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Fig. 5. Cell-free proteolytic cleavage of procaspase-3. A, the proteolytic cleavage of endogenous neutrophil procaspase-3 was analyzed in

cytosol supplemented with 20 pM dATP (lanes 1, 3-6), and in 15 °C cultured neutrophil cytosol warmed to 37 °C (lane 2) by immunoblotting.
Samples of the 15 °C cytosol (lane 1) and cytosol from 15 °C cultured cells warmed to 37 °C (lane 2) were held at 0 °C. The 15 °C cytosol was also
held at 15 °C (lane 3) or warmed to 37 °C (lane 5) in the presence (lanes 4 and 6) or absence (lanes 3 and 5) of 100 p.M zVAD-fmk. B, cell-free assays
containing cytosol from 15 °C cultured neutrophils were supplemented with 5 pi of rat liver mitochondria fraction (47) and incubated at 15 °C for
the times indicated (lanes 1-5, respectively). Control incubations at 15 °C contained: 100 pM zVAD-fmk (lane 6), mitochondria plus 0.1% (w/v)
Triton X-100 (lane 7), or no mitochondria (lane 8). Lanes 9-12 show incubations at 37 °C for the times indicated, a zVAD-fmk 2 h control (lane 13),
a mitochondria plus 0.1% (w/v) Triton X-100 control (lane 14), and a control lane with no added mitochondria (lane 15). C, the rate of neutrophil
apoptosis is temperature dependent. Neutrophils were incubated for 22 h at 15 °C and then warmed to the given temperatures (between 15 and
40 °C). The rate of apoptosis was estimated by annexin V-FITC binding as described in the legend for Fig. IB. D, induction of the proteolytic
cleavage of procaspase-3 by horse heart cytochrome c. Incubations and analysis were as described above inA and were for 1 h at the temperatures
shown. Lane 1, 37 °C cytosol control. In lanes 2-6 the assays were supplemented with 200 ng of cytochrome c. Incubations were at 15 °C (lanes 2
and 3), 37 °C (lanes 4 and 5), and 0 °C (lane 6). Controls containing 100 pM zVAD-fmk are shown in lanes 1, 3, and 5.

The Translocation ofBax to Membrane Fractions—How the
mitochondrial membrane is permeabilized to release cyto¬
chrome c during apoptosis is not known (68, 69). However,
while the opening or formation of the putative membrane chan¬
nels may be temperature-sensitive, movement of cytochrome c
through the channels may not be sensitive to reduced temper¬
ature (30). Bax is highly expressed in neutrophils (9-14) and
can form membrane pores (39) so we examined the subcellular
distribution of Bax during neutrophil apoptosis. Immunoblot¬
ting showed that Bax was present in the postnuclear superna-
tants of 15 °C cultured neutrophils (Fig. 8, upperpanel, lane 1).
Sedimentation of the membranes by ultracentrifugation (Fig.
8, upper panel, lane 2) showed that Bax partitioned into the
cytosol (Fig. 8, upper panel, lane 3) with procaspase-3 (Fig. 8,
lowerpanel, lane 3). This is consistentwith their localization in
freshly isolated neutrophils (data not shown), murine thymo¬

cytes, splenocytes, and HL-60 cells (33, 35). In 15 °C cultured
neutrophils warmed to 37 °C for 3 h, procaspase-3 was proteo-
lytically cleaved (Fig. 8, lower panel, lanes 4-6) and Bax had
translocated to the washed membrane fraction (Fig. 8, upper
panel, lane 5) from the cytosol (Fig. 8, upperpanel, lane 6). This
location suggested that Bax had inserted its hydrophobic mem¬
brane-spanning domain into mitochondria (40). In some exper¬
iments membrane-associated Bax was processed to an 18-kDa
fragment (data not shown), a cleavage product identified in a
number of other apoptotic cells (70, 71).
Bax insertion into mitochondria and the release of cyto¬

chrome c in many experimental models is insensitive to zVAD-
fmk (28). In subcellular fractions from neutrophils cultured for
18 h at 15 °C and treated with 100 p,m zVAD-fmk for 2 h, before
warming to 37 °C, Bax had translocated to the membrane
fraction (Fig. 8, upper panel, lane 11). Under these conditions
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Fig. 6. Proteolytic processing of
HL-60 PARP in heterologous cell-free
assays. HL-60 nuclei were incubated
with 15 °C neutrophil cytosol and dATP
and proteolytic cleavage of procaspase-3
triggered by the addition of cytochrome c
(200 ng). Samples were taken at 0 h (lane
2) and at 1.5 h after incubation at 15 °C
(lanes 3 and 4), without zVAD-fmk treat¬
ment (lanes 1-3, 5 and 7), with 100 p.m
zVAD-fmk treatment (lanes 4 and 6), and
after incubation at 37 °C (.lanes 1 and
5-7). Samples were solubilized as de¬
scribed in the legend to Fig. 5B and the
immunoblots probed with monoclonal an¬
tibodies to procaspase-3 (upperpanel) and
PARP (lower panel).
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Fig. 7. The release of endogenous neutrophil cytochrome c from membrane fractions into the cytosol. Neutrophils were cultured at
15 °C as described in the legend to Fig. 1A. Samples were solubilized in a nondenaturing lysis buffer for immunoprecipitation (46) with monoclonal
antibodies to a native epitope on cytochrome c. After SDS-PAGE and electroblotting to nitrocellulose, cytochrome c was identified with a
monoclonal antibody to the SDS-denatured form of cytochrome c. Lane 1 contains 50 ng of horse heart cytochrome c (C). Lane 2 shows an
immunoprecipitation of cytochrome c from 0.5 x 106 HeLa cells (H). Lanes 3-8 show cytochrome c immunoprecipitated from: in lane 3, a
post-nuclear supernatants (P) of 15 °C cultured neutrophils (7.5 x 107 cells); lane 4,15 °C cultured neutrophil membrane fraction (M); lane 5,15 °C
cultured neutrophil supernatant (S) fraction; lane 6, post-nuclear supernatants (S) of 15 °C cultured neutrophils warmed to 37 °C for 2 h (apoptosis
by annexin V-FITC 85%); lane 7, 37 °C membrane fraction (M); lane 8, 37 °C supernatant (S) fraction.
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Fig. 8. Subcellular localization of Bax. Neutrophils (3 x 10s cells) were held at 15 °C for 18 h. 108 cells were incubated at 15 °C for 5 h (lanes

1-3); 10s cells were cultured for a further 2 h at 15 °C before warming to 37 °C for 3 h (lanes 4-6) and 10s cells were treated for 2 h at 15 °C with
100 /xm zVAD-fmk before warming to 37 °C for 3 h (T18: lanes 10-12). One sample of 10s freshly isolated neutrophils was treated with 100 pM
zVAD-fmk at 15 °C for 20 h and then warmed to 37 °C for 3 h (lanes 7-9). Post-nuclear supernatants (post-nuclear supernatants: lanes 1, 4, 7, and
10) were fractionated into membrane (M: lanes 2, 5, 8, and 11) and cytosol (C: lanes 3, 6, 9, and 12) by ultracentrifugation, the membrane fractions
being re-homogenized to their original volume in buffer. The fractions were immunoblotted with antibodies to Bax (upper panel) and procaspase-3
(lower panel).

procaspase-3 was still present in the cytosol (Fig. 8, lower
panel, lane 12). However, when freshly isolated neutrophils were
treated with 100 pM zVAD-fink at 15 °C for 20 h prior to warming
to 37 °C, Bax remained in the cytosol fraction (Fig. 8, upper
panel, lane 9) with procaspase-3 (Fig. 8, lower panel, lane 9). The
Bax present in the membrane fraction (Fig. 8, upper panel, lane
8) can be accounted for by the apoptotic cells (12%) present. These
results suggest that during incubation at 15 °C, caspase activity
may prepare Bax for translocation from the cytosol to mitochon¬
dria and insertion into the mitochondrial membrane on warming
to 37 °C. Caspase-8, a potential candidate for the indirect activa¬
tion of Bax, can be detected in neutrophil cytosols. However,
procaspase-8 was not proteolytically cleaved during either incu¬
bations at 15 °C or during the warming of 15 °C cultured neutro¬
phils to 37 °C in the presence of zVAD-fmk (data not shown).
The Translocation of Bax to Neutrophil Mitochondria—We

followed the translocation of Bax from the cytoplasm to mito¬

chondria in apoptotic neutrophils by confocal microscopy. Im¬
munofluorescence staining of neutrophils with rabbit preim-
mune sera and Alexa dye-tagged secondary antibodies showed
nuclear staining in freshly isolated neutrophils (Fig. 9A) and no
significant cytoplasmic staining. Anti-Bax polyclonal antibod¬
ies also showed nuclear staining (Fig. 9B), but similar staining
in HeLa cells and Bax-deficient tumor cells suggested that this
staining was nonspecific (72). In fresh preparations of neutro¬
phils the few constitutively apoptotic neutrophils showed Bax
staining of large cytoplasmic structures (Fig. 9B, arrow). These
cytoplasmic structures were also stained with polyclonal anti¬
bodies to ubiquinol cytochrome c oxidoreductase (complex III)
that co-localized with mtHSP70 staining (Fig. 9C), whose ex¬

pression was increased in many preparations of 15 °C cultured
neutrophils. Significantly, staining of 15 °C cultured neutro¬
phils with mtHSP70 (Fig. 9D) and Bax (Fig. 9E) showed co-
localization (yellow staining) in merged images (Fig. 9F) of
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Fig. 9. Intracellular localization of
Bax by confocal microscopy. Freshly
isolated neutrophils showed no signifi¬
cant cytoplasmic staining with rabbit pre-
immune serum and anti-rabbit IgG-con-
jugated to Alex"* 568 (red) (A), with
polyclonal antibodies against Bax (B) nor
with monoclonal antibodies to the mito¬
chondrial markermtHSP70 detectedwith
anti-mouse IgG-conjugated to Alexa® 488
(gieen) (B). Nuclei were ctainod Willi
TOPO-3® and the cells were analyzed by
confocal microscopy and single optical
sections are shown. Apoptotic cells pres¬
ent in the freshly isolated cells, however,
showed Bax staining (red) of large cyto¬
plasmic structures (arrow in B) that co-
localized (yellow) with staining for both
the mitochondrial markers mtHSP70
(red) and complex III (green) (C). After
culture for 20 h at 15 °C (D-F) neutrophils
showed staining for cytoplasmic struc¬
tures with mtHSP70 (D) and Bax (E) that
co-localized (yellow staining) in merged
micrographs (F). When the 15 °C cultured
neutrophils were warmed to 37 °C for 3 h
(G-I), they showed staining ofseveral dis¬
crete cytoplasmic structures. These were
also stained for mtHSP70 (G) and Bax (H)
and when the micrographs were merged
(/) the Bax and mtHSP70 staining was
mainly co-localized, although there were
some structures that stained for only one
or another of the antibodies. A control
15 °C culture was warmed to 37 °C for 3 h
and stained with rabbit preimmune (J).
Freshly isolated neutrophils were treated
for 20 h with 100 pjn zVAD-fmk and then
warmed to 37 °C for 3 h. The micrograph
(K) shows the merged staining for Bax
and mtHSP70. Neutrophils were cultured
at 15 °C for 18 h and then treated at 15 °C
for 2 h with 100 /xM zVAD-fmk before
warming to 37 °C for 3 h. The micrograph
(L) again shows the merged staining for
Bax and mtHSP70. The bar represents
5 pM.
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cytoplasmic structures that were present in cells that showed
none of the pyknotic nuclear morphology associated with neu¬

trophil apoptosis. Co-localization analysis, on single optical
sections using Leica TCS software, confirmed the subcellular
co-localization of Bax and mtHSP70 seen in the merged fluo¬
rescent micrographs (data not shown). Bax appeared therefore
to translocate to mitochondria at 15 °C, without triggering
apoptosis. The binding of Bax to mitochondria without inser¬
tion of its hydrophobic membrane-spanning domain would be
consistent with Bax being peripherally associated with the
mitochondrial membrane and redistributing to the cytosol frac¬
tion during homogenization and washing of the membrane
fraction (Fig. 8, lane 3). After warming the 15 °C cultured
neutrophils to 37 °C for 3 h, mtHSP70 staining (Fig. 9G) and
Bax staining (Fig. 9H) were co-localized in the merged micro¬
graph (Fig. 97) with a small number of large, but discrete,
cytoplasmic structures. Similar cytoplasmic structures have
been identified in HeLa cells treated with staurosporine to
induce apoptosis (72) and in cells overexpressing Bax (37, 38)
as aggregates ofmitochondria. Not allmitochondria stained for
Bax and some Bax-stained structures did not stain with

mtHSP70. There was therefore a differential response by mi¬
tochondria to apoptotic signals and Baxmay also translocate to
other membrane compartments. Neutrophils cultured at 15 °C
for 20 h then warmed to 37 °C for 3 h showed no staining with
rabbit preimmune sera (Fig. 9J).
After culture ofneutrophils at 15 °C for 20 h with zVAD-fmk

and warming to 37 °C for 3 h there was no significant Bax
staining of neutrophil mitochondria that showed non-apoptotic
nuclear morphology (Fig. 970. This was consistent with the
immunoblotting data (Fig. 8, upper panel, lanes 7-9) that
showed no insertion of Bax into mitochondria. However, neu¬
trophils cultured at 15 °C for 18 h, then treated for 2 h with
zVAD-fmk before warming to 37 "C for 3 h, did show significant
Bax and mtHSP70 staining (Fig. 9L). This was consistent with
immunoblotting data that showed that Bax had translocated to
the membrane fraction (Fig. 8, upper panel, lanes 10-12).
While the nuclear morphology was significantly different from
the nuclei of freshly isolated neutrophils under these condi¬
tions, the pyknotic nuclear morphology characteristic of apop¬
totic neutrophils was not detected and there was no fragmen¬
tation of DNA under these conditions (see Fig. 2, A-C).
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DISCUSSION

We have shown for the first time that culturing neutrophils
at 15 °C reversibly arrests the induction of apoptosis, with
subsequent warming to 37 °C triggering a burst of synchronous
apoptosis. The molecular consequences of temperature reduc¬
tion on cells are poorly understood. However, between 10 and
20 °C there is a reduction in membrane lipid fluidity, a de¬
crease in the rate of protein translation, and an inhibition of
vesicular trafficking and neutrophil respiratory burst activity
(67, 50, 51). Our results suggest that the arrest of apoptosis in
neutrophils cultured at 15 °C may be due to the failure of the
proapoptotic protein Bax to undergo the conformational
changes necessary for it to insert into mitochondria. Once in
the membrane Bax triggers the release of cytochrome c and the
subsequent activation of caspase-3 that induces the execution
phase of neutrophil apoptosis.
Bax is a soluble protein located in the cytoplasm of freshly

isolated neutrophils (10-12). Our immunofluorescence studies
on Bax localization in neutrophils cultured at 15 °C have
shown that in addition to its cytoplasmic localization, Bax was
also associated with mitochondria that showed signs of aggre¬
gation; both observations reported for many cell lines cultured
at 37 °C (73). However, in neutrophils cultured at 15 °C Bax
failed to undergo the conformational changes necessary for
insertion of its C-terminal membrane-spanning domain into
mitochondria (33). Bax was readily washed from membranes
isolated from neutrophils cultured at 15 °C suggesting a pe¬
ripheral association with the membrane fraction. The N-termi-
nal region of the Bax molecule may bind to and mask its
C-terminal domain in the cytoplasm and the removal of the
N-terminal domain leads to an autoactivation and constitutive
insertion of the mutant protein into mitochondria (72). The
cytoplasmic components that normally facilitate this unmask¬
ing of the C-terminal membrane-spanning domain and the
conformational changes to neutrophil Bax are unknown. How¬
ever, in HeLa cells, for example, the proapoptotic protein Bid,
can induce the insertion of Bax into membranes (22, 72) and
may be one of a number of cytoplasmic factors that play a role
in the release of cytochrome c from mitochondria (29).
In many models of apoptosis the insertion of Bax into mito¬

chondria and the subsequent release of cytochrome c are not
inhibited by the pan-caspase inhibitor zVAD-fmk, while pro¬

teolytic cleavage of procaspase-3 is inhibited (28). Treatment of
neutrophils, cultured at 15 °C for 18 h, with zVAD-fmk prior to
triggering apoptosis by warming to 37 °C, also failed to inhibit
Bax translocation to neutrophil membranes under conditions
where procaspase-3 was not proteolytically cleaved, consistent
with other models of apoptosis. However, when freshly isolated
neutrophils were treated with zVAD-fmk at the beginning of
the culture period at 15 °C, Bax failed to insert into mitochon¬
dria when the cells were warmed to 37 °C. Assuming the fidel¬
ity of zVAD-fmk for its caspase targets, these experiments
suggested that caspase-mediated events were necessary for
Bax insertion (74) but were not in themselves a sufficient
trigger for the induction of Bax insertion into mitochondria at
15 °C. Whatever the role the caspases play in preparing Bax, or
in activating a putative effector protein necessary for the acti¬
vation of Bax binding and insertion once the neutrophils are
warmed to 37 °C, we saw no evidence that Bax was proteolyti¬
cally cleaved at 15 °C. Activation of an effector protein and Bax
binding at 15 °C would provide an explanation for the synchro¬
nization of apoptosis we observe on warming the cells to 37 °C
after culture at 15 °C. Direct proteolytic cleavage of p21 Bax
does not appear to be involved in the translocation of Bax to
mitochondria (70, 71). However, caspases have been shown to
activate the calcium-activated cysteine protease, calpain, that

cleaves p21 Bax to pl8 Bax at the mitochondrial membrane
(70, 71). While this proteolytic processing by calpain augments
the homodimerization ofBax and the release of cytochrome c it
is a relatively late apoptotic event concomitant temporally with
the cleavage ofmany other caspase-3 substrates and with DNA
fragmentation (75, 76).
The conformational changes necessary for neutrophil Bax to

insert into the mitochondrial membrane were not only inhib¬
ited by low temperature, but also by clamping neutrophils at an
acidic pH, during warming to 37 °C, a treatment that was
dominant over the effect of temperature reduction. In FL5.12
cells and D1 thymocyte cell lines transient increases in cyto¬
plasmic pH, have been correlated with pH-dependent confor¬
mational change in Bax, an effect that is also inhibited by acid
pH (39, 64, 73). This observation may provide an explanation
for the inhibition of neutrophil apoptosis observed at inflam¬
matory foci where an acid environment has developed (59). Our
data are also consistent with the observation that tumor ne¬

crosis factor/cycloheximide-induced cytochrome c release is in¬
hibited by zVAD-fmk (30) and that caspase-8 may trigger the
release of cytochrome c (77). However, our preliminary data
(not shown) have suggested that procaspase-8, like pro¬
caspase-3 is not proteolytically cleaved at 15 or at 37 °C in the
presence of zVAD-fmk, under conditions where Bax insertion
occurs.

How cytochrome c is translocated across the outer membrane
ofmitochondria is not known (41,68, 78, 79). Bax insertionmay
affect membrane channels by inducing permeability changes
that result in the release of cytochrome c (78, 80-82). Many
cells that obtain their ATP by oxidative phosphorylation can
still release cytochrome c from mitochondria at low tempera¬
ture (30, 81). It was possible that extended culture at low
temperature would lead to collapse of the inner mitochondrial
membrane potential (A4im) and trigger the opening of the mi¬
tochondrial permeability transition pore in neutrophils, an
event that correlates with the insertion of Bax and the induc¬
tion of apoptosis (27, 41, 68). In granulocytes, however, ATP is
obtained predominantly by glycolysis and this may allow their
mitochondria to use pyruvate to maintain their A4'm at low
temperature. Apoptosis triggered by warming 15 °C cultured
neutrophils to 37 °C was not inhibited by preincubationwith 50
/xM bongkrekic acid (data not shown), an inhibitor that blocks
the permeability transition pore (37, 77). This experiment sug¬
gested that the collapse of the membrane potential might be an
event triggered downstream of caspase-3 activation (28).
The Bax-dependent release of cytochrome c from mitochon¬

dria in 15 °C cultured neutrophils, treated with zVAD-fmk just
before warming to 37 °C to inhibit caspase-3, triggered the
activation of apoptosis inducing activities that led to the arrest
of both secretion and phagocytosis (57). The externalization of
phosphatidylserine on the cell surface was also induced and
this may trigger recognition and phagocytosis of granulocytes
by macrophages (55). We have established that mitochondria
play a role in triggering neutrophil apoptosis. Our 15 °C cy-
tosols will now enable us to investigate not only the zVAD-fmk
sensitive activity that is required for Bax insertion into mito¬
chondria, but also the zVAD-fmk insensitive activities trig¬
gered during cytochrome c release, that lead to the apoptotic
changes associated with the neutrophil plasma membrane. Fi¬
nally, the differential response of granulocytes and proliferat¬
ing cells to temperature reduction suggests that therapeutic
targets specific for triggering of neutrophil apoptosis may pos¬
sibly be identified in this clinically relevant cellular model of
apoptosis.
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receptor activation. We found high levels of nitric oxide
associated with Fas receptor resistance in nasal polyp
tissues. Therefore, inhibition of apoptosis of eosinophils
can be achieved by increased expression of survival factors
and disruption of death signals. Future studies will show
whether additional mechanisms exist.
The intracellular regulation of apoptosis includes mem¬

bers of the Bcl-2 family. Normal eosinophils express

significant levels of Bcl-xL and Bax, but no or little Bcl-
xS and Bcl-2 (11). In allergic diseases, IL-5 upregulates Bcl-
xL, but does not alter Bax, Bcl-xS or Bcl-2 levels in
eosinophils. In contrast, Bcl-2 is expressed in eosinophils
derived from a subgroup of patients with the hypereosino-
philic syndrome (12). Overexpression of Bcl-2 in eosino¬
phils delays eosinophil apoptosis in a cytokine-independent
manner.

In conclusion, delayed eosinophil apoptosis is an
important pathogenic event, which contributes to
eosinophil accumulation in diseases associated with eosi-
nophilia. Several mechanisms are described that may
participate in the inhibition of the death process. The
identification of molecules involved in the anti-apoptosis
pathways in eosinophils offers hope for the development of
new drugs that reduce inflammation in eosinophilic
disorders.
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Eosinophilic granulocytes play a key role in the host's
defence against invading organisms; for example, they play
a particularly prominent role in the fight against parasitic
infection. They are also involved in orchestrating the
pathogenesis and propagation of certain allergic and
inflammatory diseases such as allergic rhinitis and asthma
(1). It has become abundantly clear that the development of
chronic inflammatory diseases depend not only upon the
recruitment and activation of inflammatory cells but also
upon their subsequent removal from the inflammatory
milieu (2). Apoptosis or programmed cell death is now
regarded as a fundamental process regulating inflammatory
cell survival and is critically involved in ensuring the
successful resolution of an inflammatory response (2). This
process therefore provides an efficient non-inflammatory
mechanism for removal of potentially highly histotoxic cells
from the inflamed site after the useful function of these cells
has been served. Therefore, together with preventing
excessive granulocyte invasion and activation, a parallel
strategy of selectively inducing apoptosis and augmenting
phagocytic removal of these cells should prove beneficial
for the development of novel therapeutic targets (2,3).
Eosinophils and neutrophils have a similar ontogeny, in

that they are derived from a common myeloid precursor,
and when activated these cells can exhibit similar functional



1260 Abstracts

responses. Comparison of functional responses in these cell
types has proven to be a useful tool to understand
granulocyte behaviour, including apoptosis. Several prim¬
ing and pro-inflammatory cytokines present at an inflam¬
matory site not only affect granulocyte responsiveness but
can also delay the natural constitutive rate of apoptosis.
For example, IL-5 and GM-CSF cause a very profound
inhibition of eosinophil apoptosis in vitro and a similar
effect is observed in neutrophils exposed to LPS or GM-
CSF (2,3). Thus selective promotion of apoptosis by
blocking the influence of these survival factors may be
achievable. In addition, it has been convincingly demon¬
strated that the constitutive rate of neutrophil and
eosinophil apoptosis can be regulated in a selective manner;
glucocorticoids and agents that elevate cytosolic Ca2 +
induce eosinophil apoptosis whereas such agents delay
neutrophil apoptosis (2,4-6). Furthermore, the recent
observation that glucocorticoids dramatically up-regulate
the capacity of macrophages to phagocytose apoptotic
cells, including eosinophils and neutrophils, by a non¬
inflammatory mechanism has underpinned the importance
of studying and targeting this natural cell suicide process
(7). In support of these in vitro observations, it has recently
been demonstrated that amelioration of the clinical

symptoms of asthma by treating asthmatic patients with
oral corticosteroids causes a major increase in the number
of phagocytosed apoptotic eosinophils appearing in the
sputum. This strongly indicates the importance of these
processes in clinical situations (8). Therefore, understand¬
ing the molecular mechanisms controlling granulocyte
apoptosis in general and unravelling the reasons why
eosinophil and neutrophil apoptosis is regulated differently
may help in the search for novel therapeutic targets. It has
become apparent that both granulocytes, despite being
terminally differentiated, are transcriptionally active and
consequently have the capacity to synthesize specific
proteins. Neutrophils, for example, can synthesize and
release a number of inflammatory mediators (e.g. IL-8,
GM-CSF) which can themselves influence cell responsive¬
ness and regulate apoptosis (9). Similarly, eosinophils are

capable of synthesizing a plethora of inflammatory
cytokines and chemokines (1). Recently, we have shown
that eosinophils, in response to pharmacological stimuli
(e.g. PMA) and physiological secretagogues (e.g. IL-5,
C5a), release the pro-inflammatory cytokine macrophage
migration inhibitory factor (MIF). PMA-induced MIF
secretion is attenuated by cycloheximide and a protein
kinase C inhibitor Ro 31-8220 indicating that protein
synthesis and protein kinase C activation are involved in
MIF secretion (10). Interestingly, BAL fluid obtained from
asthmatic patients contained significantly higher levels of
MIF than BAL fluid obtained from normal subjects (10).
Despite the fact that granulocytes clearly have the capacity
to synthesize and secrete proteins and that investigations
into transcriptional regulation of granulocyte responsive¬
ness and apoptosis is in its infancy, some transcription
factors have been identified as playing a significant
regulatory role. Many of the transcription factors identified
so far have yet to be directly demonstrated in granulocytes
and shown to be involved in their subsequent behaviour.

These transcription factors are proteins usually located in
the cytoplasm that translocate to the nucleus when
activated. They then bind to regulatory sequences, usually
in the upstream (5') promoter region of target genes that
control the rate of gene transcription. This results in altered
protein synthesis of important cytokines, receptors, adhe¬
sion molecules, etc, which orchestrate the inflammatory
response.
The constitutive rate of neutrophil apoptosis can be

enhanced by blockade of protein synthesis using agents
such as actinomycin D and cycloheximide suggesting that
synthesis of proteins limit induction of apoptosis in
neutrophils (11). This is somewhat different in other cell
systems, for example, thymocyte apoptosis is suppressed by
protein synthesis inhibition. There is also evidence that
eosinophil apoptosis, like the neutrophil, can be enhanced
by inhibition of protein synthesis (12, Fig. 1). In addition,
IL-5 and GM-CSF mediated survival of human eosinophils
(13) and neutrophils (14) respectively are prevented by
protein synthesis inhibition. Recent evidence indicates that
the eosinophil survival agents IL-5, IL-3 and GM-CSF
share common signal transducers and mediate their
responses via the Lyn-Ras-Raf-l-MAP kinase pathway
and the pathways involving the Janus kinase (JAK)/signal
transduction and activation of transcription (STAT) family
(see 1, 15, 16 for reviews).
We have recently shown that the ubiquitous transcription

factor NF-kB plays a critical role in controlling apoptosis
both in neutrophils and eosinophils (17). Due to the
relatively short life of both cells in vitro and the consequent
difficulty of performing long-term molecular biological
techniques on these cells, we have relied heavily on a
pharmacological approach to investigate the role of
transcription factors in regulating granulocyte apoptosis.
For this, we have used specific inhibitors ofNF-kB to probe
the role of this transcription factor. We have shown that the
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Fig. 1. The effect of cycloheximide on constitutive
eosinophil apoptosis. Eosinophils (2 x 106/ml), cultured in
Iscoves DMEM supplemented with 10% autologous
serum, were untreated (open bar) or treated with 50 /iM
cycloheximide (filled bar) and apoptosis assessed
morphologically after 20 h of culture (a minimum of 500
cells were examined per slide). Each treatment was
performed in triplicate and the data represent the
mean + SEM of 4 separate experiments. *P<0-05
compared with control.
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selective NF-kB inhibitor, gliotoxin, but not its structurally
similar inactive analogue, methylthiogliotoxin, greatly
accelerated the onset of apoptosis of both neutrophils and
eosinophils (17). The induction of neutrophil apoptosis was
mimicked by other agents that interfere with the NF-kB
pathway (e.g. curcumin, PDTC, MG-132 and the cell
permeable inhibitory peptide SN50). In neutrophils, the
pro-survival bacterial product LPS, and the cytokine TNF-
a which induces an early pro-apoptotic effect followed by a
later anti-apoptotic effect (18), directly stimulated NF-kB
translocation from the cytoplasm to the nucleus as assessed
by electrophoretic mobility shift assays. Gliotoxin selec¬
tively inhibited the NF-kB activation process and enhanced
dramatically the pro-apoptotic effect of TNF-a.
In addition, cycloheximide similarly enhanced TNF-a

induced neutrophil apoptosis even at time points when
cycloheximide alone exerted no pro-apoptotic effect. Taken
together these data indicate that NF-kB may regulate the
production of protein(s) which protects neutrophils from
the cytotoxic effect of TNF-a. In the eosinophil, TNF-a
alone failed to alter the rate of constitutive apoptosis,
however, when these cells were cultured simultaneously
with TNF-a and gliotoxin there was a dramatic synergistic
enhancement of apoptosis indicating that blockade of NF-
kB could unmask the ability of TNF-a to induce apoptosis
in eosinophils (17). Although we have detected the presence
of the inhibitory subunit of NF-kB, klkba, in eosinophils
(Fujihara, Ward and Rossi, unpublished observations) the
precise mechanism of NF-kB inhibition by gliotoxin and
other inhibitors in granulocytes is still to be determined (see
Fig. 2). Despite this, it is abundantly clear that the
transcription factor NF-kB plays a crucial role in regulating
apoptosis in both neutrophils and eosinophils.
Glucocorticoids exert differential effects on granulocyte

behaviour e.g. dexamethasone induces eosinophil apoptosis
whereas neutrophil apoptosis it delayed. It is therefore of
great scientific and clinical interest to understand the
mechanisms controlling these differences particularly in
view of the wide use in managing inflammatory diseases.
Despite the fact that the effects of glucocorticoids on

granulocyte apoptosis are mediated by ligation of gluco¬
corticoid receptors and are dependent on protein synthesis,
the precise intracellular signalling mechanism has not been
elucidated. We are currently probing whether the differ¬
ential effects of glucocorticoids are mediated by transacti-
vation of the glucocorticoid response element (GRE),
transrepression of other transcription factors [e.g. NF-kB,
activator protein (AP-1)] and interactions with different
transcription factors [cyclicAMP response element binding
protein (CREB), STATs]. There is already good evidence
that glucocorticoid receptors do indeed interact with other
transcription factors in other cell systems (19,20). Hence, it
is possible that the differential effects of glucocorticoids in
regulating neutrophil and eosinophil apoptosis may be due
to divergent effects on transcriptional regulation of
apoptosis in the two cell types. We therefore believe that
understanding the molecular mechanisms controlling apop¬
tosis, especially at the transcriptional level, will help in the
search for therapeutic agents that can selectively drive
granulocyte apoptosis.

Inflammatory mediator Inhibition ofNF-kB activation

(leading to inhibition of survival by
induction of apoptosis)
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Fig. 2. Possible role of NF-kB in eosinophil apoptosis
Activation of cell surface receptors by cognate ligands
may result in NF-kB activation resulting in the
production of survival proteins which inhibit apoptosis.
Blockade of the NF-kB pathway by specific agents such as

gliotoxin may lead to the inhibition of survival by the
induction of apoptosis.
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Role and mechanisms of eosinophil
apoptosis in atopic dermatitis
doi: 10.1053/rmed.2000.0981

B. Wedi, U. Raap,
J. Straede and A. Kapp
Department of Dermatology and Allergology, Hannover
Medical University, Ricklinger Str. 4, 30449 Hannover,
Germany.

In general, atopy is defined by specific sensitization to
allergens. However, at present there is scant evidence that

allergy is central to the development of atopic dermatitis.
Despite their atopic constitution, many patients with mild
to moderate atopic dermatitis do not have clinically
relevant food or aeroallergen sensitivities; therefore, con¬
troversy has surrounded the contribution of IgE-mediated
hypersensitivity to the pathogenesis of atopic dermatitis
classically belonging to the atopic diseases. Elevated blood
eosinophil counts are common in atopic dermatitis and
immigration and degranulation of activated eosinophils is
observed in lesional skin. Thus, the regulation of eosinophil
survival may represent a major mechanism through which
functional eosinophil are accumulated in inflammatory
sites. It is well known that several cytokines, including GM-
CSF, IL-5 and IL-3, are able to support eosinophil survival
and delay apoptosis. We compared eosinophil survival and
apoptosis in non-atopic volunteers and in patients with
inhalant allergy or acute exacerbation of atopic dermatitis.
In eosinophils from subjects with inhalant allergy, and
particularly with atopic dermatitis, eosinophil survival was
prolonged due to delayed apoptosis when compared to
eosinophil from non-atopic subjects (1). There was no
difference in the occurrence of apoptosis between the
extrinsic and the intrinsic type of atopic dermatitis, pointing
to a secondary role of specific sensitization. IL-3>GM-
CSF >IL-5 were able to increase viability of cultured
eosinophil in non-atopics and subjects with inhalant
allergy, but were hardly able to further increase eosinophil
survival in subjects with atopic dermatitis which was
increased per se. Eosinophil supernatants of patients with
atopic dermatitis more than of patients with inhalant
allergy dose-dependently inhibited apoptosis in non-atopic
eosinophil, and it was shown by cytokine specific ELISA
that this effect was possibly due to autocrine production of
GM-CSF, probably IL-5, but not IL-3 or TGF-/J1. The
observed effects in atopic dermatitis were, in fact, mediated
by an autocrine production of GM-CSF, since neutralizing
anti-GM-CSF mAbs significantly reduced atopic dermatitis
eosinophil survival. Moreover, analysing the effect of
several other cytokines on eosinophil apoptosis, 1L-1/J,
IL-8, IL-12, platelet activating factor, TNF-a and eotaxin
did not show any effect. However, IL-4 dose-dependently
inhibited eosinophil survival by inducing apoptosis (2). This
effect was abrogated by pre-incubation with neutralizing
anti-IL-4 antibodies and was most evident in atopic
dermatitis eosinophils. However, in co-incubation experi¬
ments IL-4 did not overcome the survival-prolonging effect
of IL-3, IL-5 and GM-CSF. Moreover, IL-3, IL-5, GM-
CSF and IL-4 did not modulate eosinophil surface
expression of APO-l/Fas antigen (CD95), and Fas antigen
expression was similar between the groups studied. How¬
ever, in inhalant allergy, and particularly in atopic
dermatitis, eosinophils demonstrated a certain resistance
to anti-Fas mAb induced apoptosis when compared to non-

atopic eosinophils (3). The pathomechanism of this
resistance to anti-Fas mAb as well as the mechanisms for
induction of eosinophil apoptosis in general remain
uncertain. The role of oxidative stress has not been

investigated. Thus, we next analysed the role of reactive
oxygen species and selective antioxidants in eosinophil
apoptosis. Eosinophils were cultured with the heavy metal
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Glucocorticoid Augmentation of Macrophage Capacity or
Phagocytosis of Apoptotic Cells Is Associated with Reduced
pl30Cas Expression, Loss of Paxillin/pyk2 Phosphorylation,
and High Levels of Active Rac1

Kathcrine M. Giles,* Katherine Ross,* Adriano G. Rossi,* Neil A. Hotchin,*
Christopher Haslett,* and Ian Dransfield2*
Phagocytic clearance of apoptotic granulocytes has a pivotal role in determining an inflammatory outcome, resolution or pro¬
gression to a chronic state associated with development of fibrotic repair mechanisms, and/or autoimmune responses. In this study,
we describe reprogramming of monocyte to macrophage differentiation by glucocorticoids, resulting in a marked augmentation
of their capacity for phagocytosis of apoptotic neutrophils. This monocyte/macrophage phenotype was characterized by decreased
phosphorylation, and therefore recruitment of paxillin and pyk2 to focal contacts and a down-regulation of pl30Cas, a key adaptor
molecule in intcgrin adhesion signaling. Glucocorticoid-trcated cells also displayed higher levels of active Rac and cytoskcletal
activity, which were mirrored by increases in phagocytic capability for apoptotic neutrophils. We propose that changes in the
capacity for reorganization of cytoskeletal elements induced by glucocorticoids are essential for efficient phagocytic uptake of
apoptotic cells. The Journal of Immunology, 2001, 167: 976-986.

The acute inflammatory response provides a defense mech¬anism against microbial infection or tissue injury involv¬
ing the rapid and coordinated recruitment of granulocytes

and other inflammatory cells in response to chemokines and other
inflammatory mediators. This response is normally self-resolving,
but the pathogenesis of a number of diseases such as asthma, em¬
physema, and rheumatoid arthritis is characterized by a persistent
accumulation of inflammatory cells presumably as a result of fail¬
ure of the natural resolution process (1-3). During normal inflam¬
matory resolution, clearance of extravasated granulocytes requires
the induction of apoptosis and concomitant uptake by macro¬

phages (4). Apoptotic cell death, in contrast to necrosis, is asso¬
ciated with maintenance of cell membrane integrity (4) and down-
regulation of granulocyte secretory function (5), thereby inhibiting
potential exacerbation of the inflammatory response through the
release of cytotoxic granule contents and proinflammatory cyto¬
kines. Additionally, macrophage ingestion of apoptotic cells, un¬
like phagocytosis of necrotic cells or opsonized particles, does not
induce proinflammatory mediator production (6) and can function¬
ally down-regulate cytokine release induced by LPS or opsonized
cells (7). Failure to clear apoptotic cells may result in secondary
necrosis with predictable consequences in terms of tissue injury
and/or initiation of autoimmune processes when phagocyte clear¬
ance processes in vivo are overwhelmed by excess apoptotic cell
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load (8-10). Clearly, if induction of apoptotic pathways is to be
considered as a potential therapy for cancer or inflammatory dis¬
ease, a parallel strategy to maximize phagocytic clearance is likely
to be required to avoid the deleterious consequences of necrotic
cell death.
A number of cell surface molecules have been proposed to me¬

diate the uptake of apoptotic cells; these include lectins (11), av/33
integrin/CD36/thrombospondin complex (12, 13), phosphatidyl-
serine receptors (14), scavenger receptors (15), receptors for oxi¬
dized lipids (16), CD14 (17), CD29 (18), the ABC1 transporter
(19), and receptors for complement components C3bi (CR3/CR4)
(20) and Clq (21). The lack of complete inhibition of phagocytosis
by soluble ligands or blocking mAb points to functional redun¬
dancy, and we have suggested that a more effective strategy for
altering clearance of apoptotic cells would be manipulation of
macrophage phagocytic potential (22). Although cytokines such as
TNF, GM-CSF, TGF-J3, or IL-1 may be used to augment phago¬
cytic clearance (23), the effects have been small and the pleiotropic
consequences of some of these agents may restrict their potential
therapeutic value. Our previous studies have revealed that disrup¬
tion of cytoskeletal and adhesion contacts in monocyte-derived
macrophages by elevation of intracellular cAMP inhibits phago¬
cytosis of apoptotic cells (24). In contrast, ligation ofCD44 (25) or
adhesion to fibronectin (26) results in a rapid and dramatic aug¬
mentation of apoptotic cell uptake. For example, CD44 induces a
400% increase in phagocytic index within a 30-min assay period.
If similar augmentation of phagocytic activity were attainable in
vivo, the potential for clearance of apoptotic cells over the course
of an inflammatory response would be considerable. Recent ge¬
netic studies in Caenorhahditis elegans have further suggested a
role for adhesion signaling in the control of phagocytosis. Ced-5,
-2, and -10, members of a family of genes required for clearance
of cellular corpses during development, are highly homologous to
mammalian proteins DOCK 180 (27) (myoblast city protein in
Drosophila) (28), Crk, and Rac (29), involved in mediating inte-
grin signaling in mammalian cells. Integrin ligation induces the

Copyright © 2001 by The American Association of Immunologists 0022-1767/01/S02.00
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formation of a multiprotein complex involving DOCK180 and
Crk, the adapter protein pl30Cas, and the guanine nucleotide ex¬
change factor C3G (30-33). Assembly and membrane localization
of this complex activates the GTPases Rac (34, 35) and Rho (36),
inducing membrane ruffling and lamellipodia formation (37) re¬
quired for spreading, adhesion, and cell migration. Ced-5 and
ced-2 have been shown to interact and activate ced-10 GTPase

activity in vitro (29), and ced-5-, -2-, and -10-deficient animals
have defects in both cell migration and phagocytosis (27, 29).
Glucocorticoids represent a powerful antiinflammatory treat¬

ment due to their capacity for inhibition of inflammatory cell re¬
cruitment and down-regulation of production and responsiveness
of cells to proinflammatory cytokines (38). We have recently de¬
scribed a novel glucocorticoid receptor-dependent promotion of
macrophage capacity for phagocytosis of apoptotic cells following
short-term exposure ofmacrophages to glucocorticoids (39). In the
present study, wc show that long-term exposure of monocytes to
the synthetic glucocorticoid dexamethasone (DX)3 reprograms
monocyte differentiation toward a proresolution phenotype, exhib¬
iting increased phagocytosis of apoptotic cells. Monocytes treated
with DX represented a homogeneous cell population characterized
by a more rounded appearance. Marked down-regulation of ex¬
pression of pl30Cas, which is required for integrin adhesion sig¬
naling through the DOCK 180/Crk/C3G complex, together with re¬
duced phosphorylation and recruitment of paxillin and pyk2 to
sites of adhesion, may account for this phenotypic alteration. We
therefore propose that the dramatic increase in phagocytic poten¬
tial in DX-treated monocyte-derived macrophages results from
changes in the capacity for adhesion-dependent reorganization of
cytoskeletal elements that are then available for coordinated
phagocytic uptake of apoptotic cells.

Materials and Methods
Abs and other reagents

Reagents were obtained from Sigma (Poole, U.K.), unless otherwise stated.
Iscove's DMEM (IDMEM) was from Life Technologies (Paisley, U.K.).
Dextran and Percoll were from Amersham Pharmacia Biotech (Bucking¬
ham, U.K.). DX was obtained from David Bull Laboratories (Warwick,
U.K.). Primary Abs were from the following sources: pl30Cas, paxillin,
Pyk2, Rac, and RC-20 (anti-phosphotyrosine) mAb were from Transduc¬
tion Laboratories (supplied by Becton Dickinson, Oxford, U.K.); CrkL and
C3G rabbit polyclonal Ab were from Santa Cruz (supplied by Insight Bio¬
technology, Wembley, U.K.). mAb specific for CD44v3 (3G5), |31
(12G10), and class 11 (WR18) were from Serotec (Oxford, U.K.). Control
mouse Igs (IgGland lgG2a), BerMac3 (CD163) and rabbit Igs, and F(ab')2
goat anti-mouse Ig F1TC and FIRP conjugates were from Dako (Ely, U.K.).
The following monoclonals were generously provided as gifts: 5A4
(CD44; G. Dougherty, University ofCalifornia, San Francisco, CA), SM<j>
and 15.2 (CD36 and CD54, respectively; N. Hogg, Imperial Cancer Re¬
search Fund (London, U.K.), 23C6 (CD51/61; M. Horton, UCL, London,
U.K.), PM6/13 (CD61; M. Wilkinson, Wellcome Trust, London, U.K.),
3G8 (CD 16; J. Unkeless, Mount Sinai Medical School, New York, NY),
UCHM1 (CD 14; P. Beverley, UCL), 61D3 (CD14; C. Gregory, Notting¬
ham, U.K.). Secondary anti-rabbit HRP was from Amersham Pharmacia
Biotech.

Cell isolation and culture

Mononuclear and polymorphonuclear leukocytes were isolated as previ¬
ously described (25). In brief, erythrocytes were sedimented from freshly
drawn peripheral blood, with 0.6% (w/v) dextran T500, followed by frac¬
tionation of leukocytes on a discontinuous Percoll gradient (prepared in
Ca2+/Mg2+-free PBS with final concentrations of Percoll of 50, 63, and
73%) at 720 X g for 20 min. Mononuclear cells were aspirated from the
50/63 interface, and neutrophils from the 63/73% interface, and washed
three times in PBS (without Ca2+/Mg2+) before culture. Neutrophils (re-
suspended at 4 X 106cells/ml in IDMEM containing 10% autologous se¬

3 Abbreviations used in this paper: DX, dexamethasone; IDMEM, Iscove's DMEM;
PAK, p21-activated kinase.

rum) were cultured at 37°C in a 5% CO, atmosphere for 20 h in Falcon
tissue culture flasks. Cultured populations were >50% apoptotic, as deter¬
mined by morphological analysis and annexin V binding, and <5% pro-
pidium iodide positive. Mononuclear cells were plated at 4 X 106/ml in
IDMEM and incubated for 30-60 min, at 37°C, 5% CO, after which
nonadherent lymphocytes were removed by washing with HBSS (without
Ca2+/Mg2+) and monocytes were cultured for a period of 5 days in
IDMEM plus 10% autologous serum, ±1 p,M DX.

Macrophage phagocytosis assay

Monocyte-derived macrophages cultured in 48-well tissue culture plates, as
described above, were cultured in the presence or absence ofDX, or 10 p.M
RU38486 for varying periods of time. For experiments using inhibitors of
phagocytosis, macrophages were washed once, then incubated with phago¬
cytosis inhibitors (at the concentrations described in figure legends) for 15
min before the phagocytosis assay. The macrophage monolayer was then
overlaid with apoptotic neutrophils (washed and resuspended at a final
concentration of 4 X 10''/ml in IDMEM) and incubated at 37°C, 5% CO,
for 20 min. Noningested neutrophils were removed by washing in IDMEM,
and monolayers were then fixed in 2.5% glutaraldehyde. The percentage of
phagocytosis of neutrophils stained for myeloperoxidase activity with 0.1
mg/ml dimethoxybenzidine and 0.03% (v/v) hydrogen peroxide was quan¬
tified microscopically by counting at least 500 cells in randomly selected
fields per well, and an average between the duplicate wells was calculated.
Phagocytic index was calculated as: (average number ofneutrophils phago-
cytosed per macrophage) X (% macrophages that had phagocytosed one or
more neutrophil). Controls for inhibitors used were as follows: All mAb
used have previously been shown to inhibit apoptotic cell phagocytosis and
were used at concentrations that were deemed to be saturating by flow
cytometry. The following inhibitors were found to be functionally active at
concentrations used in this study. RGDS (integrin inhibition peptide) was
shown to inhibit a5fil integrin-mediated adhesion of T lymphocytes to
fibronectin. Phospho-L-serine was shown to inhibit binding of FITC an¬
nexin V to apoptotic neutrophils in flow cytometric analysis. Dextran sul¬
fate inhibited uptake of acetylated low density lipoprotein by monocyte-
derived macrophages. Other reagents (glyburide and glucosamine) were
used at concentrations that have previously been shown to exert inhibitory
effects.

Flow cytometry

Flow cytometry was performed essentially as described (25), with all in¬
cubations conducted on ice to prevent internalization of Ab. Macrophages
were detached from tissue culture plastic using PBS containing 2 mM
EDTA and 0.5% serum. After washing with ice-cold PBS containing 0.2%
(w/v) BSA and 0.1% (w/v) sodium azide cells (105/assay) were preincu-
bated for 10 min with 20% (v/v) normal rabbit serum to block nonspecific
binding to Fc-yR. Cells were then incubated with saturating concentrations
of mAb for 30 min, and washed twice in PBS containing 0.2% BSA and
0.1% sodium azide before incubation with FITC-conjugated F(ab')2 goat
anti-mouse Ig (Dako) for 30 min, and washed twice more before analysis
using either an EPICS Profile II (Beckman-Coulter, High Wycombe, U.K.)
or a FACSCalibur (Becton Dickinson) flow cytometer.

Electron microscopy

Macrophages cultured on glass coverslips in the presence or absence of 1
/uM DX for 5 days were fixed with 3% gluteraldehyde in 0.1 M sodium
cacodylate buffer, pH 7.4, for 3 h, and postfixed with 1% osmium tetroxide
in 0.1 M cacodyiate buffer for 2 h. After dehydration in an ascending
acetone series, and critical point drying with CO,, samples were sputter
coated with 20 nm gold/palladium and examined using a Phillips 505 scan¬
ning electron microscope.

Immunoprecipitation and Western blotting
Adherent macrophage cultures were washed with PBS containing 0.1 mM
NaVO, plus protease inhibitor cocktail (Boehringer Mannheim, Mann¬
heim, Germany), and were lysed by incubation with PBS containing 1%
Nonidet P-40, 0.1 mM NaV03, and protease inhibitor cocktail, 10 min on
ice. Membrane and nuclear material were removed by centrifugation at
14,000 X g, 4°C, 30 min. Lysatcs were precleared by incubation with
protein A agarose-coupled rabbit anti-mouse IgG, 4°C, 30 min. The re¬
sulting lysates were tested for protein concentration using a detergent-
compatible protein estimation kit (Pierce, Rockford, IL), and equilibrated
to contain equivalent levels of protein. A total of 100 p.1 lysate (100-150
p.g total protein) was incubated with 1 pg of either mouse IgG control,
anti-paxillin, or pyk2 mAb, 4°C, 30 min, shaking. Immunoprecipitation
was achieved by incubation for 30 min with protein A-coupled rabbit anti-
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mouse IgG (Sigma), and washed twice in TBS containing 0.1% Triton
X-100, and once in 25 mM Tris, plus 0.05% SDS. Samples were resolved
using a 9% reducing polyacrylamide gel and transferred electrophoretically
(50 V for 1 h) onto nitrocellulose (Amersham Pharmacia Biotech). For
detection of phosphotyrosine, membranes were blocked with TBS plus
0.05% Tween 20 (TBS-T) and all other blots with TBS-T plus 10% nonfat
dried milk powder (w/v).

Assay for detection of activated Rac
Adherent macrophage cultures were lysed in radioimmunoprecipitation as¬
say buffer containing protease inhibitor cocktail (Boehringer Mannheim)
plus 1 mM PMSF. Lysates were cleared ofmembrane and nuclear material
by centrifugation, total protein was estimated, and levels were equilibrated
as described for immunoprecipitation. A total of 20 p.1 lysate was removed
for estimation of total Rac protein, and the remaining (—300 /ag) was
incubated with GST-p21-activated kinase (PAK) (cdc42 or Rac interacting
binding domain) fusion protein coupled to Sepharose beads, 4°C, 1 h,
shaking. Beads were washed four times in ice-cold Tris buffer (50 mM Tris
(pH 7.2), 150 mM NaCl, 10 mM MgCL, 1% Triton, protease inhibitor
mixture, 1 mM PMSF), and the amount of active Rac bound to the PAK
cdc or Rac interacting binding domain quantified by SDS PAGE and West-
em blotting, as described for immunoprecipitation.

RNA isolation and RT-PCR

Macrophages were washed once in ice-cold PBS, lysed, and RNA ex¬
tracted using TRIzol (Life Technologies; protocol as manufacturer's in¬
structions). RNA was DNase treated to remove genomic DNA for 1 h,
37°C, and the resulting RNA was used in RT-PCR reaction using Life
Technologies One Step RT-PCR kit (protocol as manufacturer's instruc¬
tions). Primers used (35 cycles, annealing 53°C) were as follows:
DOCK180, 5'-GAGGCAGAGGAGACGAACAG, 3 '-AAGCCGATTCG
GTGTAGTTA; M-DOCK, 5 '-TGCTGAAGTGGCGTATGAAG, 3'-
CCTCGACCGAACAATGAACT; actin, 5' -CCACCAACTGGGACGA
CATG, 3' -GTCTCAAACATGATCTGGGTCATC.

Results
Glucocorticoids augment phagocytosis of apoptotic cells in a

time-dependent manner

Monocytes isolated from peripheral blood were cultured in vitro
for up to 5 days in the presence of the synthetic glucocorticoid DX,
and macrophage potential for phagocytosis of apoptotic cells was
determined. Preliminary experiments revealed that macrophages
treated with DX for >24 h were highly phagocytic, leading to
some cell detachment during our standard assay (data not shown).
We therefore reduced the assay time from 30 to 20 min to mini¬
mize cell loss and reveal differences between treated cells. DX
treatment consistently increased monocyte-derived macrophage
phagocytosis of apoptotic neutrophils in a manner that was related
to the duration of treatment (Fig. IT), and blocked by addition of
the steroid receptor antagonist RU38486 (10 pM), indicating that
a glucocorticoid receptor-dependent process mediated these effects
(results not shown). In particular, we noted a striking effect of
exposure of freshly isolated monocytes to DX for 120 h upon
phagocytic potential. We therefore investigated whether a time
window for steroid exposure early in maturation was sufficient to
generate a highly phagocytic phenotype. Monocytes were incu¬
bated with DX for periods of 24 h (0-24, 24-48, 48-72, 72-96,
and 96-120). To ensure that observed changes were the result of
DX exposure exclusively during the stated time window, the ste¬
roid receptor antagonist RU38486 was added following removal of
DX-containing media. The addition of the antagonist alone had no
significant effect (data not shown). Augmentation of apoptotic cell
phagocytosis was much less pronounced when DX was added later
in the culture period, and that exposure ofmonocytes to DX within
the first 24 h was sufficient to induce highly phagocytic macro¬

phages (Fig. 1B). Comparison of phagocytic indices revealed that
5-day DX-treated monocytes/macrophages had a 9-fold higher ca¬
pacity for apoptotic cell clearance in a 20-min assay (Fig. 1, C-E).
Thus, glucocorticoids represent the most potent stimulus for aug¬

mentation of macrophage capacity for phagocytosis of apoptotic
cells described to date. Moreover, glucocorticoid modulation of
phagocytosis could have profound effects on clearance ofapoptotic
cells during the resolution of inflammation.

Glucocorticoids reprogram macrophage phenotype
Examination of macrophages by phase-contrast microscopy re¬
vealed that augmented phagocytic potential following 5-day treat¬
ment with DX was accompanied by distinct morphological
changes consistent with the suggestion that DX influences in vitro
differentiation of monocytes. Under our standard culture condi¬
tions (IDMEM containing 10% autologous serum) at 5 days, mac¬
rophages were composed of a heterogeneous population of cells
with different morphologies: multinucleated giant cells, spread ap¬

parently motile cells with evidence of membrane ruffling, rounded
less spread cells, and occasional dendritic-like cells (Fig. 2A). Mi¬
croscopy-based quantitation revealed that large macrophages (>25
/am diameter) represented 29.5 ± 5.8% of cells present in 5-day
monocyte/macrophage preparations (n = 4 separate experiments).
Treatment of freshly isolated monocytes with DX for 5 days re¬
sulted in consistent morphological changes, with the absence of
large multinucleated cell populations and reduced numbers of
spread macrophages (large macrophages representing less than 2%
of the cells present). In contrast, the proportion of rounded cells
was increased (Fig. 2B). Further examination ofmacrophage mor¬
phology using scanning electron microscopy demonstrated that the
rounded DX-treated cells were attached, with ruffled membranes
and filopodial processes (Fig. 2D) when compared with untreated
cells (Fig. 2Q. An increase in the morphological homogeneity of
DX-treated monocyte-derived macrophages was also reflected in
the laser scatter properties of DX-treated cells and more uniform
expression of a number of surface molecules, including CD14,
when analyzed by flow cytometry (Fig. 2E). Analysis of the co¬
efficient of variation for the fluorescence peaks (untreated vs DX-
treated ± SEM) for CD14 (108 ± 14; 60 ± 5, n = 13), CD16
(96 ± 8; 62 ± 4, n = 11), HLA-DR (122 ± 11; 96 ± 6, n = 10),
CD44 (99 ± 15; 66 ± 7, n = 6), and CD51 (81 ± 5; 53 ± 4, n =

11) confirmed this impression and would be consistent with re-

programming of monocyte differentiation by DX during in vitro
culture.

Increased phagocytosis of apoptotic cells involves multiple
phagocytic receptors

Flow cytometric analysis was further used to determine whether
DX augmentation of phagocytosis was associated with increased
expression of receptors previously implicated in the recognition
process (see Ref. 22 for review and Table I). Although most re¬
ceptors examined exhibited more uniform levels of surface expres¬
sion, as described above, we did not observe changes in the per¬

centages of positive cells following DX treatment. However,
comparison of mean fluorescence intensity of binding revealed
some consistent alterations in the levels of surface expression of
certain receptors. HLA-DR and the macrophage differentiation
markers FcyRIII (CD16) and BerMac (CD163) were expressed at
slightly elevated levels on DX-treated macrophages (Table I). In
contrast, we found significantly reduced expression of CD44,
CD44v3, ICAM-1 (CD54), and integrin ft subunit (CD61) (p <
0.05 using Student's t test). Binding of the CD36 mAb SM</> was
always found to be lower than that of the 1VC7 CD36 mAb, even
when both Abs are used at saturating concentrations, suggesting
that SM(/> may recognize an epitope that is not present on all CD36
molecules. Interestingly, although overall levels of CD36 expres¬
sion (1VC7 staining) were decreased with DX treatment, binding
of the SMe/' mAb was not reduced. Together these results indicated
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FIGURE I. Effects of DX on macrophage
phagocytosis of'apoptotic neutrophils. Adher¬
ent peripheral blood monocyte-derived mac¬
rophages were cultured in the presence or ab¬
sence of 1 |U,M DX for different times, as
shown. The capacity for phagocytosis of ap-
optotic neutrophils was determined in a 20-
min assay by microscopic visualization of
myeloperoxidase activity. A, Monocyte-
derived macrophages were incubated with 1
pM DX for the time periods shown during 5
days of culture before assessment of phago¬
cytosis. Data shown as mean phagocytosis ±
SEM for three separate experiments. B,
Monocyte-derived macrophages were ex¬

posed to a 24-h pulse of 1 /xM DX for the
time periods shown during 5 days of culture,
before assessment of phagocytosis. Data
shown are one representative experiment of
four that were performed. Representative
photomicrographs showing untreated and
5-day DX-treated monocyte-derived macro¬
phage capacity for phagocytosis are shown in
C and D, respectively. Phagocytic index (cal¬
culated as (average number of neutrophils
phagocytosed/macrophage) X (percentage of
macrophages phagocytosing one or more neu¬

trophils) for untreated and 5-day DX-treated
monocyte-derived macrophages (values taken
from mean of duplicates of a minimum of 500
cells ± SEM for five separate experiments) is
shown in E.
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that augmented phagocytic capacity was not associated with in¬
creased expression of putative apoptotic cell recognition receptors.
However, since surface expression does not necessarily indicate
the presence of functionally active receptors, we used specific
mAb/soluble ligand inhibitors of apoptotic recognition pathways
to define their contribution to DX-treated macrophage phagocytic
activity. Inhibitors of CD36 (SM(/? mAb, 1:50 ascites) and
(0.5 mM RGDS peptide) did not prevent phagocytosis of apoptotic
neutrophils by DX-treatcd macrophages (Table 1), suggesting that
this pathway does not play a major role in DX-augmented phago¬
cytosis. In addition, 10 mM glucosamine exhibited only partial
inhibition of DX-augmented phagocytosis, further suggesting that
integrin-mediated recognition is not the dominant pathway uti¬
lized. However, it should be noted that although we have validated
that RGDS is functionally active in preventing <*5/3,-mediated T
cell adhesion to fibronectin, in our experimental system RGDS
does not inhibit untreated macrophage phagocytosis either (per¬
centage of phagocytosis control 28.5 ± 4%, RGDS 27.5 ± 4%;
mean ± SEM, n = 7). Therefore, these data cannot be taken to
indicate that treatment ofmonocytes with DX induces a switch to
av/3,-independent recognition of apoptotic cells. Inhibition of
CD14 with the 61D3 mAb also failed to inhibit DX-treated mac¬

rophage phagocytosis ofapoptotic neutrophils, suggesting that glu¬
cocorticoid up-regulated phagocytosis was not CD 14 dependent
(data not shown). We observed a small inhibitory effect of 2 mM
phospho-L-serine upon DX-induced phagocytosis of apoptotic
neutrophils, implying that the phosphatidylserine receptor does not
play a major role. However, it is possible that phospho-L-serine is
not the most effective inhibitor of phosphatidylserine receptor
function. Phagocytosis was markedly inhibited in the presence of
500 jug/ml fucoidan (31% of control,/? < 0.01), implicating scav¬
enger receptor involvement. However, other scavenger receptor
ligands, including dextran sulfate (Table I), only partially inhibited
phagocytosis. These data suggest broader effects of fucoidan,
which may also inhibit other carbohydrate recognition molecules
(for example, selectins). One interpretation of these data is that DX
augmentation may involve multiple receptor pathways acting co¬

operatively. Alternatively, DX might promote engagement of a
novel receptor pathway to provide more efficient apoptotic cell
recognition.

Glucocorticoids alter macrophage cytoskeletal organization
The distinct morphological appearance of DX-treated macro¬

phages shown in Fig. 2 suggested that control of adhesion was
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FIGURE 2. Effects ofDX on macrophage phe-
notype. Adherent peripheral blood monocytes
cultured for 5 days in the presence or absence of
1 )u.M DX on either tissue culture-treated plastic
(A and B) or glass coverslips (C and D). Morphol¬
ogy ofuntreated (A and C), and DX-treated (B and
D) was assessed by phase-contrast microscopy
(A and B) (X40 objective), and scanning electron
microscopy (C andD) (bar, 10 p.m). Note the uni¬
form appearance of DX-treated cells by phase-
contrast microscopy, which is also observed in
electron micrographs. E, Monocyte-derived mac¬

rophage surface phenotype was examined by in¬
direct immunofluorescence using control IgGl
mAb, CD44 mAb (5A4), or CD14 mAb
(UCHM1) together with flow cytometry. The pro¬
files (from one of at least four separate determi¬
nations) shown here illustrate the more homoge¬
neous laser scatter properties of DX-treated
macrophages. The fluorescence histograms
(FL1-H) for cells within the gates shown illustrate
the more uniform cell surface expression ofCD14
and CD44 following DX treatment. Dotted lines
show binding of relevant isotype controls; solid
lines, mAb binding to untreated macrophages; and
bold lines, mAb binding to DX-treated macro¬

phages. FSC, Forward scatter; ssc, side scatter.
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altered following DX treatment. In untreated cells, visualization of
focal contacts within macrophages cultured for 5 days on glass
slides showed punctate (podosome-like) staining ofactin (Fig. 3Q
with concentric association of talin (Ref. 24 and our unpublished
data) and paxillin (Fig. 3D), probably representing sites of cell-
substratum contact. Paxillin and other proteins associated with ad¬
hesion (vinculin and tyrosine-phosphorylated proteins (data not
shown)) were also observed toward the cell periphery (see Fig.
3D), consistent with the adherent phenotype of macrophages. In
contrast, DX-treated cells showed an absence of actin- and paxil-
lin-containing podosomes (Fig. 3, E and F), suggesting an altered
organization of adhesion structures.

Altered cytoskeletal protein phosphorylation and organization in
DX-treated macrophages
Since paxillin recruitment to sites of adhesion is regulated by phos¬
phorylation, we next examined levels of expression and the ty¬
rosine phosphorylation status ofpaxillin and pyk2 by Western blot
analysis of immunoprecipitated proteins. Although paxillin and
pyk2 are still expressed at equivalent levels in DX-treated macro¬

phages (not shown), phosphorylation was found to be reduced in
adherent DX-treated macrophages when compared with untreated
macrophages (Fig. 4). The observed decrease in phosphorylation
ofpaxillin and pyk2 was consistent with the altered distribution of
paxillin in macrophages and raised the possibility that DX treat¬
ment disrupted adhesion-dependent signaling. The pl30Cas/Crk/
DOCK180 complex is a major mediator of adhesion signaling. We
therefore examined the levels of expression of CrkL, Crkll, and
pl30Cas by Western blot analysis, and since we were unable to
reproducibly immunoblot DOCK180 (data not shown), we used
RT-PCR to test for mRNA for DOCK180 and M-DOCK. Al¬

though we did not see changes in levels ofCrkL (Fig. 5A) or Crkll
(data not shown), pl30Cas expression was markedly reduced in
DX-treated macrophages (Fig. 55). No differences in the levels of
mRNA for DOCK180 or M-DOCK were noted in PCR analysis
(Fig. 5Q, although differences may be apparent at the level of
protein. Despite these marked changes in cytoskeletal organization
and phosphorylation, we were surprised to find that DX-treated
cells were extremely active in formation of lamellipodia and cel¬
lular extensions necessary for phagocytosis in time lapse video

FL1-H

CD44
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Table I. Monocytes treatedfor 5 days with I pM DX, and the effects on surface receptor expression and apoptotic cell recognition pathways using
previously defined inhibitors ofphagocytosis

Expression Function

% relative to % phagocytosis relative
mAb control" Inhibitor to control'3 Ref.

av/33/CD36/thrombospondin
«v 13C2 98.7 ± 7.3

lm6/l 3 82.7 ± 7.7

«vP3 23C6 83.6 ± 7.0 RGDS (active) 85.7 ± 5.7 (n = 7) 12, 13
RADS (inactive) 101.3 ± 8.6 (n = 3)

CD36 ICV7 58.1 ± 8.1 12, 13
Sm<f> 86.6 ± 20.0 Sm<f> 76.6 ± 7.0 (n = 9)

Charge sensitive Glucosamine 63.8 ± 10.0 (n = 7)

Pattern recognition receptors
Mannose receptor Mannan 81.5 ± 5.8 (n = 8) 57
CD14/ICAM-3 UCHM1 94.9 ± 14.4 17

CD44
CD44 (all isoforms) 5A4 71.6 ± 9.0 25

CD44V3 3G5 58.4 ± 6.4

Phosphatidylserine receptor Phospho-L-serine 80.8 ± 6.3 (n = 8) 14

"Scavenger" receptors
SR-A Dextran sulfate 67.9 ± 8.6 (n = 10) 15
CD163 BerMac3 189.9 ± 43.3

Other molecules
HLA-DR WR18 123.6 ± 20.6 NA6 NA
CD16 3G8 130.5 ±11.5 NA NA

" "Control" receptor expression represents expression on 5-day DX-treated monocyte-derived macrophages relative to untreated 5-day monocyte-derived macrophages.
"Control" phagocytosis represents phagocytosis of apoptotic neutrophils by 5-day DX-treated monocyte-derived macrophages in the absence of inhibitor.

hNA, Not available.

microscopy analysis (data not shown). To test whether the actin-
regulatory machinery remained functional in DX-treated macro¬

phages, we assessed the levels of activity of the Rho family
GTPase Rac, which is involved in membrane ruffling and exten¬
sion of cellular processes. Using pull-down assays with p21-acti¬
vated kinase-GST agarose, we found that DX caused a marked
increase in the amount of active Rac detectable within macrophage
lysates (Fig. 5D). The pronounced morphological alteration ob¬
served in DX-treated cells may reflect reprogramming of the ca¬

pacity for adhesion-dependent signal transduction via down-regu¬
lation ofp 130Cas, reduced paxillin, andpyk2 phosphorylation, and
failure to form podosome-like adhesion structures. Flowever, DX-
treated macrophages were found to have high levels of active Rac
that might contribute to the increased capacity for cytoskeletal re¬
organization necessary for phagocytosis.

Discussion
In this study, we present evidence that a macrophage phenotype
with augmented phagocytic potential for clearance of apoptotic
cells is induced following exposure to DX. We believe that DX
exerts distinct regulatory mechanisms upon macrophage behavior,
depending upon the stage of monocyte maturation. In our previ¬
ously published work, monocytes/macrophages were treated with
DX from 96 to 120 h, leading to a relatively modest increase in
phagocytic potential (39). In contrast with the morphological
changes described in this work for cells treated with DX immedi¬
ately following isolation, no gross changes in morphology are ob¬
served following exposure of 96-h monocytes/macrophages to DX
(data not shown). Importantly, we demonstrate that treatment of
monocytes with DX for the first 24 h of the 5-day culture period
following isolation from peripheral blood is critical for induction
of this phenotype, suggesting that glucocorticoids, acting via glu¬
cocorticoid receptors, have the potential to reprogram monocyte

differentiation. In support of our suggestion, we observe that DX-
treated monocytes mature into macrophages that exhibit a uniform
morphological appearance consisting of smaller, more rounded
cells with more homogeneous laser scatter properties in flow cy¬
tometric analysis. Although a number of macrophage surface re¬

ceptors are expressed at slightly reduced levels in DX-treated cells
when compared with untreated cells, the range of expression
within the population was found to be less in DX-treated mono¬

cytes/macrophages, indicating that functional homogeneity is
matched by cell surface phenotypc. In addition, the specific in¬
crease in BerMac (CD 163) expression following DX treatment
lends further support to the suggestion of a reprogramming event.
However, our analysis failed to reveal any single surface molecular
change that would define a prophagocytic phenotype.

In preliminary experiments, we noted that highly phagocytic
macrophages were prone to detach during washing following a
30-min assay. One speculation would be that internalization of
plasma membrane during phagocytosis of apoptotic cells may

compromise cellular adhesion. In addition, the marked functional
alterations that we observe following glucocorticoid treatment of
monocytes further illustrate a close association between control of
monocyte/macrophage adhesion and clearance of apoptotic cells.
Many of the receptors implicated in phagocytosis also have key
roles in macrophage adhesion and migration (22). In this study, we
demonstrate that augmentation of phagocytic potential is associ¬
ated with decreased tyrosine phosphorylation of paxillin and pyk2,
proteins that represent important components of adhesion contacts
(for review, see Ref. 40), and decreased expression of pl30Cas, a
mediator of adhesion signaling (32). Immunofluorescence analysis
revealed that adhesion structures containing localized paxillin and
actin were altered in DX-treated macrophages. Reduced expres¬
sion of pl30Cas would be predicted to disrupt Crk/DOCK180
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FIGURE 3. Effects of DX on localization of actin
and paxillin in macrophages. Adherent peripheral
blood monocyte-derived macrophages were cultured
for 5 days in the presence or absence of 1 p.M DX.
Localization of actin and paxillin was determined using
either rhodamine phalloidin (C and E) or anti-paxillin
mAb (D and F) together with fluorescence microscopy.
Staining observed with control mAb is shown in A and
B. These representative micrographs illustrate typical
punctate actin staining of contact sites similar to podo-
somes in control macrophages (C and D) that are ab¬
sent in DX-treated macrophages (E and F). Paxillin is
also localized to smaller focal adhesion-like structures

near the cell periphery in control macrophages that are
less well defined in DX-treated macrophages.

complexes, which together with reduced phosphorylation of pax¬
illin and pyk2 may have implications for control of the turnover of
adhesion structures in macrophages (shown schematically in Fig.
6). Since decreased pl30Cas expression in DX-treated macro¬
phages is associated with augmentation of phagocytic capacity,
specific recruitment of pl30Cas to focal contacts following adhe¬
sion to matrix may mimic loss ofpl30Cas observed in DX-treated
cells and influence the availability of other components to drive
cytoskeletal reorganization necessary for phagocytosis. We have
tried to define whether cytoskeletal components we have examined
contribute directly to phagocytosis. However, these studies are
made difficult by the morphological and functional heterogeneity
of macrophage preparations. Furthermore, cytoskeletal elements
present within internalized apoptotic neutrophils complicate inter¬
pretation of observed staining patterns. Both Crk and pl30Cas
have previously been shown to influence the capacity for actin
reorganization in rat-1 fibroblast cells (41, 42); therefore, down-
regulation of the central signaling molecule pl30Cas is likely to
have important implications for the control of adhesion and mi¬
gration in DX-treated monocytes. We propose that the repertoire of
adhesion receptors that are engaged on the macrophage surface
might control phagocytic potential indirectly by releasing or se¬
questering key regulatory molecules such as pl30Cas from focal
adhesion complexes.
Time-lapse video microscopy reveals that despite the small

rounded appearance of DX monocytes/macrophages, these cells
remain extremely membrane active, rapidly extending and retract¬
ing cellular processes (data not shown). Increased levels of active
Rac in DX-treated macrophages lend support to the suggestion that

although recruitment of proteins such as paxillin to podosome ad¬
hesion-signaling complexes does not occur in the absence of
pl30Cas, Rac may still drive the extension and retraction of pro¬
cesses observed in DX-treated cells. One possibility is that other
pl30Cas-like adapters such as HEF1 and Efts/Sin (Ref. 32 and

pyk2

. paxillin

FIGURE 4. DX down-regulates phosphorylation of pyk2 and paxillin.
Adherent peripheral blood monocyte-derived macrophages were cultured
for 5 days in the presence or absence of 1 /aM DX. Pyk2 and paxillin were

immunoprecipitated from cell lysates, and protein phosphorylation of im-
munoprecipitated proteins was analyzed by SDS-PAGE together with
Western blotting using the anti-phosphotyrosine mAb RC-20 and ECL de¬
tection. In this gel, IgG denotes protein phosphorylation patterns associated
with a nonbinding IgGl control mAb. The band at —85 kDa, present to
some extent in all immunoprecipitates, probably represents a nonspecific
component. C lanes are from untreated control macrophages, and D lanes
are from DX-treated macrophages.
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FIGURE 5. Specific down-regulation of pl30Cas and increased activation of Rac following DX treatment of macrophages. Adherent peripheral blood
monocyte-derived macrophages were cultured in the absence (C) or presence of 1 /xM DX for 5 days (D5). Macrophage cell lysates were assessed for
expression ofA, CrkL (36 kDa)andS, pl30Cas (130 kDa) by SDS-PAGEand Western blotting. C, Total RNA from untreated and DX-treated macrophages
were assessed for expression of actin, DOCK180, and M-DOCK/DOCK2 transcripts using RT-PCR with primers described in Materials andMethods. D,
Activity of the GTPase Rac in macrophage lysates was assessed by pull-down assays using Sepharose coupled with GST-PAK protein. SDS-PAGE and
Western blotting with a Rac-specific mAb were used to determine whether Rac was present in pull-downs (Active Rac) or in whole cell lysates (Total Rac)
to test whether Rac was present at similar levels in untreated and DX-treated cells.

references therein), present in macrophages, may allow the recruit¬
ment of Rac/Crk/DOCK180 specifically to membranes in a man¬
ner that facilitates phagocytosis of apoptotic cells and possibly
other particles (43). Indeed, in preliminary experiments using low
density IgG-opsonized particles, we have found that DX-treated
monocytes/macrophages are more efficient phagocytes (untreated,
24.5% phagocytosis; DX treated, 53.5% phagocytosis, n = 4).
Importantly, these data suggest that expression or phosphorylation
of pl30Cas may have a negative regulatory role upon macrophage
phagocytic potential. We would speculate that decreased expres-
sion/phosphorylation ofpl30Cas together with augmented Rac ac¬
tivity defines a subpopulation of macrophages highly competent
for phagocytosis of apoptotic cells.
Interestingly, recent data suggest that dendritic cell capacity for

presentation of apoptotic cell-derived material via MHC class I or
class II may depend on av/3s-mediated internalization mechanisms
(44). Our data suggest that in addition to differences in integrin
usage, DX-treated macrophages lack pl30Cas, a molecule that is
recruited following apoptotic cell binding to dendritic cells (45).
One possibility is that p!30Cas expression may determine the cel¬

lular consequences of apoptotic cell handling in macrophages and
other cell types. Recent studies have shown that immature den¬
dritic cells treated with glucocorticoids down-regulate the capacity
for production of IL-12, and consequently induce a regulatory phe-
notype (46-48). Changes in the adhesion status of macrophages
described in this work may also have important consequences for
other macrophage functions that influence the progression of in¬
flammation. Loss of podosome adhesion structures observed in
Wiskott-Aldrich syndrome macrophages leads to defective chemo-
taxis responses as a result of loss of the capacity for polarization
(49). Whether DX-treated macrophages show increased potential
for directed migration necessary for recruitment or emigration of
cells to and from the inflamed site has not been assessed and may
also be dependent on the effects of DX upon expression of che-
mokine receptors and activation of kinases such as extracellular
signal-related kinase 1 and 2. One speculation would be that in
addition to augmented capacity for clearance of apoptotic cells,
emigration of DX-treated macrophages from inflamed sites to
draining lymph nodes might be altered. Formation of podosome
structures in osteoclasts has also been shown to require pl30Cas/
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FIGURE 6. Schematic representation of the effects of DX upon cytoskeletal elements present in macrophages. A, Attachment to matrix activates a
number of adhesion pathways. Integrin ligation induces Src activation and phosphorylation of pyk2 and the scaffolding protein paxillin and pl30Cas. The
resulting phosphotyrosine motifs recruit Crk and downstream Crk effectors, including DOCK 180. The DOCK 180/Crk/p 130Cas complex may facilitate actin
redistribution and podosome formation and may lead to activation of the small GTPases Rac and Rho. B, Following DX treatment, loss of phosphorylation
of paxillin and pyk2 would be expected to disrupt interactions of these molecules with other effectors. Crk and DOCK 180 complexes that are required for
formation of adhesion structures may be altered by the reduced levels of p 130Cas. Our data would suggest that activation of Rac is facilitated despite the
reduced levels of pl30Cas in DX-treated cells.

Crk/DOCK180 (50). One interesting possibility is that the detri¬
mental effects of prolonged steroid treatment on bone homeostasis
may be mediated though disruption of important adhesion events
associated with bone homeostasis.
A striking feature of DX-treated macrophage phenotype was the

lack of large multinucleated cells observed in culture when com¬

pared with untreated cells. Preliminary data indicate that formation
ofmultinucleated macrophages promoted by treatment with IFN-7
(51), or following stimulation with CD98 (52), is inhibited by DX,
consistent with data on alveolar macrophages (53), and suggests a

dominant regulatory effect of glucocorticoids upon macrophage
differentiation. Although previous reports have suggested that glu¬
cocorticoids drive monocyte apoptosis (54), we believe that these
apparently discrepant results are accounted for by differences in
the culture media used. In this present study, monocytes were cul¬
tured in 10% autologous serum with no differences in the numbers
of cells recovered with or without DX (control, 152 ± 16 cells/
field; DX, 140 ± 16 cells/field; average counts ± SEM from 10
separate experiments). Moreover, the phenotype we observe is un¬
likely to represent selection of a subpopulation ofmonocytes that
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are resistant to glucocorticoid-induced death. The percentage of
monocyte-derived macrophages that phagocytose apoptotic cells is
increased at least 3-fold by DX treatment, requiring that most of
the cells in the initial population be lost if selection of a phagocytic
phenotype occurred. Although production ofmodulatory cytokines
(e.g., TGF/3) following DX treatment might influence monocyte
differentiation and phagocytic potential, exposure ofmonocytes to
TGF/3 or 1L-10 does not induce the prophagocytic functional phe¬
notype described in this study (not shown).
In conclusion, we report the novel finding that early exposure of

monocytes to glucocorticoids induces a proresolution phenotype.
The proportion ofmonocytes/macrophages capable of phagocyto¬
sis of apoptotic cells and the phagocytic index are increased dra¬
matically following DX treatment. The combined effect would
give rise to a markedly enhanced potential for clearance of apo¬
ptotic cells from an inflammatory site following DX treatment,
with considerable implications for therapeutic strategies for ma¬
nipulation of inflammatory processes in vivo. The prophagocytic
phenotype of DX-treated monocytes/macrophages was character¬
ized by profound morphological changes, down-regulation of
phosphorylation ofpaxillin and pyk2, and loss ofpl30Cas expres¬
sion. We propose that the increased Rac activity we observe to¬
gether with these changes in cytoskeletal changes may define a

prophagocytic macrophage phenotype. These data further empha¬
size the importance of understanding the contribution of adhesion-
related signaling pathways in the regulation of macrophage
phagocytosis.
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The second messenger molecule cyclic AMP dramati¬
cally modulates the apoptotic program in a wide variety
of cells, accelerating apoptosis in some and delaying the
rate of apoptosis in others. Human neutrophil apoptosis,
a process that regulates the fate and numbers of these
potentially histotoxic cells in inflammatory sites, is pro¬
foundly delayed by the cell-permeable analog of cyclic
AMP, dibutyryl-cAMP. We have investigated the mecha¬
nisms underlying cyclic AMP-mediated delay of neutro¬
phil apoptosis, and we show that cyclic AMP inhibits
loss ofmitochondrial potential occurring during consti¬
tutive neutrophil apoptosis. Furthermore, we demon¬
strate that cyclic AMP also suppresses caspase activa¬
tion in these inflammatory cells. Despite increasing
protein kinase A activity, this kinase is unlikely to me¬
diate the effect of cyclic AMP on apoptosis because
blockade of protein kinase A activation did not influ¬
ence the survival effects of cyclic AMP. Further investi¬
gation of the signaling mechanism demonstrated that
the delay of apoptosis is independent of phosphoinosi-
tide 3-kinase and MAPK activation. Our results suggest
cyclic AMP delays neutrophil apoptosis via a novel, re¬
versible, and transcriptionally independent mechanism.
We show that proteasome activity in the neutrophil is
vitally involved in this process, and we suggest that a
balance of pro-apoptotic and anti-apoptotic proteins
plays a key role in the powerful ability of cyclic AMP to
delay neutrophil death.

The neutrophil is a terminally differentiated phagocytic cell
that plays a key role in first line defense against invading
bacteria. Neutrophils are rapidly recruited to inflamed sites in
response to infection and, following phagocytosis of the invad¬
ing organism, release a variety of toxic granule contents into
the phagolysosome containing the engulfed microorganisms (1,
2). The neutrophil normally has a short life span, and senescent
neutrophils must be prevented from releasing their cytotoxic
cell contents into the surrounding milieu because such libera¬
tion will lead to local tissue damage. To avoid this undesirable
and inappropriate response, the neutrophil undergoes a regu¬
lated process of programmed cell death or apoptosis (3-5),
allowing shutdown of secretoiy capacity (6) and phagocytic
removal of the intact effete cell by a mechanism that does not
incite an inflammatory response (7-9).
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The execution of the apoptotic program generally involves
the activation of a family of cysteine proteases, collectively
referred to as the caspases, that are ultimately responsible for
the structural dismantling of the cell (10, 11). In addition, the
mitochondria play a central role through their ability to inte¬
grate anti-apoptotic or pro-apoptotic signals from Bcl-2 family
members with coordinated activation of downstream caspases
and nucleases (12, 13). In many cell types it has been docu¬
mented that apoptosis is accompanied by an early dissipation
of the mitochondrial transmembrane potential (AWm) with in¬
creased permeability of the outer mitochondrial membrane
allowing release of apoptosis-inducing factors such as cyto¬
chrome c (12-14). Neutrophils are thought to contain very few
mitochondria, and it has not yet been fully established whether
they have the capacity to play a functional role in regulation of
neutrophil apoptosis (15, 16).
Neutrophils undergo constitutive apoptosis during in vitro

culture and exhibit the classic changes associated with apo¬

ptosis including cytoplasmic condensation, internucleosomal
cleavage of DNA by endogenous endonucleases, and exposure
of phosphatidylserine on the outer leaflet of the plasmalemma
(3). Although the apoptotic program in neutrophils is an intrin¬
sic cell process, the rate of apoptosis can be altered dramati¬
cally by a number of agents (17). In particular, we and others
(18-20) have shown that elevated levels of the second messen¬

ger cyclic AMP can prolong neutrophil longevity by delaying
apoptosis.
The cyclic AMP-dependent signaling transduction pathway

is a multienzyme cascade that regulates a diverse array of
biological processes. Specific ligation of appropriate G-protein-
coupled receptors followed by adenylate cyclase activation
leads to the production ofcyclic AMP. Cyclic AMP then binds to
cytoplasmic protein kinase A, a tetrameric structure composed
of two regulatory (R) and two catalytic (C) subunits, resulting
in dissociation of the C subunits and subsequent phosphoryla¬
tion of target proteins (21). Although most components of this
signaling cascade are well characterized, the molecular mech¬
anisms underlying cyclic AMP-mediated modulation of apopto¬
sis remain to be elucidated. The signaling mechanism(s) used
by cyclic AMP to control these events is (are) likely to be
complex and cell type-specific. For example, in contrast to the
profound delay in the engagement of the apoptotic process in
neutrophils (18-20), cyclic AMP elevation induces apoptosis in
thymocytes (22) and leukemic cell lines (23, 24). The signaling
mechanism determining this ability to differentially influence
apoptosis in diverse cell types remains to be elucidated.
In the present study we show that elevated cyclic AMP

inhibits activation of caspase-3 and loss in mitochondrial po¬
tential (ATm) when neutrophils are aged in vitro, i.e. effects
that appear to be associative rather that causative. Although

This paper is available on line at http://www.jbc.org 45041
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Fig. 1. Effect of cyclic AMP elevation on human neutrophil apoptosis. Human neutrophils (5 X 106/ml) were cultured at 37 °C in Iscove's
DMEM containing 10% autologous serum and treated with Bt2cAMP 0dbcAMP) (0.2 mm) or PGE2 (10 /xm). After 20 h, the cells were incubated with
FITC-labeled recombinant human annexin V to determine phosphatidylserine expression. The cells were then assessed by flow cytometry on a
FACSCalibur and analyzed on associated CellQuest software. Data from a minimum of 5000 cells were analyzed for each condition. All values
represent mean ± S.E. ofn = 5-8 experiments, each performed in duplicate where significant difference from control is represented by *,p < 0.001,
and #, p < 0.05. Similar results were found by morphological assessment of apoptosis (data not shown).

we could demonstrate that cyclic AMP rapidly elevates endog¬
enous PKA1 activity in cultured neutrophils, blockade of PKA
activation did not influence the observed delay in neutrophil
apoptosis induced by cyclic AMP elevation. We also show that
cyclic AMP elevation delays neutrophil apoptosis via a tran¬
scriptionally independent and reversible pathway, which does
not require PI 3-kinase and MAPK activity. Together these
data point to a novel mode ofaction for the major retardation of
neutrophil apoptosis induced by cyclic AMP elevation.

1 The abbreviations used are: PKA, protein kinase A; Bt2cAMP, dibu-
tyryl cyclic AMP; DMEM, Dulbecco's modified Eagle's medium; GM-CSF,
granulocyte macrophage-colony-stimulating factor; JC-1 [5,5',6,6'-tetra-
chloro-l,l',3,3'-tetraethylbenzimidazocarbocyaniniodide; MAPK, mito-
gen-activated protein kinase; PI 3-kinase, phosphoinositide 3-kinase;
PBS, phosphate-buffered saline; PGE2, prostaglandin E2; FITC, fluores¬
cein isothiocyanate.

EXPERIMENTAL PROCEDURES

Granulocyte Isolation and Culture
Neutrophils were purified from the peripheral blood ofnormal donors

by dextran sedimentation (Sigma) followed by centrifugation on discon¬
tinuous Percoll™ (Amersham Pharmacia Biotech) gradients as de¬
scribed previously (25, 26). Only neutrophil preparations with a purity
of >98% were used. Cells were cultured in flat-bottomed Falcon flexible
wells (Becton Dickinson, Oxford, UK) at 37 °C in a 5% C02 atmosphere
at a concentration of 5 X 106/ml in Iscove's modified Dulbecco's medium
(Life Technologies, Inc.) supplemented with 100 units/ml penicillin/
streptomycin (Life Technologies, Inc.) and 10% (v/v) autologous serum.
As an index of necrosis, cell membrane integrity was assessed by the
ability of cells to exclude the vital dye trypan blue (Sigma). Under all
experimental conditions, greater than 99% of the cells consistently
excluded trypan blue.

Assessment ofGranulocyte Apoptosis
Morphology—Cells were cyto-centrifuged, fixed in methanol, stained

with Diff-Quik™ Gamidor Ltd. (Abingdon, Oxon, UK), and counted



cAMP Regulator Neutrophil Apoptosis via a Novel Pathway 45043

Fig. 2. Time course for the effect of
Bt2cAMP (dbcAMP) on caspase-3 ex¬
pression during human neutrophil
apoptosis. A, Western blot of cytoplas¬
mic extracts from neutrophils treated
with control buffer or Bt2cAMP (0.2 mM)
for the time points indicated. Cell lysates
were prepared and immunoblotted as de¬
scribed under "Experimental Proce¬
dures." Lysates were prepared from
equivalent numbers of cells and subjected
to SDS-polyacrylamide gel electrophore-
sis/immunoblot analysis using a rabbit
polyclonal antibody specific for caspase-3.
The caspase-3 antibody recognizes both
the 32-kDa pro-caspase-3 and the 17-kDa
subunit of active caspase-3. The 17-kDa
caspase-3 cleavage product is faintly vis¬
ible in control (con) lysates at 8 h becom¬
ing more apparent by 20 h. There appears
to be less active caspase-3 in Bt2cAMP
(dbcAMP)-treated cell lysates compared
with control cell lysates. The gel is repre¬
sentative of three experiments. B, human
neutrophils were treated with or without
Bt2cAMP (0.2 mM) for the time points in¬
dicated under equivalent culture condi¬
tions as the cells used for caspase-3 ex¬
pression assessment above. Cells were
assessed for apoptosis by measurement of
phosphatidylserine expression using an-
nexin V FITC. Data from a minimum of
5000 eels were analyzed for each condi¬
tion. All values represent mean ± S.E. of
n = 3 experiments, each performed in
duplicate.
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using oil immersion microscopy to determine the proportion of cells
with distinctive apoptotic morphology (3, 26). At least 500 cells were
counted per slide with the observer blinded to the experimental condi¬
tions. The results were expressed as the mean percent apoptosis ± S.E.
Annexin VBinding—A separate and independent assessment of apo¬

ptosis was performed by flow cytometry using annexin V binding (an¬
nexin V-FLUOS, Roche Molecular Biochemicals) to measure phosphati¬
dylserine exposure on the surface of apoptotic cells. A working solution
of annexin V-FLUOS was made from stock annexin V-FLUOS (0.1
Mg/jul) diluted 1:3000 in Hanks' balanced salt solution (Sigma) supple¬
mented with 2.5 mM CaCl2. Neutrophils (20 /ft of 5 X 106/ml) were
added to 200 /ft of the working solution of annexin V-FLUOS before
being assessed by flow cytometry on a FACSCalibur (Becton Dickinson,
Oxford, UK) and analyzed on associated CellQuest (Becton Dickinson)
software. All experiments were performed at least three times unless
otherwise indicated.

Measurement ofPKA Activity
PKA activity was measured using Promega's SignaTECT™ cAMP-

dependent Protein Kinase (PKA) Assay System, which utilizes biotiny-
lated Kemptide (LRRASLG), a peptide substrate derived from the in
vivo substrate pyruvate kinase. Neutrophils (5 X 106 cells) were prein-
cubated with control buffer or 10 pM H89 (Calbiochem) for 1 h in PBS
with Ca2+/Mg2+ (or for 19 h in DMEM Iscove's with 10% autologous
serum) at 37 °C before being stimulated with 0.2 mM Bt2cAMP or 1 /xm
PGE2 (both from Sigma) for 30 min at 37 °C. Following one wash in
ice-cold PBS, neutrophils were resuspended in 0.5 ml of cold extraction
buffer (25 mM Tris-HCl, pH 7.4, 0.5 mM EDTA, 0.5 mM EGTA, 10 mM
0-mercaptoethanol, 1 /xg/ml leupeptin, 1 /ig/ml aprotinin, 1 mM phen-
ylmethylsulfonyl fluoride, and 1% Triton X-100 (Sigma)). The lysates
were centrifuged (5 min at 4 °C; 14,000 X g) and the supernatants
retained. The PKA reaction mixture consisting of 5 /ft of 5x PKA Assay
Buffer, 5 /ft of cyclic AMP (0.025 mM), 5 /id of PKA-biotinylated peptide
substrate (0.5 mM), 5 pi of [y-33P]ATP mixture (5 pi of 0.5 mM ATP and
0.05 pi of [y-33P]ATP (3,000 Ci/mmol) 10 pCi/pl) was mixed gently and
preincubated at 30 °C for 5 min (Promega, Southampton, UK). A control
reaction without substrate was performed to determine background
counts. The PKA activity reaction was initiated by adding 5 pi of the
lysates to the reactants and incubated at 30 °C for 5 min. The reaction
was terminated by adding 12.5 pi ofTermination Buffer to each sample
(Promega, Southampton, UK). Aliquots (10 pi) from each terminated
reaction sample were spotted onto prenumbered SAM2™ membrane

squares (Promega, Southampton, UK). The SAM2™ membrane squares
containing the spotted samples were then washed 1 time for 30 s with
200 ml of 2 M NaCl (Sigma) followed by 3 washes for 2 min with 200 ml
of 2 m NaCl and then 4 washes for 2 min with 200 ml of 2 M NaCl in 1%
H3P04. Finally the Membrane squares were quickly washed in deion-
ized water before being allowed to dry. PKA activity was measured by
scintillation counting.

Measurement ofMitochondrial Dissipation
Changes in mitochondrial potential were measured in neutrophils

following stimulation using JC-1 (5,5',6,6'-tetrachloro-l,l',3,3'-tetra-
ethylbenzimidazocarbocyaniniodide (Molecular Probes), a cationic dye
that exhibits potential dependent accumulation in mitochondria indi¬
cated by a fluorescence emission shift from green (525 nm) to red (590
nm) (27). Mitochondrial depolarization is therefore indicated by a de¬
crease in the red/green fluorescence intensity ratio. JC-1 (10 pg/ml) was
diluted in PBS from stock JC1 (5 mg/ml in Me2SO) and added to
neutrophils (1 X 106/ml) for 10 min at 37 °C. Neutrophil mitochondria
labeled with JC-1 were examined by confocal fluorescent microscopy
together with TO-PRO-3 (1 pM) (Molecular Probes) (28) to assess neu¬
trophils with necrotic morphology. Alternatively, neutrophils labeled
with JC-1 were assessed by flow cytometric analysis using FACSCali¬
bur (Becton Dickinson, Oxford, UK) and analyzed on associated
CellQuest (Becton Dickinson) software. Non-apoptotic neutrophils were
removed using immunomagnetic separation with sheep anti-mouse
IgG-Dynabeads (Dynabeads M-450, Dynal, Mersyside, UK) coated with
the murine anti-neutrophil antibody 3G8 (anti-CD16; a gift from Dr. J.
Unkeless, Mount Sinai Medical School, New York). Cells were mixed
with washed antibody-coated magnetic beads on a rotary mixer at 4 °C
for 20 min, and the beads removed magnetically by two 3-min station¬
ary magnetic contacts (Dynal Magnetic Particle Concentrator, MPC-1)
to yield an apoptotic neutrophil preparation. After purification, the
apoptotic neutrophils were labeled with JC-1 as described previously.

Western Blotting
Human neutrophils (5 X 106/ml) were cultured with or without

Bt2cAMP (0.2 mM) at 37 °C for various time points as detailed under
"Results." Cytoplasmic extracts were then prepared from equivalent
numbers of cells (10 X 10" cells). To minimize problems with proteoly¬
sis, lysates were prepared using methods normally used for electro-
phoretic mobility shift assay preparations (26, 29) with the addition of
1 mM phenylmethylsulfonyl fluoride. Samples were loaded onto a 12.5%
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Fig. 3. A, determination if neutrophils contain mitochondria. Human neutrophils (1 x 106/ml) were cultured at 37 °C in Iscove's DMEM
containing 10% autologous serum. Neutrophils were labeled with JC-1, a mitochondrial specific dye, and examined by confocal fluorescent
microscopy as described under "Experimental Procedures." Bottom panels show TO-PRO-3 staining for neutrophils with necrotic morphology
{blue). B, effect of Bt2cAMP (dbcAMP) on dissipation of mitochondrial transmembrane potential during human neutrophil apoptosis. Human
neutrophils (5 x 106/ml) were cultured for 20 h at 37 °C in Iscove's DMEM containing 10% autologous serum with or without Bt2cAMP (dbcAMP)
(0.2 mm). Cells were then labeled with the mitochondrial specific dye JC-1 as described under "Experimental Procedures" before flow cytometric
analysis ofmitochondrial membrane potential using a FACSCalibur and associated CellQuest software. Non-apoptotic neutrophils {bottom right
panel) were removed by anti-CD 16 immunodepletion before the remaining cells were labeled with JC-1. Shown is one representative experiment.

Tris-HCl polyacrylamide mini-gel under reducing conditions and trans¬
ferred to nitrocellulose membrane (Amersham Pharmacia Biotech) at
60 V for 1 h before overnight incubation at 4 °C with an antibody
specific to caspase-3 (catalog number 65906E, PharMingen). After
washing, blots were incubated with donkey anti-rabbit horseradish
peroxidase conjugate (Amersham Pharmacia Biotech) diluted 1:2000
and developed using a commercial chemiluminescence detection system
(ECL, Amersham Pharmacia Biotech).

Further Materials

Further specific materials were obtained as follows: (Rp)-8-Br-
cAMPS, PD98059, SB203580, and cycloheximide (Calbiochem); lacta-
cystin and epoxomicin (Affiniti, Mamhead, UK); and LY294002 (New
England Biolabs, Hertfordshire, UK).

Statistical Analysis
Statistical analysis was performed using the Student's t test or by

analysis of variance with comparisons between groups made using the
Newman-Keuls procedure. Differences were considered significant
when p < 0.05.

RESULTS

Elevation of Cyclic AMP Delays Neutrophil Apoptosis—To
examine the effects of cyclic AMP on apoptosis induction, neu¬
trophils were exposed to Bt2cAMP, a membrane-permeant cy¬
clic AMP analog and the receptor-directed stimulus PGE2, for
20 h. Both Bt2cAMP and PGE2 delay neutrophil apoptosis,
determined by standard morphological criteria (data not
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Fig. 4. Measurement of PKA activation by elevators of cyclic
AMP in human neutrophils. Human neutrophils (5 X 106/ml) were
preincubated with 10 p,M H89 for 1 h before being stimulated with
Bt2cAMP (dbcAMP) (0.2 mil) or PGE2 (1 pM) for 30 min at 37 °C. PKA
activity was measured as described under "Experimental Procedures."
All values represent mean ± S.E. of n = 3 experiments where signifi¬
cant difference from control values is represented by *, p < 0.05.
Significant difference from Bt2cAMP alone is represented by it, p <
0.001, and significant difference from PGE2 alone is represented by ±,
p < 0.001.

shown) and annexin V binding (Fig. 1). It is interesting to note
that maximal concentrations of Bt2cAMP (0.2 mM) were more
effective at delaying neutrophil apoptosis compared with max¬
imal concentrations of PGE2 (10 p.M) (Fig. 1).
Bl.fAMP Inhibits Caspase Activation but Is Unlikely to Act

Directly as an Inhibitor of Caspases—It is widely believed that
caspases act as the main executioners of apoptosis, with their
activation resulting in chromatin condensation and DNA frag¬
mentation. Whether cyclic AMP delays constitutive neutrophil
apoptosis by directly suppressing caspase activation in neutro¬
phils has not been examined. Therefore, we investigated the
effect of cyclic AMP on activation of caspase-3 during constitu¬
tive apoptosis by immunoblotting. Neutrophils were found to
express active caspase-3 (17 kDa) which closely correlateswith
the exposure of phosphatidylserine during constitutive neutro¬
phil apoptosis (Fig. 2, A and B). By 20 h there is significant
caspase-3 activity (17 kDa) which can be inhibited by Bt2cAMP.
The appearance of some caspase-3 activity in the presence of
Bt2cAMP at 20 h probably reflects the presence of some apop-
totic cells in the population (Fig. 2B).
Apoptosis in Neutrophils Is Accompanied by Dissipation of

Mitochondrial Transmembrane Potential That Can Be Inhib¬
ited by Bt.,cAMP—In many cell models, apoptosis is accompa¬
nied by an early dissipation of the mitochondrial transmem¬
brane potential (A^Pm). Previous data (16) have indicated that
neutrophils do not respire, and it was thought unlikely that
they containedmitochondria. By using confocal microscopy and
flow cytometry, we have been able to demonstrate that neutro¬
phils do containmitochondria (orange), which during overnight
culture exhibit loss ofmitochondrial potential as indicated by
an increase in green fluorescence (Fig. 3A). Our studies also
reveal that Bt2cAMP inhibits changes in mitochondrial poten¬
tial occurring during constitutive neutrophil apoptosis (Fig.
3B). As the number of cells showing loss of mitochondrial
potential appeared to correlate with the number of apoptotic
cells measured by annexin V positivity in previous experiments
(Fig. 1), we examined directly if loss in mitochondrial potential
occurred in those neutrophils undergoing apoptosis. It is well
established that neutrophils lose cell surface expression of
CD 16 during the process of apoptosis (30). Immunodepletion of
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Fig. 5. The effect of pharmacological blockade of PKA activity
on Bt_,cAMP mediated delay of neutrophil apoptosis. A and B,
human neutrophils (5 X 106/ml) cultured in Iscove's DMEM containing
10% autologous serum at 37 °C were preincubated for 30 min with H89
(10 pM) (A) or (RA-8-Br-cAMPS (100 pM) (B) before stimulation with
BUcAMP (dbcAMP) (0.2 mM). After a further 20 h in culture, the cells
were incubated with FITC-labeled recombinant human annexin V to
determine phosphatidylserine expression. The cells were then analyzed
by flow cytometry using a FACSCalibur and associated CellQuest soft¬
ware. Data from a minimum of 5000 cells were analyzed for each
condition. All values represent mean ± S.E. of n = 3 experiments, each
performed in duplicate. Similar results were found when cells were
assessed for apoptosis by morphological examination (data not shown).
C, human neutrophils (5 X 106/ml) cultured in Iscove's DMEM contain¬
ing 10% autologous serum at 37 °C were preincubated with 10 pM H89
for 19 h before being stimulated with PGE2 (1 /xm) for 1 h at 37 °C. PKA
activity was measured as described under "Experimental Procedures."
All values represent mean ± S.E. of n = 5 experiments where signifi¬
cant difference from PGE2 alone is represented by **,p < 0.01.

non-apoptotic neutrophils using anti-CD 16 magnetic beads
demonstrated apoptotic neutrophils were indeed positive for
loss of mitochondrial potential (Fig. 3B) indicating that dissi¬
pation of mitochondrial membrane potential occurs in neutro¬
phils undergoing programmed cell death.
It has been shown previously (31) that inhibitors of the
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Fig. 6. Effect of PI 3-kinase and
MAPK inhibition on Bt2cAMP (db-
cAMP)-mediated delay of neutrophil
apoptosis. Human neutrophils (5 X 106/
ml) cultured in Iscove's DMEM contain¬
ing 10% autologous serum at 37 °C were
treated with LY294002 (LY, 10 /lm) or
PD98059 (PD, 10 /am) for 30 min prior to
stimulation by Bt2cAMP (0.2 mM). After a
further 20 h in culture, the cells were
incubated with FITC-labeled recombi¬
nant human annexin V to determine
phosphatidylserine expression. The cells
were then analyzed by flow cytometry us¬
ing a FACSCalibur and associated
CellQuest software. Data from a mini¬
mum of 5000 cells were analyzed for each
condition. All values represent mean ±
S.E. ofn = 3 experiments, each performed
in duplicate where significant difference
from GM-CSF alone is represented by *
p < 0.01. con, control.

con PD LY PD LY

dbcAMP

PD LY

GM-CSF J

con 0.) 0.3 0.5 1

cycloheximide
0.1 0.3 0.5 1

cycloheximide +
dbcAMP

Fig. 7. Effect of protein synthesis
inhibition by cycloheximide on
Bt.cAMi' (dbcAMP)-mediated delay
of neutrophil apoptosis. Human neu¬
trophils (5 X 106/ml) were cultured in
Iscove's DMEM containing 10% autolo¬
gous serum at 37 °C and treated with the
indicated concentrations of cycloheximide
Cpg/ml) with or without BUcAMP (0.2
mM). After 20 h, cells were harvested and
assessed morphologically for apoptosis.
All values represent mean ± S.E. of n =
10 experiments, each performed in tripli¬
cate. Similar results were found when
cells were assessed for apoptosis by an¬
nexin V binding (data not shown), con,
control.

mitochondrial respiratory chain do not affect constitutive neu¬

trophil apoptosis, raising the question of the source of their
A'I'm. It may be the case that the neutrophil maintains a
transmembrane gradient by a functional F,,F0-ATPase; how¬
ever, this needs to be investigated in more detail.
Cyclic AMP Elevation Stimulates PKA Activation in Neutro¬

phils, an Effect That Is Blocked by Pharmacological Inhibi¬
tors—To elucidate further the mechanism by which cyclic AMP
regulates neutrophil apoptosis, we examined its downstream
signaling pathway. The effects of cyclic AMP are thought to be
mediated through binding of cyclic AMP to the intracellular
kinase, PKA. This leads to the dissociation of PKA into regu¬
latory and catalytic subunits, which can consequently lead to
phosphorylation events of proteins such as the cyclic AMP-
response element-binding protein (21). To explore whether cy¬
clic AMP suppresses apoptosis and apoptotic signaling via ac¬
tivating the PKA pathway in neutrophils, we examined the
effects of Bt2cAMP on endogenous PKA activation (Fig. 4). We
found rapid activation of PKA when cells were treated with
both Bt2cAMP and PGE2 Furthermore, the activation of PKA
upon stimulation of neutrophils with cyclic AMP elevators
could be blocked by the pharmacological PKA inhibitor H89
(32) (Fig. 4).
Activation of the PKA Pathway Does Not Account for Cyclic

AMP-mediated Retardation of Apoptosis—To investigate
whether PKA activation by cyclic AMP was necessary for cyclic
AMP-mediated delay of apoptosis, neutrophils were incubated
with the PKA inhibitor H89 before being stimulated with
Bt2cAMP and assessed for apoptosis. Surprisingly, whereas
pre-treatmentwith H89 prevented activation of PKA, it did not
prevent the inhibition of apoptosis by Bt2cAMP (Fig. 5A). Ad¬
ditionally, the highly specific inhibitor of PKA, (Rp)-8-Br-
cAMPS (100 gM), also failed to block Bt2cAMP inhibition of
neutrophil apoptosis (Fig. 513). This suggests that cyclic AMP
elevation stimulates PKA activity but PKA does not play a
major role in the anti-apoptotic effect ofcyclic AMP elevation in
neutrophils.
The ability of H89 to block PKA activity, as shown by direct

measurement of kinase activity, suggests a lack of involvement
ofPKA in the anti-apoptotic effect of cyclic AMP in neutrophils.
Most importantly, we investigated whether H89 could block
PKA activity for the full overnight culture period and under
identical culture conditions that we use for our apoptosis assay.
Neutrophils were therefore cultured in serum-supplemented
Iscove's DMEM for 19 h in the presence or absence of H89
before stimulation with PGE2 for 1 h. PKA activity was then
measured as described under "Experimental Procedures." We
found that H89 could still block PGE2-stimulated PKA activity
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Fig. 8. Loss of Bt2cAMP (dbcAMP)-
mediated delay of neutrophil apopto¬
sis by washing and rescue of cultured
neutrophils from apoptosis by de¬
layed addition of Bt2cAMP. A, human
neutrophils (5 x 106/ml) cultured in
Iscove's DMEM containing 10% autolo¬
gous serum at 37 °C were treated with or
without Bt2cAMP (dbcAMP) (0.2 mm) for
the time points indicated before the cells
were washed 2 times in PBS to remove

Bt2cAMP and returned to culture. Cells
were cultured in Iscove's DMEM contain¬

ing 10% autologous serum until 20 h
when the cells were resuspended and in¬
cubated with FITC-labeled recombinant
human annexin V to determine phos-
phatidylserine expression. The cells were
then assessed by flow cytometry on a
FACSCalibur and analyzed on associated
CellQuest software. Data from a mini¬
mum of 5000 cells were analyzed for each
condition. All values represent mean ±
S.E. ofn = 3 experiments, each performed
in duplicate. B, human neutrophils (5 x
106/ml) cultured in Iscove's DMEM con¬

taining 10% autologous serum at 37 °C
for the time points indicated before addi¬
tion of Bt2cAMP (0.2 mm). At 20 h, cells
were resuspended and incubated with
FITC-labeled recombinant human an¬

nexin V to determine phosphatidylserine
expression. The cells were then assessed
by flow cytometry on a FACSCalibur and
analyzed on associated CellQuest soft¬
ware. Data from a minimum of 5000 cells
were analyzed for each condition. All val¬
ues represent mean ± S.E. of n = 3 ex¬
periments, each performed in duplicate.

24h 30 min lh 2h 4h
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control
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Period of cell culture before addition of dbcAMP

at 20 h (Fig. 5C). This is very important because it demon¬
strates that the inability of H89 to reverse cyclic AMP-medi-
ated delay of neutrophil apoptosis is not due to degradation of
H89 during the overnight culture period. Furthermore, it also
demonstrates that H89 is not inactivated by autologous serum
that is used in our apoptosis assay.
Activation of Akt IPI 3-Kinase or Mitogen-activated Kinase

Pathways Does NotAccount for the Bt ./AMP-mediated Delay of
Neutrophil Apoptosis—The phosphoinositide 3-kinase/Akt
pathway plays an essential role in cell survival in various cell
types (33) and may be involved in the cyclic AMP-signaling
cascade. For example, it has been reported that cyclic AMP
requires PI 3-kinase activation for DNA synthesis induced by
insulin-like growth factor I in FRTL-5 cells (34) and is involved
in the ability of cyclic AMP to attenuate chemoattractant-
induced respiratory burst in neutrophils (35). Therefore, we
examined whether PI 3-kinase is involved in the signaling
pathway mediating the protective effect of cyclic AMP on neu¬
trophil survival. Cells were preincubated with the specific PI

3-kinase inhibitor LY294002 (36) prior to exposing them to
Bt2cAMP or GM-CSF (Fig. 6). We found that the PI 3-kinase
inhibitor suppressed GM-CSF-mediated delay of neutrophil
apoptosis, which has been reported previously (37), yet had no
effect on suppression of apoptosis by Bt2cAMP.
We also investigated whether cyclic AMP could be acting

through the MAPK signaling pathway to delay neutrophil
apoptosis. Activation ofextracellular signal-regulated kinase has
been implicated in a number of systems to contribute as a nega¬
tive regulator of apoptosis (38,39). Elevation ofcyclic AMP levels
is also known to either inhibit or activate MAPK in a cell type-
and stimulus-specific manner (40, 41). The protective effect of
cAMP-elevating agents does not appear to act through the MAPK
pathway in our system because the p42/p44 MAPK kinase inhib¬
itor PD98059 had no effect on the anti-apoptotic functions of
cyclic AMP in neutrophils, yet reversed the anti-apoptotic func¬
tions of GM-CSF treatment in neutrophils (Fig. 6). Similarly the
p38 MAPK inhibitor SB203580 (42) did not reverse Bt2cAMP-
mediated delay of neutrophil apoptosis (data not shown).
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Retardation ofNeutrophil Apoptosis by Bt/AMP Does Not

Require New Protein Synthesis—Our results suggest Bt2cAMP
suppresses neutrophil apoptosis via a previously uncharacter-
ized signaling mechanism. We therefore determined whether
Bt2cAMP stimulated a novel signaling pathway that would
require transcriptional activation to suppress neutrophil
apoptosis.
To block protein synthesis cycloheximide was titrated to low

concentrations to minimize the induction ofneutrophil apopto¬
sis that has been reported by this compound (43). Apoptosis
was assessed by morphology and annexin V binding following
overnight culture of neutrophils with Bt2cAMP and cyclohexi¬
mide (Fig. 7). Cycloheximide failed to reverse the suppression
of apoptosis by cyclic AMP. It did however block glucocorticoid-
mediated suppression of neutrophil apoptosis at these concen¬
trations (Ref. 44 and data not shown), suggesting that gene
transcription is not necessary for the suppression ofneutrophil
apoptosis by Bt2cAMP.
We next examined the possibility that Bt2cAMP might acti¬

vate a rapid and reversible signaling pathway rather than
stimulate new protein synthesis, which would occur over sev¬
eral hours. Cells were cultured in the presence of Bt2cAMP for
the time points indicated before Bt2cAMP was removed from
culture by gently washing in PBS and then returned to normal
culture conditions. Bt2cAMP was required to be continually
present in culture to suppress neutrophil apoptosis (Fig. 8A).
However, Bt2cAMP rescued neutrophils from apoptosis when
added at later time points (Fig. 8B). We are investigating
whether the effects of cyclic AMP occur when the rate of apo¬
ptosis is high (between 8 and 20 h). However, during constitu¬
tive apoptosis, cells at different stages of the apoptotic program
are present in the population at any one time point. We are

currently investigating whether synchronous apoptosis trig¬
gered by Fas ligation, tumor necrosis factor-« (26), or temper¬
ature shift (15) can be modulated by cyclic AMP. Taken to¬
gether, our results suggest that Bt2cAMP exerts a powerful
direct signaling mechanism, independent of new protein syn¬
thesis, to suppress neutrophil apoptosis, and this suppression
is rapidly lost when Bt2cAMP is removed from culture.
Proteasome Inhibitors Are Able to Reverse Retardation of

Neutrophil Apoptosis by Bit./:AMP—The ubiquitin/proteasome
system plays an important role in the degradation of cellular
proteins that regulate various cellular processes, including
apoptosis. The observations above reveal Bt2cAMP delays neu¬
trophil apoptosis independently of new protein synthesis, sug¬
gesting that Bt2cAMP is unlikely to stimulate the production of
a survival protein. Thus we examined whether alternatively
Bt2cAMP was accelerating the degradation or modification of
pro-death proteins within the neutrophil to increase survival.
Neutrophils were co-incubated with Bt2cAMP and the irrevers¬
ible proteasome inhibitors lactacystin (10 jum) (45) and ep-
oxomicin (10 pM) (46) for 20 h (Fig. 9, A and B). Both protea¬
some inhibitors eliminated the delay of neutrophil apoptosis
induced by Bt2cAMP.

DISCUSSION

Human neutrophils undergo apoptosis, a process that is cen¬
trally important in the resolution of inflammation. It has been
shown previously that cyclic AMP is an important regulator of
neutrophil apoptosis (18-20), yet little is known of the signal¬
ing mechanism by which by cyclic AMP controls neutrophil cell
death. The studies herein have established that cyclic AMP
acts upstream of caspase-3 activation to inhibit the apoptotic
pathway in neutrophils. For the first time, it was also demon¬
strated that neutrophils contain a small but significant number
of mitochondria, which exhibit a loss of membrane potential
during constitutive apoptosis, which can be delayed by cyclic
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Fig. 9. Effects of proteasome inhibitors on Bt2cAMP (db-
cAMP)-mediated delay of neutrophil apoptosis. Human neutro¬
phils (5 x 106/ml) were cultured in Iscove's DMEM containing 10%
autologous serum at 37 °C and treated with lactacystin (10 jum, A) or
epoxomicin (10 pM, B) with or without Bt2cAMP (0.2 mM). After 20 h in
culture, the cells were incubated with FITC-labeled recombinant hu¬
man annexin V to determine phosphatidylserine expression. The cells
were then analyzed by flow cytometry using a FACSCalibur and asso¬
ciated CellQuest software. Data from a minimum of 5000 cells were
analyzed for each condition. All values represent mean ± S.E. of n = 3
experiments, each performed in duplicate where significant difference
from control is represented by *p < 0.001. Significant difference from
Bt2cAMP alone represented by #p < 0.001 or ±p < 0.01.

AMP elevation. We are currently investigating whether loss of
mitochondrial membrane potential occurs before other indices
of apoptosis in neutrophils, such as phosphatidylserine expo¬
sure and nuclear condensation. This would help ascertain
whether loss ofmitochondrial potential during neutrophil apo¬
ptosis, shown to trigger apoptosis in other cell types, has a
similar function in neutrophils and whether Bt2cAMP can di¬
rectly affect loss of mitochondrial potential to delay neutrophil
apoptosis.
It has been suggested that PKA plays an important role in

cyclic AMP-mediated delay of neutrophil apoptosis (18-20). It
is known that cyclic AMP analogs, which selectively activate
type I PKA, attenuate neutrophil apoptosis, compared with
analogs that preferentially activate type II PKA suggesting
that that type I PKA is necessary and sufficient to mediate the
cyclic AMP-induced delay in human neutrophil apoptosis (19).
We suggest, alternatively, that PKA activation by cyclic AMP is
not responsible for the major apoptosis-retarding influences of
cyclic AMP in neutrophils. Indeed, we have demonstrated di¬
rectly that cyclic AMP elevation in neutrophils stimulates an
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increase in PKA activity, which is blocked by pharmacological
inhibitors. Importantly, however, blockade of PKA was not
sufficient to reverse the anti-apoptotic effect of cyclic AMP,
implying that this molecule has little or no role in the cyclic
AMP signaling pathway responsible for delay of neutrophil
apoptosis.
Previous publications (18, 19) have implicated a role for PKA

in cyclic AMP regulation of neutrophil apoptosis using concen¬
trations of H89 greater than 10 /um. The specificity of H89 at
these concentrations is questionable, and it has been published
(47) that H89 may inhibit several other kinases, some with
potency similar to or greater than that for PKA. We propose
that failure to directly measure PKA activity together with the
use of high and possibly nonspecific concentrations of H89
could have led to misinterpretation of previous data. We have
demonstrated that 10 /xm H89 is sufficient to block PKA activ¬
ity for extended culture periods and is active in the presence of
autologous serum. The failure therefore of both H89 and CRp)-
8-Br-cAMPS, a highly specific inhibitor of PKA, to reverse

cyclic AMP-mediated delay of neutrophil apoptosis points to a
novel signaling pathway used by cyclic AMP to inhibit neutro¬
phil apoptosis, which is independent of PKA activation.
There have been a few studies reporting PKA-independent

effects of cyclic AMP; however, little has been elucidated of the
alternative signaling pathways downstream of cyclic AMP.
Pharmacological blockade of the MAPK and PI 3-kinase signal¬
ing cascades in this study suggest that neither of these signal¬
ing pathways are likely to be important in the cyclic AMP-
mediated delay of neutrophil apoptosis. There has been
interest in the discovery that cyclic AMP can bind specifically
to and activate small guanine nucleotide exchange factors
which, when bound by cyclic AMP, activate the small Ras-like
GTPase, Rapl (48, 49). The biological function of Rapl is still
unclear, but it has been proposed that activation of this small
GTPase may feed into MAPK signaling pathways (50). As an

approach to establishing if Rapl has a role in cyclic AMP-
mediated delay of neutrophil apoptosis, we have blocked Rapl
activity using the Clostridium sordellii lethal toxin, which has
been reported to inhibit specifically the small GTPases Rapl,
Ras, and Rac (51). Furthermore, we have tested GGTI-286, a
geranylgeranyltransferase inhibitor, which blocks gera-

nylgeranylation required by Rapl to achieve its mature, bio¬
logically active form (52). Thus our preliminary experiments
suggest that Rapl is not involved in cyclic AMP-mediated delay
of neutrophil apoptosis (data not shown): however, this area of
research is still under investigation. Our studies are in accord
with a very recent publication that demonstrates that cyclic
AMP-dependent inhibition of interleukin-5 from human T lym¬
phocytes is not mediated by PKA or by the Rapl signaling
pathway (53).
Regulation of neutrophil apoptosis is thought to depend on

the balance between pro-apoptotic and anti-apoptotic death
factors expressed in the cell (17, 54). Neutrophils contain death
regulator proteins, including Bax and Bad, and also express
some members of the anti-apoptotic family such as Mcl-1 and
Bcl-xj but not Bcl-2 (17, 54). It has been proposed that neutro¬
phil longevity may be prolonged by the synthesis of anti-apo¬
ptotic proteins such as Mcl-1 (55). However, it is unlikely that
cyclic AMP effects are mediated by such a mechanism in the
retardation of neutrophil apoptosis since we have demon¬
strated that cyclic AMP-mediated delay ofneutrophil apoptosis
does not require gene transcription. Furthermore, "wash out"
experiments have revealed that retardation of neutrophil apo¬
ptosis is rapidly lost when Bt2cAMP is removed from culture,
even after incubation periods that should permit new protein
synthesis.

Together, these data suggest a mechanism whereby cyclic
AMP does not stimulate production of a survival protein but
may alternatively induce post-transitional modifications in the
neutrophil to promote survival. One potential mechanism for
cyclic AMP-mediated retardation of neutrophil apoptosis may
involve cyclic AMP specifically targeting a death protein(s) to
the proteasome for degradation. We have demonstrated that
blockade of proteasome activity results in a dramatic loss of the
pro-survival effect ofcyclic AMP. We speculate that cyclic AMP
may be involved in the post-translational modification of a
death protein, which targets the neutrophil proteasome. If cy¬
clic AMP stimulation is removed or proteasome activity is
blocked, then the accumulation of a death protein(s) would be
predicted to permit the constitutive death pathway of neutro¬
phils to be reconstituted. Further characterization of protea¬
some activity in this signaling pathway and possible death
protein targets ofcyclic AMP are currently under investigation.
In conclusion, cyclic AMP delays neutrophil apoptosis via a

novel, reversible, and transcriptionally independent mecha¬
nism. Our results contest the dogma that cyclic AMP exerts is
physiological functions almost entirely through activation of
PKA, and we are currently investigating the involvement of
novel downstream signaling pathways in cyclic AMP regula¬
tion of neutrophil cell death.

Acknowledgment—We thank Dr. M. Popoff for supplying the C. sor¬
dellii lethal toxin.
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The events ofapoptotic cell death can be experimen¬
tally dissociated from each other in certain cell types.
Here we demonstrate the ability of structurally di¬
verse nitric oxide (NO) donating compounds to delay
or enhance neutrophil apoptosis and to differentially
influence distinct parameters of programmed cell
death. We provide evidence that high concentrations
of the NO donors GEA 3162, SPER/NO, and DEA/NO
induce morphological and biochemical markers of
neutrophil apoptosis, but that only DEA/NO causes a
concomitant increase in DNA fragmentation as evi¬
denced by nuclear propidium iodide intercalation and
the classical laddering pattern of electrophoresed
DNA. In contrast, both GEA 3162 and SPER/NO inhibit
DNA cleavage in a time- and concentration-dependent
manner. We are the first to show that DNA fragmenta¬
tion can be dissociated from other changes of apopto¬
sis in NO-treated neutrophils and that it may there¬
fore be inappropriate to assess NO-induced apoptosis
solely by measuring DNA fragmentation in this cell
type. © 2001 Elsevier Science
Key Words: neutrophil; apoptosis; nitric oxide; DNA

fragmentation.

Internucleosomal DNA fragmentation is a character¬
istic feature of apoptotic cell death in many cell types,
and is frequently used as the sole marker of apoptosis,
as assessed by gel electrophoresis yielding character-

Abbreviations used: NO, nitric oxide; GEA 3162, [1,2,3,4,-
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zeniumdiolate (NONOate); IMDM, Iscove's modified Dulbecco's me¬
dium; FITC, fluorescein isothiocyanate; PS, phosphatidylserine;
HBSS, Hanks' balanced salt solution; mAb, monoclonal antibody;
PBS, phosphate-buffered saline; PI, propidium iodide.
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istic DNA ladders, by incorporation of propidium iodide
(PI) into DNA of permeabilized cells, or by terminal
deoxynucleotidyl transferase (TdT)-mediated d-UTP
nick end-labeling (TUNEL) staining. However, it has
been established that there is no absolute requirement
for DNA degradation in order for this form of cell death
to proceed (1). The process of DNA fragmentation may
be dissociated from morphological evidence of apopto¬
sis in certain cell types including thymocytes, lympho¬
cytes, hematopoietic cells, cardiac myocytes, neurons,
and various cell lines (1-15). Nevertheless, this phe¬
nomenon has not previously been reported in neutro¬
phils induced to undergo apoptosis by exogenous nitric
oxide (NO).
NO has the ability to modulate the apoptotic process

in a number of different cell types. Both inhibition and
induction of cell death are seemingly dependent on the
concentration and rate of release of NO, the cell type,
and the cellular redox environment and defence mech¬
anisms. It has been suggested that low concentrations
of NO, such as those that are produced by the consti¬
tutive endothelial form of nitric oxide synthase (eNOS)
tend to have a protective effect on cells (16, 17). In
contrast, the high concentrations produced when the
inducible form of NOS (iNOS) is activated are more

likely to be injurious to cells (16, 17).
Granulocyte apoptosis is believed to be a key event

for the successful resolution of inflammation as this

process renders intact cells unresponsive to external
stimuli and easily recognizable by phagocytes using a
noninflammatory mechanism (18). Furthermore, iso¬
lated neutrophilic granulocytes readily undergo spon¬
taneous apoptosis in culture, with approximately 50-
80% of cells dying within 20 h of culture (19). We have
previously demonstrated that GEA 3162-derived NO
can enhance the rate of apoptosis in this cell type, by a
mechanism that is dependent on caspase enzymes, but
is independent of the rise in cGMP through which most
other effects of NO are mediated (20). A similar induc-
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tion of neutrophil apoptosis has been reported using a
number of different NO donors, including sodium
nitroprusside, S-nitrosoglutathione, GEA 3162 and
SIN-1, plus solutions of NO gas (20-24).
In the present study, we have compared the effects of

three distinct NO-donor compounds with different
mechanisms and rates ofNO release; GEA 3162, dieth-
ylamine diazeniumdiolate (DEA/NO) and spermine
diazeniumdiolate (SPER/NO) (25), on a number of pa¬
rameters associated with human neutrophil apoptosis.
GEA 3162 is a mesoionic 3-aryl substituted oxatri-
azole-5-imine derivative, while SPER/NO and DEA/NO
belong to the diazeniumdiolate (NONOate) group of
NO-releasing compounds. DEA/NO has a half-life of
just 9 min at physiological temperature and pH, while
SPER/NO releases NO more slowly, having a half-life
of 39 min (25, 26). We wanted to test two hypotheses;
firstly that different compounds, with varying rates
and mechanisms of NO liberation, may have differ¬
ential effects on apoptotic events, and secondly that
any given drug may influence these events to varying
degrees.
Our results confirm the hypothesis that individual

classes of compounds may have differential effects on
neutrophil apoptosis, possibly reflecting differences in
the rate and mechanism of NO release. Although we
anticipated variations in the extent to which the com¬
pounds influenced the different events of apoptosis, we
unexpectedly found that certain NO-donors exerted
opposing effects on independent markers of apoptosis.
GEA 3162 and SPER/NO both inhibited DNA fragmen¬
tation (as assessed by DNA ladders and propidium
iodide nuclear intercalation), despite a profound in¬
crease in morphological (cell shrinkage and the appear¬
ance of hyperchromatic pyknotic nuclei) and plasma-
lemmal changes (annexin V binding and loss of CD 16
expression) that occur during neutrophil apoptosis. We
therefore conclude that morphological and cell surface
changes associated with human neutrophil apoptosis
can be dissociated from internucleosomal DNA degra¬
dation when these cells are exposed to specific NO
donor drugs.

MATERIALS AND METHODS

Materials

IMDM cell culture medium was purchased from Life Technologies
(Paisley, UK) and cell culture plastic was from Becton Dickinson
(Oxford, UK). Dextran T-500 and Percoll for neutrophil isolation
were bought from Pharmacia (Milton Keynes, UK), and Diff-Quik for
cytocentrifuge slide staining was from Baxter Healthcare (Glasgow,
UK). For the DNA ladders, Wizard SV Miniprep DNA extraction kits
were bought from Promega (Southampton, UK) and Sea Kem aga¬
rose was from Flowgen (Ashby de-la-Zouch, UK). The NO donating
agents; GEA 3162, spermine NONOate and diethylamine NONOate
were purchased from Alexis Biochemicals (Nottingham, UK). All
other reagents were purchased from Sigma Chemical Co (Poole, UK).

Neutrophil Isolation
Neutrophils were isolated from the blood of healthy volunteers as

previously described (27, 28). Briefly, whole, citrated blood was cen-
trifuged (200#, 20 min) and platelet-rich plasma aspirated. Leuko¬
cytes were separated from erythrocytes by dextran sedimentation,
then further divided into mononuclear cell and granulocyte popula¬
tions by centrifugation through a discontinuous Percoll gradient
(720# 20 min). Granulocytes were harvested from the 79:68% inter¬
face of the gradient, and only neutrophil preparations of >95%
purity were used.

In Vitro Culture ofNeutrophils
Neutrophils (4.5 x 106 cells/ml) were suspended in IMDM contain¬

ing penicillin (100 U/ml) and streptomycin (100 pg/ml), and supple¬
mented with 10% (v/v) autologous serum. They were cultured in
flat-bottomed 96-well polypropylene plates (37°C, 5% COz) for 1-20 h
in the presence of either IMDM (controls) or NO donors at concen¬
trations as shown in the figure legends.

Assessment ofApoptosis
Morphology. Neutrophils (100 pi of recovered cells) were cytocen-

trifuged in duplicate, fixed in methanol and stained using Diff-Quik
physiological stain, then observed by light microscopy (X100 objec¬
tive) to determine the proportion of darkly stained cells with con¬
densed nuclei. At least 500 cells per slide were counted, with the
observer blinded to the experimental conditions (28).
Annexin V binding. FITC-Annexin V (180 pi) diluted 1:3000 in

HBSS plus 5 mM CaCl2, was added to 20 pi of cell samples and
incubated (4°C, 10 min) before flow cytometric analysis using an
EPICS XL2, to measure phosphatidylserine (PS) exposure on the
surface of apoptotic cells (20).
Cell surface CD16 expression. Neutrophils (60 pi of recovered

cells) were centrifuged (200g. 3 min), then FITC-conjugated mAb
against human neutrophil CD16 added. Following incubation (4°C,
30 min), the cells were washed 3X in PBS without Caz+/Mg2~, resus-
pended and analyzed using an EPICS XL2, with CD16 'low' express¬
ing cells representing the apoptotic population (29).

DNA Fragmentation Assays
(i) Propidium iodide intercalation. Neutrophils (100 pi of recov¬

ered cells) were centrifuged (200#, 3 min), then fixed and permeabil-
ized in 70% ethanol (4°C, 10 min). The cells were washed 3X in PBS
without Ca27Mg2' before addition of 60 pi RNase A (0.5 mg/ml) and
60 pi propidium iodide (PI) (0.1 mg/ml), then assessed by flow cy¬
tometry using an EPICS XL2, to assess DNA fragmentation.
(ii) Gel electrophoresis of isolated DNA. Cells were lysed using 7

M guanidine hydrochloride, then DNA was extracted using a
commercially-available miniprep kit according to the manufacturer's
instructions, from neutrophils treated with medium alone, gliotoxin
(0.1 pg/ml), dibutyryl-cAMP (0.2 mM) or NO donors for 8 or 20 h.
DNA was run on a 2% Sea Kem agarose gel containing ethidium
bromide (100 V, 1 h), and fragmentation (laddering) was visualized
using a u.v. lamp.

Statistic Analysis
The results are expressed as the mean ± SEM for (n) separate

experiments. Values were compared using repeated measures anal¬
ysis of variance (ANOVA) followed by Student-Newman-Keuls anal¬
ysis. Differences were considered significant when P < 0.05.

RESULTS AND DISCUSSION

A number of studies have reported either a natural
dissociation of apoptotic cell death and DNA fragmen-
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tation, or the ability to separate the two processes by
experimental manipulation, in several cell types (1-
15). It has been suggested that DNA fragmentation
should not be used as the only marker of apoptosis in
studies of programmed cell death (9, 30). It is therefore
clear that although internucleosomal DNA cleavage is
frequently observed alongside apoptosis, it is not nec¬
essarily an integral part of the death process, and as
such is not essential for this form of cell death to occur.

Such a dissociation has not previously been observed in
neutrophils; indeed a number of studies have demon¬
strated an increase in the endonuclease-mediated

cleavage of DNA in neutrophils treated with NO (22,
23). Here we report that neutrophil apoptosis may
proceed alongside an inhibition of internucleosomal
DNA cleavage, and that this phenomenon depends
upon the specific characteristics of the NO-donating
species used.
GEA 3162 is a mesoionic 3-aryl substituted oxa-

triazole-5-imine derivative with a structure similar to
that ofmolsidomine, the precursor of the peroxynitrite-
donating compound SIN-1 (25). There is some contro¬
versy as to whether this compound is a pure NO donor,
as reported by some groups (31, 32), or whether super¬
oxide anion is simultaneously generated during NO
release, effectively making GEA 3162 a peroxynitrite
donor (33).
The diazeniumdiolate, or 'NONOate' group of NO-

donating agents have an NO dimer linked to a nucleo-
philic molecule via a nitrogen atom. They predictably
and spontaneously release up to two molecules of NO
per molecule of compound in aqueous solution, in a
reaction that is highly temperature- and pH-dependent
(25, 26). We used the fast-releasing drug diethylamine
NONOate (DEA/NO) which has a half-life ofjust 9 min
at physiological temperature and pH, and the slower
releasing drug spermine NONOate (SPER/NO), the
half-life of which is 39 min (25, 26).
Concentration-response curves for the effects of 0.1

pM to 1 mM GEA 3162, SPER/NO and DEA/NO on

neutrophil apoptosis over a 20-h culture period were
constructed (Fig. 1). NO derived from the NONOates
exerted a biphasic effect, in that low concentrations
delayed, but high concentrations enhanced the rate of
constitutive neutrophil apoptosis. In contrast, NO from
GEA 3162 showed no reduction in the rate of apoptosis
at equivalent concentrations to those at which the
NONOates gave an inhibition. However, at higher con¬
centrations (>30 pM), a concentration-dependent in¬
duction of apoptosis was observed. Therefore, there are
obvious differences in the response of neutrophils to
different types of NO donor. A concentration of NONO¬
ates that inhibits (0.1 pM) and a concentration that
induces (1 mM) neutrophil apoptosis, together with
two concentrations ofGEA 3162 that induce neutrophil
apoptosis (30 and 100 pM) were then selected for fur¬
ther studies.

A a GEA 3162
S 120

0 0.1 3 10 30 100

CONCENTRATION ^M)

0 0.1 3 30 100 300 1000

CONCENTRATION (pM)

0 0.1 3 30 100 300 1000

CONCENTRATION (nM)

FIG. 1. Concentration-response graphs showing the effects of the
NO donor drugs (A) GEA 3162 (0.1-100 pM), (B) SPER/NO (0.1 pM
to 1 mM) and (C) DEA/NO (0.1 pM to 1 mM) on morphological
neutrophil apoptosis over a 20-h culture period, as described under
Materials and Methods. Values represent means ± SEM from n = 6
separate experiments. Dotted lines show the amount of spontaneous
neutrophil apoptosis and asterisks denote a significant (P < 0.05)
difference from control levels of apoptosis.

Figure 2 shows the rate of constitutive neutrophil
apoptosis, as assessed by four techniques, namely mor¬
phology, annexin V binding, CD 16 shedding and PI
intercalation as described under Materials and Meth¬
ods. Over a 20-h culture period, neutrophils spontane¬
ously underwent approximately 60% apoptosis as as¬
sessed by morphological changes, in agreement with
previous observations (19, 28). There was good corre¬
lation between all assays used in this study, therefore
all of these techniques are appropriate indices of con¬
stitutive neutrophil apoptosis.
Time course studies to compare the effects of GEA

3162 on the four different markers of apoptosis showed
that this compound enhanced the rate of neutrophil
apoptosis over the 20-h time period, as assessed by
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FIG. 2. Constitutive neutrophil apoptosis over a 20-h culture
period, as assessed by morphology, annexin V binding, CD 16 shed¬
ding and propidium iodide intercalation, as described under Materi¬
als and Methods. Values represent means ± SEM from n = 3-6
separate experiments.

morphology and CD 16 shedding, in a concentration-
and time-dependent manner (Figs. 3A and 3B). How¬
ever, measurement of phosphatidylserine (PS) expo¬
sure using annexin V only showed an induction at
earlier time points, up to 8 h for 30 pM and 16 h for 100
pM. At later time points, no significant difference from
control was observed. As yet we are unable to speculate
on the reason for the 'catch-up' of control cells in terms
of PS exposure, we can only suggest that the annexin V
assay may not be suitable for measuring the effects of
certain NO donors at later time points in this cell type.
Paradoxically, assessment of DNA fragmentation by

PI intercalation into the DNA of permeabilized cells
showed a concentration- and time-dependent decrease
in the hypodiploid population of GEA 3162-treated
cells compared to controls, rather than the expected
increase. Typical flow cytometry histograms are shown
in Fig. 3C. This suggests that GEA 3162 is able to
induce morphological and biochemical events of apop¬
tosis, whilst exerting a concomitant inhibitory influ¬
ence on the endonuclease-mediated DNA cleavage
pathway.
In order to confirm this inhibition, DNA gels were run,

to look for the distinctive laddering pattern derived from
internucleosomal DNA degradation. Figures 3D and 3E
show increased DNA laddering with the known inducer
of neutrophil apoptosis, gliotoxin (lane 2) (28) and de¬
creased laddering with the cell permeable analogue of
cyclic-AMP, db-cAMP (lane 3) (34, 35), compared to con¬
trol cells (lane 1) at 8 and 20 h. However, there was

complete inhibition ofDNA fragmentation in 30 pM GEA
3162-treated cells (lane 4) at 8 h and in 100 pM GEA
3162-treated cells (lane 5) at 8 and 20 h. Although a small
degree of DNA fragmentation could be seen in 30 pM
GEA 3162-treated neutrophils at 20 h, this was less evi¬
dent than in control cells. These results offer further
evidence that inhibition of DNA fragmentation by GEA
3162 is concentration-dependent.

Similar experiments using SPER/NO demonstrated
that 0.1 pM of this compound inhibits neutrophil apop¬
tosis as measured by all four apoptotic markers (Fig.
4A). However, induction of neutrophil apoptosis by 1
mM SPER/NO was only detectable by morphology,
CD 16 shedding and PS exposure—which in this case
correlated with morphology to the end of the 20-h cul¬
ture period (Fig. 4B).
When PI intercalation was assessed, an inhibition of

DNA fragmentation was again observed (Fig. 4C), al¬
though this was less pronounced than that observed
with GEA 3162. Again, these findings were confirmed
by the use of DNA gels, which showed a concentration-
dependent inhibition of DNA laddering for 0.1 pM
(lane 4) and 1 mM (lane 5) SPER/NO at 8 and 20 h
(Figs. 4D and 4E).
The only compound for which all four assays gave

concurring results was DEA/NO (Figs. 5A and 5B), as
delayed neutrophil apoptosis by 0.1 pM and the induc¬
tion of apoptosis by 1 mM DEA/NO over the 20-h time
period were both detected by all four techniques. This
shows that NO derived from this compound induces
morphological apoptosis with associated DNA frag¬
mentation (Fig. 5C). The DNA ladders for this com¬
pound (Figs. 5D and 5E) showed a decrease in ladder¬
ing in 0.1 pM-treated cells (lane 4), but an increase in
1 mM-treated cells (lane 5) at 8 and 20 h, thus confirm¬
ing the correlation between morphological apoptosis
and DNA fragmentation. Thus, NO from some donors
enhances neutrophil apoptosis independently of DNA
fragmentation, whilst with others, the two processes
occur simultaneously.
Overall, these studies demonstrate that different

groups of NO donors have distinct effects on neutrophil
apoptosis, which may potentially be exploited to deter¬
mine the mechanism (s) through which such effects are
mediated. Similar differential mechanistic effects of
different NO donors have previously been reported for
platelet aggregation, and are believed to depend partly
on the site of NO release (36). A small but statistically
significant inhibition of neutrophil apoptosis occurs to
a similar degree and over a similar time course in cells
treated with 0.1 pM SPER/NO and DEA/NO, therefore
this effect is unlikely to be governed by the rate of
release of NO from NO donors. No inhibitory effect was
observed with GEA 3162 suggesting that the mecha¬
nism or site of NO release, or even the amount of
peroxynitrite generated, is crucial in determining
whether or not a particular compound exerts an inhib¬
itory effect.
The induction of neutrophil apoptosis by higher con¬

centrations of NO donors, on the other hand, may be
influenced by the rate of NO release. 1 mM DEA/NO,
which releases NO very quickly and therefore provides
a rapid 'spike' of NO, caused increased morphological
apoptosis which was evident by 2 h, whereas with the
slower-releasing drug SPER/NO, such an induction did
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FIG. 3. Effects of (A) 30 /xM and (B) 100 /xM GEA 3162 on four independent markers of neutrophil apoptosis. Neutrophils were incubated
for 1-20 h in the absence or presence of GEA 3162, with apoptosis assessed by morphology, CD16 shedding, annexin V binding and PI
intercalation (DNA fragmentation), as described under Materials and Methods. Values represent the mean ± SEM difference from levels of
apoptosis in cells incubated without GEA 3162, from n = 3-6 separate experiments. (C) Flow cytometry histograms from one representative
experiment, showing the concentration-dependent inhibition of PI intercalation by GEA 3162. The broader peak on the histograms represents
the population of hypodiploid apoptotic cells. DNA ladders show DNA fragmentation in neutrophils incubated with medium alone (control),
the NFkB survival factor inhibitor gliotoxin (0.1 pg/ml, positive control), dibutyryl cyclic-AMP (0.2 mM, negative control), 30 /xM GEA 3162
or 100 /xM GEA 3162 for (D) 8 h or (E) 20 h, as described under Materials and Methods.

not appear until 16 h. This suggests that a rapid burst
of higher concentrations of NO is more effective at
inducing neutrophil apoptosis than prolonged exposure
to lower concentrations. GEA 3162 enhanced apoptosis
at lower concentrations than the NONOates, and this
effect could be seen by 4 h with 100 pM or 8 h with 30
pM. Again, this possibly reflects differences in the
mechanism of NO liberation from this compound com¬
pared to the NONOates. For all three compounds,

shedding of CD 16 was the first indication of neutrophil
apoptosis, occurring a few hours before morphological
evidence of cell death, which preceded DNA fragmen¬
tation by several hours, thus confirming previous re¬
ports that internucleosomal DNA breakdown is a late
event in apoptosis (1, 37).
Another interesting concept that arises from these

studies is that individual compounds may have oppos¬
ing effects on different parameters of neutrophil apop-
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tosis. A clear dissociation of morphological and bio¬
chemical changes of apoptosis from DNA fragmentation
was observed in neutrophils treated with GEA 3162
and SPER/NO, although no such discrepancy was
seen with DEA/NO. This effect was most likely due to
the NO-donors themselves, as a good correlation be¬
tween individual apoptotic markers was observed in
untreated cells undergoing spontaneous apoptosis. It
has been suggested that DNA fragmentation, but not

cell death itself, is dependent on caspase 3 activa¬
tion (5, 8, 10-13), and that NO is able to inhibit this
enzyme through modification of free thiols (38, 39).
Therefore it is conceivable that neutrophil cell death
and DNA cleavage may be dissociated through inhibi¬
tion of caspase 3, which could prevent activation of the
DNA degradation pathway but be insufficient to im¬
pede cell death, which may be effected through differ¬
ent caspase enzymes. Alternative mechanisms could be
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experiment, showing the biphasic effect of DEA/NO on PI intercalation. The broader peak on the histograms represents the population of
hypodiploid apoptotic cells. DNA ladders show DNA fragmentation in neutrophils incubated with medium alone (control), the NFkB survival
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for (D) 8 h or (E) 20 h, as described under Materials and Methods.

that NO directly modifies vital cysteine residues in
enzymes involved in the DNA cleavage pathway, or
indirectly modifies tyrosine residues via formation of
peroxynitrite.
It is worth noting that the absence of internucleo-

somal DNA cleavage should not affect the clearance
of neutrophils from inflammatory sites by macro¬
phages, a vital event in resolution of inflammation
(18). Cell surface events that allow macrophage rec¬
ognition of apoptotic neutrophils utilize a different,

caspase-independent, mechanism than the pathways
that bring about cleavage of DNA (40, 41). The abil¬
ity of macrophages to detect and remove the apopto¬
tic cells would therefore not be diminished, as these
cell surface events are still evident, despite the lack
of DNA fragmentation. This is particularly relevant
because it has been shown that NO generation by
activated macrophages can induce apoptosis in
neighboring mesangial cells that are subsequently
removed by phagocytes (42).
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We have demonstrated a clear dissociation between
some of the events of apoptotic cell death in neutro¬
phils, whereby discrepancies between DNA breakdown
and other parameters of apoptotic cell death may be
seen during NO-induced apoptosis, depending on the
NO-donating compound used. To the best of our knowl¬
edge, this lack of correlation has not previously been
reported in this cell type, indeed most studies report a
simultaneous increase in DNA fragmentation and
other apoptotic markers (22, 23). We conclude from
these studies that analysis of NO-induced neutrophil
apoptosis by DNA fragmentation alone is not to be
recommended, as this may cause vital consequences of
the application of chemical agents to neutrophils to be
overlooked. It is important to exploit two or preferably
three independent markers of apoptosis before results
can be treated with any confidence.
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Inhibition of nuclear factor-KB activation un-masks
the ability of TNF-a to induce human eosinophil
apoptosis

Satoko Fujihara1, Carol Ward1, Ian Dransfield1, Ronald T. Hay2, lain J. Uings3, Brian
Hayes3, Stuart N. Farrow3, Christopher Haslett1 and Adriano G. Rossi1
1 Rayne Laboratory, Respiratory Medicine Unit, Centre for Inflammation Research, Department
of Medicine, University of Edinburgh Medical School, Edinburgh, GB

2 School of Biomedical Sciences, University of St Andrews, North Haugh, St Andrews, GB
3 The Cell Biology Unit, GlaxoSmithKline, Stevenage, GB

Apoptosis renders eosinophils functionally effete and marks them for 'silent' removal from
inflamed sites by macrophages. We show, for the first time, that eosinophils exposed to
TNF-a rapidly lose their cytoplasmic levels of IkBo, the inhibitory subunit of NF-kB. Conse¬
quently, TNF-a triggers NF-kB mobilization from the cytoplasm to the nucleus, as deter¬
mined by tracking the NF-kB subunit p65 by immunofluorescence and Western blot analy¬
sis. Inhibition of TNF-a-mediated IkBo degradation and NF-kB activation by gliotoxin or the
proteasome inhibitor MG-132 un-masks the caspase-dependent pro-apoptotic properties of
TNF-a. In addition, cycloheximide similarly renders TNF-a pro-apoptotic, suggesting that
NF-kB activation controls the production of a protein(s) that protects eosinophils from the
cytotoxic effects of TNF-a. Evidence is presented suggesting that TNF-a triggered
apoptosis is more susceptible to NF-kB inhibition than constitutive apoptosis, leading to the
possibility of the specific targeting of apoptosis in eosinophil sub-populations. Prior to mor¬
phological signs of apoptosis, TNF-a-induced IL-8 synthesis is abrogated by inhibition of
NF-kB. We propose that NF-kB activation plays a critical role in controlling eosinophil
responsiveness and apoptosis, and speculate that selective inhibitors of eosinophil NF-kB
activation may ultimately provide alternative therapeutic agents for the treatment of eosino¬
philic diseases, including asthma and allergic rhinitis.
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1 Introduction

Eosinophilic granulocytes are normally involved in
orchestrating the destruction and removal of invading
parasites. However, if these cells are inappropriately
recruited or activated at inflammatory sites they can
liberate excessive amounts of toxic products (e.g. free
02 radicals, major basic protein, etc.), which can cause

damage to the surrounding tissue. Thus, eosinophil-
mediated epithelial cell damage in the respiratory tract is
likely to contribute to the pathogenesis and propagation
of asthma and allergic rhinitis [1, 2], Ligation of specific
cell surface receptors and the consequent triggering of
diverse signal transduction pathways control eosinophil
functional responsiveness [3] and physiological pro¬

grammed cell death (apoptosis) [4]. During apoptosis

[I 22139]

granulocytes undergo a series of dramatic morphologi¬
cal transformations (e.g. shrinkage and chromatin con¬
densation) and surface molecule alterations (e.g. expres¬
sion of phosphatidylserine) [5-8]. Apoptosis also causes
a marked reduction in the cell's ability to respond to pro¬
inflammatory stimuli [5], and is critical for the efficient
non-inflammatory [5, 6] removal of effete granulocytes
from the inflammatory site by macrophages [7] and other
cells including epithelial cells [9].

Eosinophils have the capacity to release inflammatory
mediators derived from lipid metabolism and are capable
of synthesizing pro-inflammatory cytokines [e.g. IL-8,
TNF-a, granulocyte/macrophage-colony stimulating fac¬
tor (GM-CSF), IL-5, etc.] [3], many of which are regulated
by the transcription factor nuclear factor-kb (NF-kB)
[10-12]. Our recent demonstration that neutrophil apop¬
tosis is critically regulated by the synthesis of NF-kB
controlled survival protein(s) [13, 14] suggests that NF-
kB may control gene transcription of proteins that influ¬
ence granulocyte apoptosis as well the synthesis of pro-

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2002 0014-2980/02/0202-457$17.50+ .50/0
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inflammatory agents. NF-kB1 (p50), NF-kB2 (p52), RelA
(p65), relB and c-rel are a family of proteins which bind to
one another to form NF-kB dimers (often p50/p65), that
reside predominantly in the cytoplasm. NF-kB is held in
the cytoplasm in an inactive state by being bound to an
inhibitory protein from the IkB family in which the 37-kDa
IkBci is the major form. When cells are appropriately stim¬
ulated, the IkBo subunit is rapidly phosphorylated and
ubiquinated before finally being degraded by the 26S pro-
teasome [10-12], Translocation of NF-kB subunits to the
nucleus, where they bind to regulatory DNA sequences in
the upstream promoter region of target genes, controls
rates of transcription [10,11]. Inflammatory cells have the
capacity to synthesize and respond to exogenous NF-kB
regulated pro-inflammatory cytokines [15]. For example,
TNF-a is capable of priming neutrophils, rendering them
more susceptible to activation upon subsequent exposure
to other neutrophil secretagogues [16, 17], Furthermore,
TNF-a can influence apoptosis in many cells including
granulocytes [13, 18-20]; effects that may be controlled
by activation of NF-kB [13, 18, 20]. For example, apopto¬
sis is promoted when neutrophils are exposed to TNF-a
for short periods of culture (i.e. 2-8 h) in a concentration-
dependent manner. When apoptosis is assessed after
20 h of TNF-a exposure apoptosis is delayed [18], Inter¬
estingly, TNF-a has the ability to induce apoptosis in
human neutrophils via a mechanism where TNF recep¬
tor 2 (TNFR2) facilitates the dominant TNF receptor 1
(TNFR1) death effect. In human eosinophils TNF-a has
been shown to exert an anti-apoptotic effect that signals
partly via the p38 MAP kinase pathway [19], and more
recently Temkin and Levi-Schaffer [20] have shown that
TNF-a-mediated eosinophil survival occurs via ligation of
both TNF receptor subtypes and through the generation
of the eosinophil survival factor GM-CSF; an effect that
seems to involve activation of NF-kB. Although we [13]
and others [20, 21, 22] have shown that NF-kB is present
in granulocytes, the role of NF-kB in the regulation of
eosinophil-derived chemokine production and apoptosis
remains poorly understood. We used two compounds that
inhibit NF-kB activation; MG-132, a widely used protea-
some inhibitor that prevents IkB degradation [23] and glio-
toxin [13, 24], Gliotoxin is an epipolythiodioxoperazine
which exhibits immune suppressive activity both in vitro
and in vivo [24, 25] and selectively inhibits NF-kB activa¬
tion [24]. We demonstrate that both gliotoxin and MG-132
can un-mask the potential of TNF-a to induce eosinophil
apoptosis. At the same concentration that affects apopto¬
sis and inhibits TNF-a-induced IL-8 secretion, gliotoxin
inhibits the translocation of p65 to the nucleus from the
cytoplasm by inhibiting the degradation of IkBo. From our
data we therefore propose that the NF-kB pathway plays
a key role in regulation of eosinophil responsiveness and
apoptosis; a system that may be modulated for therapeu¬
tic gain.

2 Results

2.1 NF-kB regulates eosinophil apoptosis

We have shown that NF-kB plays a central role in eosino¬
phil apoptosis by demonstrating that blockade of NF-kB
activation by gliotoxin un-masks the ability of TNF-a to
dramatically induce eosinophil apoptosis. This is clearly
depicted in Fig. 1A, where TNF-a (10 ng/ml) alone and
gliotoxin (100 ng/ml) alone cultured with eosinophils
for 4 h caused little morphological apoptosis; however,
when eosinophils were cultured in the presence of TNF-a
plus gliotoxin there was a dramatic induction of charac¬
teristic pyknotic nuclei typical of eosinophil apoptosis.
Our preliminary data indicated that it requires a signifi¬
cant amount of time (>3 h) to observe significant apop¬
tosis and that the 4-h time point is optimal for observing
the synergistic effects of TNF-a and gliotoxin (data not
shown). As an additional independent assessment of
eosinophil apoptosis, we performed experiments in
which surface changes associated with the apoptotic
program were also assessed. For this we measured
FITC-labeled annexin V binding in the presence of Ca2+
to phosphatidylserine molecules exposed on the outer
membrane of apoptotic cells, where the annexin V 'low
peak' represents non-apoptotic cells and the annexin V
'high peak' represents apoptotic cells. In agreement with
morphological assessment of apoptosis, Fig. 1C shows
that, although control and TNF-a-treated eosinophils at
4 h exhibit low rates of apoptosis, the small increase in
annexin V+ cells observed with gliotoxin alone is again
dramatically augmented when the cells are cultured in
the presence of both reagents together. Furthermore, the
marked synergism that was displayed by gliotoxin and
TNF-a is mediated by triggering of the caspase pathway
since the broad-spectrum caspase inhibitor, zVAD-fmk
(100 jiM) completely blocked the pro-apoptotic effects
induced by the combination of TNF-a plus gliotoxin
(Fig. 2). When eosinophils were co-cultured with the pro¬
tein synthesis inhibitor cycloheximide (5 ^M), at a con¬
centration and time point that had almost no direct effect
on eosinophil apoptosis, a similar un-masking of the pro-
apoptotic effect of TNF-a was observed; an effect that
was also suppressed by zVAD-fmk (Fig. 2).

In addition, when eosinophils were cultured with the pro-
teasome inhibitor MG-132 (20 (iM) a marked induction
of apoptosis was also observed, although the pro-

apoptotic effect required longer incubation times than
gliotoxin. For example, no significant induction of apop¬
tosis was observed above constitutive levels when

eosinophils were cultured for 8 h with MG-132 (data not
shown). Even with incubation periods of 30 h, MG-132
induced little apoptosis; however, in the presence of
TNF-a there was a dramatic synergistic induction of
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fig. 1. The effect of gliotoxin, MG-132 and TNF-a on eosinophil apoptosis. (A) Cytocentrifuge preparations were made of human
eosinophils incubated for 4 h at 37°C in medium alone (control), 10 ng/ml TNF-a, 100 ng/ml gliotoxin, and combination of these
reagents. The rates of apoptosis in this experiment are control, 5%; TNF-a, 5%; gliotoxin, 26.5%; and gliotoxin/TNF-a, 47.5%.
(B) Cytocentrifuge preparations of human eosinophils incubated for 30 h at 37°C in medium alone (control), 10 ng/ml TNF-a, MG-
132 (20 [iM), and combination of these reagents. The rates of apoptosis in this experiment are control, 14.6%; TNF-a, 23 3%;
MG-132, 11.4%; and MG-132/TNF-a, 75.7%. (C) Aliquots (20 (il) were taken from human eosinophils that had been incubated
for 4 h at 37°C in medium alone (control), 10 ng/ml TNF-a, 100 ng/ml gliotoxin, and a combination of these reagents and incu¬
bated with FITC-labeled recombinant human annexin V to determine the phosphatidylserine expression on the cell surface. Flow
cytometric traces from a typical experiment are depicted with the percentage of cells in the annexin-V high population being
7.0% in control, 9.8% in TNF-a, 28.5% in gliotoxin and 50.8% in TNF-a plus gliotoxin-treated samples.

apoptosis (Fig. 1B). When apoptosis was assessed after
40-h treatment with MG-132 there was a significant
induction of apoptosis (control, 24.8±8.7%; MG-132,
72.5±15.8% apoptosis; p<0.05, ri=4). The pro-apoptotic
effects of MG-132 perse and the enhanced apoptosis
observed with a combination of MG-132 and TNF-a
were also suppressed by zVAD-fmk (data not shown).

Taken together the above results support the view that
TNF-a treatment results in the NF-kB controlled genera¬
tion of a survival protein(s) that protects eosinophils from
the TNF-a receptor- and caspase-dependent induction

of apoptosis. To substantiate this hypothesis we per¬
formed a detailed direct analysis of NF-kB activation.

2.2 TNF-a induced cytoplasmic hcBa degradation
and p65 disappearance in eosinophils

Upon appropriate cell stimulation, the inhibitory subunit
of NF-kB, IkBo, is rapidly phosphorylated and under¬
goes proteolytic breakdown by the proteasome, thereby
permitting NF-kB to translocate from the cytoplasm from



460 S. Fujiharaet al. Eur. J. Immunol. 2002. 32: 457-466

the nucleus [10]. Since the phosphorylation and subse¬
quent degradation of licBa is a prerequisite for NF-kB
activation, the amount of IkB« in cytosolic extracts of
eosinophils was examined by Western blotting to find
evidence for the activation of the NF-kB pathway. In qui¬
escent un-stimulated cells, IkBc* appeared as a single
band of 37 kDa, which disappeared following TNF-a
stimulation, indicating degradation of IkBo (Fig. 3A) and
translocation of NF-kB to the nucleus. Following TNF-a
stimulation the amount of p65 in the cytoplasm was
reduced (Fig. 3B), indicating that, following the degrada¬
tion of IkBo, p65 is released from IkBo in the cytoplasm
and translocated into the nucleus. As shown in Fig. 3A,
gliotoxin had no direct effect on InBa levels but inhibited
TNF-a-induced disappearance of IkBo. The latter obser¬
vation is consistent with gliotoxin-mediated inhibition of
TNF-a-induced loss of cytoplasmic p65 (Fig. 3B). These
results therefore suggest that TNF a stimulation results
in IkBo degradation and translocation of NF-kB from the
cytoplasm to the nucleus.

2.3 Immunohistochemical analysis of NF-kB
translocation in eosinophils

To provide compelling evidence for subcellular move¬
ment of NF-kB in eosinophils we performed quantitative
immunohistochemical analysis of TNF-a-induced trans¬

location of p65. Immunofluorescent confocal images of
p65 (FITC: green) reveal translocation into the nucleus
(propidium iodide: red) by TNF-a stimulation (shown as

yellow as the result of overlapping green p65-FITC, and
red propidium iodide) (Fig. 4) that is effectively prevented
by gliotoxin. These results are consistent with the West¬
ern blot analysis shown in Fig. 3A and B, and therefore
provide evidence that gliotoxin acts by inhibition of NF-
kB activation. Quantification of translocation is depicted
in Fig. 5A-C where the immunofluorescent images are
analyzed on a Leica Q550IW image analyzer to detect
p65 amount in the cytoplasm and nucleus and the
results expressed as a ratio. Fig. 5A and B clearly show
the inhibition of TNF-a-induced NF-kB translocation into
the nucleus by gliotoxin and MG-132. In Fig. 5C the time
course of translocation of p65 stimulated with TNF-a
from a representative experiment is depicted. Maximum
induction of TNF-a-stimulated p65 translocation in
eosinophils isolated from this particular donor occurred
after 60-min exposure to TNF-a as assessed by immu¬
nofluorescence. Following this time point, NF-kB levels
in the nucleus rapidly decrease almost to basal levels,
perhaps reflecting rapid re-synthesis of IkBo and conse¬
quent removal of NF-kB from the nucleus. Although dif¬
ferent levels of basal and stimulated p65 distribution
were observed between individual donors, substantial

Fig. 2. Effects of the caspase inhibitor, zVAD-fmk, and the
protein synthesis inhibitor, cycloheximide, on eosinophil
apoptosis induced by gliotoxin, TNF-a or on a combination
of these agents. Human eosinophils were treated with the
indicated reagents for 4 h at 37°C before cytocentrifuge
preparations were made and apoptosis assessed morpho¬
logically. Concentrations are: 10 ng/ml TNF-a, 100 ng/ml gli¬
otoxin, 100 zVAD-fmk, and 5 |xM cycloheximide (CHX).
The data are expressed as the mean ± SEM of four separate
experiments using eosinophils isolated from different donors.
•Represents significance differences (p<0.05) from control,
and # represents significance difference from GlioTTNF-a and
f represents significance difference form CHX/TNF-a.
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Fig. 3. Western blot analysis of cytoplasmic IkB« and p65.
Eosinophils were stimulated with 10 ng/ml TNF-a, 100 ng/
ml gliotoxin for 15 min in Iscove's DMEM at 37°C and cyto¬
plasmic extract prepared and analyzed by Western blotting
with anti-kBa antibody, and anti-p65 antibody. (A) Cyto¬
plasmic IkBo expression. Upon TNF-a stimulation the IkBu
band disappears, indicative of proteosomal degradation;
treatment of the cells with gliotoxin stabilizes IkBq in the
cytoplasm both in the absence and presence of TNF-a. For
a control Jurkat cell cytoplasmic extracts were included
(lane 5). (B) The amount cytoplasmic p65. The loss of p65
expression in the cytoplasm with TNF-a stimulation corre¬
lated with IkBo loss and suggests translocation of p65 into
the nucleus, a process blocked by gliotoxin. The blots are
representative of at least three separate experiments.



Eur. J. Immunol. 2002.32:457-466 NF-kB regulates eosinophil functional responsiveness and apoptosis 461

Control Gliotoxin

TNF-a Glio/TNF-u

%

Fig. 4. Confocal microscope images of p65 expression in
human eosinophils stimulated with TNF-a with and without
gliotoxin. Eosinophils were stimulated for 45 min in Iscove's
DMEM with 10 ng/ml TNF-a and 100 ng/ml gliotoxin. Anti-
p65 antibody was FITC labeled (shown as green) and the
nucleus was stained with propidium iodine (shown as red).
Upon TNF-a stimulation p65 migrates into the nucleus,
resulting in an enhanced yellow color. Gliotoxin, with or with¬
out TNF-a, dramatically inhibits p65 nuclear migration.

NF-kB activation by TNF-a stimulation was observed
(data not shown).

Coiil TNF-a filiotoiiB Glio/TNF-u
II «•
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Fig. 5. Quantitative analysis of p65 translocation to the
nucleus. Computer analysis of p65 expression in the
nucleus was measured as the ratio of p65-FITC nuclear fluo¬
rescence versus cytoplasmic fluorescence in each cell. At
least 300 cells were counted per condition and the data are

represented as mean ± SEM determined for each experi¬
ment independently. Eosinophils were incubated in Iscove's
DMEM at 37°C with the indicated stimuli (A and B) for 45 min
and with TNF-a for the indicated times (C). (A) The effect of
100 ng/ml gliotoxin on activation by 10 ng/ml TNF-a. (B) The
effect of 20 nM MG-132 on p65 translocation into the
nucleus. (C) Time course of the effect of 10 ng/ml TNF-a.
The data are representative of one experiment of at least
three similar experiments.

2.4 NF-kB activation mediates IL-8 production
by human eosinophils

Having clearly shown the presence and activation of the
NF-kB pathway in eosinophils and demonstrated that
this pathway regulates the eosinophil apoptotic program
in response to TNF-a, we next sought to investigate its
role in regulating eosinophil responsiveness. It is estab¬
lished in many cell types [11, 26] that IL-8 production is
tightly controlled by NF-kB, and eosinophils have the
capacity to synthesize this important pro-inflammatory
cytokine [3, 21]. TNF-a is a powerful stimulator of IL-8
production in eosinophils (Fig. 6) even at the early time
point of 90 min, a time point chosen since there is no

gliotoxin-induced apoptosis that could influence IL-8
production (data not shown). The production of IL-8 was

dramatically suppressed by gliotoxin at a concentration
that effectively inhibits NF-kB activation at this time point
where there is no significant apoptosis.

3 Discussion

We have clearly demonstrated that human eosinophils
possesses a fully functional NF-kB signaling system that
plays an important role in regulating cellular responsive¬
ness and apoptosis. Our data show that the eosinophil
contains p65 and that NF-kB is presumably maintained
in the cytoplasm by the inhibitor protein IkBo. Upon
exposure to the pro-inflammatory agent TNF-a, IkBo is
rapidly lost from the cytoplasm by a process that
involves phosphorylation and ubiquitination, followed by
subsequent degradation by the proteasome. In eosino¬
phils, Western blot analysis and immunofluorescence
data demonstrate that p65 translocates from the cyto¬
plasm to the nucleus in response to TNF-a. One likely
partner for p65 in eosinophils is p50, as identified by
Western blot analysis ([21] and data not shown). Glio¬
toxin and MG-132 effectively prevents p65 translocation
to the nucleus, which we suggest is important for the
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Fig. 6. Effect of gliotoxin on TNF-a-induced IL-8 release
from human eosinophils. Eosinophils were stimulated with
10 ng/ml TNF-a for 90 min in the absence and presence of
100 ng/ml gliotoxin and the IL-8 concentrations in the cell
supernatants determined by specific ELISA. The data are
expressed as the mean ± SEM of four separate experiments
using eosinophils isolated from different donors. Significant
increase (p<0.05) from the control is indicated by *.

direct effect of these compounds on apoptosis. TNF-a is
a powerful activator of NF-kB and gliotoxin and MG-132
inhibit NF-kB activation upon TNF-a stimulation result¬
ing in a dramatic synergistic induction of apoptosis.
Interestingly, the following observations suggest that
TNF-a-triggered apoptosis is more susceptible to NF-kB
inhibition than constitutive apoptosis; firstly, higher con¬
centrations of gliotoxin are required to directly induce
apoptosis than required to render the cells responsive to
the pro-apoptotic effects of TNF-a [13] and secondly
MG-132 augments TNF-a-induced apoptosis at earlier
time points than are required to induce apoptosis
directly. These findings clearly require further investiga¬
tion but provide the intriguing possibility of selectively
targeting the removal of potentially histotoxic eosinophils
from inflammatory sites by manipulating apoptosis of
such eosinophil sub-populations without influencing
constitutive tissue eosinophils.

The NF-kB complex binds to DNA regulatory sites on the
upstream (5') promotor sequences of target genes that
control the rate of gene transcription for many pro¬

inflammatory mediators, some of which can influence
granulocyte function and apoptosis {e.g. TNF-a and
IL-8). Eosinophils exposed to TNF-a (Fig. 6) and lipo-
polysaccharide [27] are capable of releasing IL-8. IL-8
itself can cause recruitment of inflammatory cells into
sites of inflammation and can also prime and/or activate
granulocytes [28, 29]. Thus activation of the NF-kB path¬
way can augment the inflammatory response by gener¬
ating further pro-inflammatory mediators. In our studies,
synthesis of IL-8 is inhibited by relatively low concentra¬
tions of gliotoxin even at a time point (90 min) at which
there is no significant induction of apoptosis, consistent
with the observation that TNF-a activates NF-kB to

induce IL-8 production in human eosinophils (Fig. 6;
[21]). Although we have shown previously that gliotoxin,
but not its structurally similar analog, methylthioglio-
toxin, can directly induce neutrophil apoptosis and
enhance apoptosis in the presence of TNF-a [13] by
selectively inhibiting NF-kB activation, the underlying
mechanisms were not identified. We show here that glio¬
toxin not only prevents translocation of p65 from the
cytoplasm to the nucleus but also prevents IkBo degra¬
dation. Interestingly, MG-132, like gliotoxin, can also
induce eosinophil apoptosis directly and also renders
eosinophils responsive to the pro-apoptotic effects of
TNF-a. It is noteworthy that MG-132 required a longer
incubation period in comparison to gliotoxin to un-mask
TNF-a-induced apoptosis. The precise reason for this is
unknown but may reflect a difference in the mechanism
of action or in the rates of cellular incorporation between
the two inhibitors of NF-kB activation. We do, however,
propose that NF-kB activation is a critical regulator of
granulocyte apoptotic programs. Studies using cyclo-
heximide suggests that granulocytes synthesize a sur¬
vival protein(s) that inhibits apoptosis [30]. Our results
showing that cycloheximide dramatically un-masks the
pro-apoptotic effect of TNF-a in eosinophils are entirely
consistent with our hypothesis that NF-kB activation
leads to the synthesis of a survival protein that limits the
ability of the cell to undergo apoptosis. Thus, TNF-a trig¬
gers a number of signaling pathways following ligation of
TNF-a receptors. We have previously shown that neutro¬
phils undergo an early induction of apoptosis (2-8 h) and
a later (>18 h) inhibition of apoptosis when cultured in
vitro in the presence of TNF-a [18]. The pro-apoptotic
effect of TNF-a is thought to be mediated by ligation of
the TNFR1 containing a death domain that interacts with
the TNF-receptor-associated death domain protein
(TRADD) allowing recruitment of Fas-associated death
domain (FADD), leading to activation of the caspase

enzyme pathway. This highly regulated sequence of
events enables apoptosis to be triggered. TNFR 2, often
in co-operation with TNFR1, results in the activation of
many kinases including the p38-Jun N-terminal kinase
(JNK) pathway and IKK [31]. Prevention of the survival
pathway by blocking the generation of NF-kb-mediated
protein synthesis allows the death pathway to predomi¬
nate and a massive induction of apoptosis is observed. It
remains possible that blockade of NF-kB will prevent the
synthesis of powerful NF-kb-regulated survival cyto¬
kines such as GM-CSF, IL-5 and IL-3. Indeed, it has very
recently been published that TNF-a via ligation of both
TNFRI and TNFR2 subtypes mediated eosinophil sur¬
vival (as assessed by Trypan blue exclusion), and that
this occurred through regulation of GM-CSF but not IL-3
and IL-5 production [20]. Furthermore, it was shown that
GM-CSF is indeed synthesized when eosinophils are
challenged with TNF-a and that TNF-a enhanced eosin-
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ophil survival is significantly inhibited by the proteasome
inhibitor MG-132 [20]. It also remains likely that eosino¬
phils like other cells can generate protein(s) that directly
influence the apoptotic program. However, the precise
identity of the potential survival protein(s) is unknown
(see [14] for a review); however, several likely candidate
proteins have been implicated including members of the
oncogene Bcl2 family (e.g. A1 [32, 33] and Mcl-1 [34])
and others such as c-Myc [35], A20 [36], clAP [37, 38],
and IEX-1L [39].

Although it is abundantly clear that NF-kB activation can
play an important role in regulating the production of
cytokines and adhesion molecules that are vital for
orchestrating the inflammatory response, there is rela¬
tively little direct in vivo evidence indicating that this tran¬
scription factor can influence eosinophilic inflammation.
Compelling evidence that NF-kB plays an essential role
in the induction of eosinophilia in allergic airway inflam¬
mation, was obtained using mice deficient in p50, when
compared with wild-type mice [40]. In addition to being
incapable of mounting eosinophilic airway inflammation,
p50-/- mice had a dramatically reduced capacity for
the production NF-kB regulated inflammatory mediators
such as the T helper 2 cytokine IL-5 and the chemokines
eotaxin and macrophage inflammatory protein (MIP)-1a
and MIP-ip. We believe that NF-kB plays a prominent
role in controlling eosinophil responsiveness and longev¬
ity, and therefore could have far reaching implications for
understanding not only the generation and propagation,
but also the resolution, of eosinophilic inflammation. Fur¬
ther investigations may lead to the development of novel
compounds that interfere with the NF-kB signaling path¬
way which may be applied to clinically relevant eosino¬
philic diseases such as asthma and allergic rhinitis.

4 Materials and methods

4.1 Eosinophil isolation and culture

Granulocytes were isolated from the peripheral blood of
normal or mildly atopic donors by dextran sedimentation
followed by centrifugation through discontinuous Percoll
(Amersham/Pharmacia, Little Chalfont, GB) gradients [13,
41]. Eosinophils were separated from contaminating neutro¬
phils by negative selection using an immunomagnetic sepa¬
ration step with sheep anti-mouse IgG-Dynabeads (Dyna-
beads M-450, Dynal, Merseyside, GB) coated with the
murine anti-neutrophil antibody 3G8 (anti-CD16; a gift from
Dr. J. Unkeless, Mount Sinai Medical School, New York) as
described [42], Eosinophils were routinely >98% pure and
>99% viable. After purification, eosinophils were washed
twice in PBS without Ca2+ and Mg2+ and resuspended as
indicated below. Eosinophils in Iscove's Dulbecco's modi¬
fied Eagle's medium (DMEM) (Life Technologies, Paisley,

GB) supplemented with 10% autologous serum were cul¬
tured in Falcon flat-bottom flexible 96-well plates (Becton
Dickinson, Oxford, GB) at 37QC in a 5% C02 atmosphere at
2x106/ml. Cells were cultured in the absence or presence of
test agents as described in the figure legends.

4.2 Assessment of eosinophil apoptosis

4.2.1 Morphology

Cells (120 |xl of 2x106/ml) were cyto-centrifuged, fixed in
methanol, stained with Diff-Quik™ (Gamidor Ltd., Abingdon,
GB) and counted using oil immersion microscopy (x100
objective) to determine the proportion of cells with distinc¬
tive apoptotic morphology [4, 7, 13]. At least 500 cells were
counted per slide. All experiments were performed at least
three times and each treatment done in duplicate and the
results are expressed as the mean % apoptosis ± SEM.

4.2.2 Annexin V binding

A separate and independent assessment of apoptosis was

performed by flow cytometry using FITC-labeled recombi¬
nant human annexin V that binds to phosphatidylserine
exposed on the surface of apoptotic cells. Stock annexin V
(Bender MedSystems, Vienna, Austria) was diluted 1:200
with binding buffer and then added (20 |il) to 120 nl of the
recovered cell samples. Following a 10-min incubation at
4°C, these samples were fixed by the addition of 100 prl of
3% paraformaldehyde in PBS before analysis using an
EPICS Profile II (Coulter Electronics, Luton, GB) [13],

4.3 Preparation of cell cytoplasmic extracts

Following incubation at 37°C with the indicated reagents
(see figure legends for concentrations and times) eosino¬
phils were washed with ice-cold PBS and the cells lysed at
4°C for 15 min with Nonidet P-40 lysis buffer as described
[43] (50 mM NaF, 5 mM Na^O?, 1 mM Na3V04, 10 mM
p-glyceropyrophosphate, 0.5 % (v/v) Nonidet P-40, 2 mM
EDTA, 16.8 mM Na2HP04, 3.2 mM NaH2P04) containing
complete protease inhibitor cocktail EDTA free (Roche Diag¬
nostics, Mannheim, Germany). The cell fragments were then
centrifuged (13,000xg, 10 min, 4°C) and the supernatants
containing the cytoplasmic extracts collected.

4.4 Western blot analysis

The cell extracts were diluted with 3x sample buffer [5.7%
(wt/v) SDS, 14% mercaptoethanol, 150mM Tris-HCI, pH
6.7; 30% (v/v) glycerol] and heated at 95°C for 3 min before
running on 10% (wt/v) SDS-polyacrylamide gel. Electopho-
retically separated proteins were transferred on PVDF micro-
porous membranes (Millipore Corporation). Non-specific
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binding was blocked with PBS containing 5% non-fat dry
milk and 0.1 % Tween 20 (Sigma Co., Poole, GB) and probed
with the indicated antibodies (anti-licBa from New England
Biolab Ltd., Hertfordshire, GB; anti-p65 and -p50 antibodies
from Santa Cruz Biotechnology, CA). As a positive control
10 ng of protein extracted from un-treated Jurkat cell [main¬
tained in RPMI 1640 (Life Technologies), 10% FCS (Life
Technologies)] extract was also run on the gels. Immunode-
tected proteins were visualized by ECL™ detection reagents
(Amersham/Pharmacia).

4.5 Immunohistochemistry

Eosinophils (2.5x106/ml) were incubated in Iscove's DMEM
containing 5% FCS for 2 h at 37°C before treatment with the
indicated agents and time (see figure legends for details).
The cells were cyto-centrifuged, air dried for 10min and
then fixed with 4% (w/v) p-formaldehyde/PBS for 10min
and washed three times with PBS. The cells were permeabil-
ized and nonspecific binding was blocked in buffer contain¬
ing 0.2% (w/v) Triton X-100 protein block serum-free buffer
(DAKO Corp., Glostrup, Denmark) at room temperature for
30 min. The cells were incubated with rabbit polyclonal p65
antibody (Santa Cruz Biotechnology; 1:100 dilution) in anti¬
body diluent (DAKO) with 0.2% Triton X-100 for 1 h. The
cells were washed three times in antibody diluent with 0.2%
Triton X-100 and then incubated (1:100 dilution) with Alexa™
488 (goat anti-rabbit) IgG antibody (Molecular Probes,
Eugene, OR) for 1 h in antibody diluent with 0.2% Triton X-
100 then washed three times in the same buffer. The nucleus
was stained with 0.1% (v/v) propidium iodide (Sigma) with
2% (w/v) RNase in PBS at 37°C for 30 min followed by
washing (x3) with PBS before applying a glass coverslip.

4.6 Confocal microscopy and image analysis

Images are from single confocal sections, 0.3 |im thick,
taken through the center of the nucleus, on a Leica TSC 4D
confocal microscope using a 63x objective lens. NF-kB
nuclear translocation was determined with a Leica DMRB

microscope using a 40x NA 0.7 objective lens and Kappa
integrating monochrome CCD camera. Image analysis was
integrated with image capture as described before [44], The
image analyzer captures an image of the green NF-kB fluo¬
rescence and using an automated macro-program devel¬
oped for this application on a Leica Q550IW image analyzer
and uses the binary images of the propidium iodide staining
as a mask to measure only the NF-kB fluorescence of the
nuclei. The image analyzer then detects the green fluores¬
cence (488 nm excitation, 530 nm emission) and subtracts
the binary image of the red fluorescence (570 nm excitation,
620 nm emission) to give a binary mask for the cytoplasm.
At least 300 cells were counted per condition and the data
accumulated. Means ± SEM are determined for each experi¬
ment independently.

4.7 IL-8 measurement

The ELISA was performed using IL-8 recombinant protein as
a standard and IgG anti-human IL-8 according to the manu¬
facture's instructions (R&D systems, Abingdon, GB).

4.8 Materials

Further specific materials were obtained as follows: recom¬
binant human TNF-a (R&D Systems), MG-132 (N-cbz-Leu-
Leu-leucinal) (Biomol, Affinity Research Products, Mam-
head, GB) and zVAD-fmk (benzylocarbonyl-Val-Ala-Asp-
fluoromethylketone) (Bachem Ltd., Saffron Walden, GB).

4.9 Statistical analysis

The results are expressed as the mean ± SEM of the number
(n) of independent experiments each using cells isolated
from different donors with each treatment performed in
duplicate or triplicate. Statistical analysis was performed by
ANOVA with comparisons between groups made using the
Newmans-Kuels procedure. Where appropriate, analysis
was performed using the paired Student's f-test. Differences
were considered significant when p<0.05, and are repre¬
sented by the indicated symbol.
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Prostaglandin D2 and Its Metabolites Induce
Caspase-Dependent Granulocyte Apoptosis That Is Mediated
Via Inhibition of IkBo: Degradation Using a Peroxisome
Proliferator-Activated Receptor-y-Independent Mechanism1

Carol Ward,* Ian Dransfield,* Joanna Murray,* Stuart N. Farrow,f Christopher Haslett,* and
Adriano G. Rossi2*

Many inflammatory mediators retard granulocyte apoptosis. Most natural PGs studied herein (e.g., PGE2, PGA2, PGA,, PGF2o)
either delayed apoptosis or had no effect, whereas PGD2 and its metabolite PGJ2 selectively induced eosinophil, but not neutrophil
apoptosis. This novel proapoptotic effect does not appear to be mediated via classical PG receptor ligation or by elevation of
intracellular cAMP or Ca2+. Intriguingly, the sequential metabolites A,2PGJ2 and 15-deoxy-A12, A14-PGJ2 (15dPGJ2) induced
caspasc-dependent apoptosis in both granulocytes, an effect that did not involve de novo protein synthesis. Despite the fact that
AI2PGJ2 and 15dPGJ2 are peroxisome proliferator-activated receptor-y (PPAR-y) activators, apoptosis was not mimicked by
synthetic PPAR-y and PPAR-a ligands or blocked by an irreversible PPAR-y antagonist. Furthermore, A,2PGJ2 and 15dPGJ2
inhibited LPS-induced IkB» degradation and subsequent inhibition of neutrophil apoptosis, suggesting that apoptosis is mediated
via PPAR-y-independent inhibition of NF-kB activation. In addition, we show that TNF-a-mediated loss of cytoplasmic IkB« in
eosinophils is inhibited by 15dPGJ2 in a concentration-dependent manner. The selective induction of eosinophil apoptosis by PGD2
and PGJ2 may help define novel therapeutic pathways in diseases in which it would be desirable to specifically remove eosinophils
but retain neutrophils for antibacterial host defense. The powerful proapoptotic effects of A12PGJ2 and 15dPGJ2 in both gran¬

ulocyte types suggest that these natural products control the longevity of key inflammatory cells and may be relevant to under¬
standing the control and resolution of inflammation. The Journal of Immunology, 2002, 168: 6232-6243.

Neutrophilic and eosinophilic granulocytes are key effec¬tor cells in host defense against bacteria and parasites,
respectively; however, the over-recruitment, uncon¬

trolled activation, or defective removal of these cells plays a prom¬
inent role in the initiation and propagation of chronic inflammatory
diseases. Granulocyte apoptosis occurs as part of the normal res¬
olution process, rendering these cells unresponsive to subsequent
stimulation but allowing recognition by phagocytes (e.g., macro¬
phages) by a silent mechanism that does not cause the release of
phagocyte proinflammatory mediators (1-4). Indeed, Fadok et al.
(5) have shown that anti-inflammatory agents such as TGF-/3 are
released. At sites of inflammation, granulocytes are exposed to a
plethora of different inflammatory mediators, most of which not
only influence granulocyte responsiveness but also prolong their
functional longevity by delaying apoptosis (6). A notable excep¬
tion to this rule is the acceleration of apoptosis by the proinflam-
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matory mediator TNF-a after exposure of neutrophils to this cy¬
tokine (7), particularly in the presence of NF-kB inhibitors (8).

PGs, a group of C20 carboxylic acids containing a cyclopentane
ring, have been unequivocally shown to play a prominent role in
the inflammatory process; however, their effects on granulocyte
apoptosis have not been fully examined. Prostanoid formation oc¬
curs when cyclooxygenase oxygenates arachidonate converting it
to PGG2, which is then reduced to PGH2. PGH2, in turn, is con¬
verted to five primary active metabolites, PGD2, PGE2, PGF2a,
PGI2, or thromboxane A2 via distinct synthases (9-11). PGE, and
PGE2 can be metabolized to PGA, and PGA2 (12), whereas PGD2
sequentially forms metabolites of the J series, 9-deoxy-A9PGD2
(PGJ2), AI2PGJ2, and 15-deoxy-A12,A'4PGJ2 (15dPGJ2)3 (13).
Both neutrophils and eosinophils synthesize, to varying degrees,
some of these PGs and are capable of responding to specific PGs
by interaction with their cognate classical seven-transmembrane
prostanoid receptors (14, 15). Interestingly, PGD2, which is pro¬
duced by both neutrophils and eosinophils (16, 17), is also gener¬
ated by Ag-stimulated human Th2 cells (18) and is the major ar-
achidonic acid metabolite released from activated human mast

cells (19). Thus, this PG is considered to be an important mediator
of allergic disorders such as allergic rhinitis and is present after Ag
challenge in the airways of patients with asthma (20). Although
PGD2 binds preferentially to the PGD2 receptor (DP receptor), it

2 Abbreviations used in this paper: 15dPGJ2, 15-deoxy-A12, AI4-PGJ,; [Ca2+]i, cy-
tosolic free Ca2 f concentration; IKK, IkB kinase; PGJ2, 9-deoxy-A''-PGD2; DP re-
ceptor, PGD2 receptor; IP receptor, prostacyclin receptor; TP receptor, thromboxane
A2 receptor; FP receptor, PGF2„ receptor; EP receptor, PGE receptor; PPAR, perox¬
isome proliferator-activated receptor; z-VAD-fmk, benzylocarbonylvalylalanylas-
partyl fluoromethylketone; dbcAMP, dibutyryl cAMP.
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can also bind to other PG receptors, thereby triggering several
different signaling pathways. For example, binding to the DP re¬
ceptor increases intracellular cAMP and/or cytosolic free Ca2+
concentration ([Ca2+];), whereas PGE receptor (EP receptor) 1,
PGF2t> receptor (FP receptor), or thromboxane A-, receptor (TP
receptor) ligation increases [Ca2+], but has no direct effect on
cAMP levels. Prostacyclin receptor (IP receptor) activation also
increases intracellular cAMP (9, 21-23). The metabolites of PGD2,
A12PGJ2 and 15dPGJ2, have been shown to activate intracellular
peroxisome proliferator-activated receptors (PPARs) which are
transducer proteins belonging to the steroid/thyroid/retinoid recep¬
tor superfamily that regulate target genes by binding to PPAR
response elements (24, 25). Three isoforms of PPAR (PPAR-y,
PPAR-S, and PPAR-a) are present in human cells (26-28).
PPAR-a is primarily expressed in tissues with high fatty acid ca-
tabolism; PPAR-y is expressed in adipose tissue, adrenal gland,
spleen, and several myeloid cell lines; and PPAR-S is highly ex¬

pressed in heart, kidney, and intestine (29-31).
In this study, we demonstrate differential effects of PGD2 on

granulocyte apoptosis; selectively inducing eosinophil but not neu¬
trophil apoptosis. This intriguing result prompted us to examine
the actions of this PG and its metabolites more closely. We show
that the PGD2 metabolites, A12PGJ2 and 15dPGJ2, are powerful
inducers of caspase-dependent granulocyte apoptosis. These data
could not be mimicked using synthetic PPAR-y agonists such as
the thiazolidinediones BRL49653 and ciglitazone (32), nor could
the PPAR-y antagonist GW9662 (33) prevent induction of cell
death by 15dPGJ2. PGs of the J series also activate PPAR-cx; how¬
ever, a synthetic ligand to this isoform, pirinixic acid (WY-14643),
had no effect on granulocyte apoptosis. We also rule out a signif¬
icant proapoptotic role for the other classical cell surface PG re¬
ceptors in both neutrophils and eosinophils. We have recently
shown that NF-kB plays a critical role in the regulation of gran¬
ulocyte apoptosis where specific inhibition ofNF-kB can directly
induce granulocyte apoptosis and can enhance apoptosis induced
by TNF-a and block the delayed apoptosis induced by LPS (8). In
view of the suggestion that PPAR-y ligands may inhibit NF-kB
activation, we examine whether the effects of A'2PGJ2 and
15dPGJ2 are mediated via inhibition of this transcription factor.
We demonstrate in the neutrophil that PGD2 metabolites inhibit
LPS-induced degradation of IkBcx (the inhibitory subunit of NF-
kB) and block LPS-mediated inhibition of apoptosis. Furthermore,
TNF-a-induced IkBo breakdown in the eosinophil is also inhib¬
ited by PGD2 metabolites. We conclude that the PPAR-y ligands
AI2PGJ2 and 15dPGJ2 influence granulocyte apoptosis by inter¬
fering with the prosurvival NF-kB pathway, an effect that is inde¬
pendent of PPAR-y ligation.

Materials and Methods
Neutrophil and eosinophil isolation and culture

Neutrophils and eosinophils were isolated from the peripheral blood of
normal donors by dextran sedimentation followed by centrifugation
through discontinuous Percoll gradients (Amersham Pharmacia Biotech,
Little Chalfont, U.K.) (34, 35). Only neutrophil preparations with a cell
purity of >98% were used. Eosinophils were separated from contaminating
neutrophils using immunomagnetic separation with sheep anti-mouse IgG-
Dynabeads (Dynabeads M-450; Dynal, Merseyside, U.K.) coated with the
murine anti-neutrophil Ab 3G8 (anti-CD16; a gift from Dr. J. Unkeless,
Mount Sinai Medical School, New York, NY). Cells were mixed with
washed Ab-coated magnetic beads at a bead-neutrophil ratio of 3:1 on a
rotary mixer at 4°C for 20 min, and the beads were removed magnetically
by two 3-min stationary magnetic contacts (Dynal Magnetic Particle Con¬
centrator, MPC-1) to yield an eosinophil population of >98% purity. After
purification, cells were washed twice in PBS without Ca2+ and Mg2+
before resuspending in IMDM (Life Technologies, Paisley, U.K.) supple¬
mented with 10% autologous serum (unless otherwise stated in figures).

Both cell types were cultured in flat-bottom Falcon flexible well plates (BD
Biosciences, Oxford, U.K.) at 37°C in a 5% CO, atmosphere; or in 2 ml
round-bottom Eppendorf tubes in a shaking water bath at 37°C, with neu¬
trophils 5 X 10'Vml and eosinophils 2 X 106/ml. Cells were cultured in the
absence or presence of test agents as described in the figures. All experi¬
ments were performed at least three times in triplicate.

Assessment ofgranulocyte apoptosis
Morphology. Cells were cytocentrifuged, fixed in methanol, stained with
DiffQuik (Gamidor, Abingdon, U.K.) and counted using oil immersion
microscopy (X100 objective) to determine the proportion of cells with
distinctive apoptotic morphology (8). At least 500 cells were counted per
slide with the observer blinded to the experimental conditions. The results
were expressed as the mean percent apoptosis ± SEM
Annexin V binding andpropidium iodide staining. A separate and inde¬
pendent assessment of apoptosis was performed by flow cytometry using
FITC-labeled recombinant human annexin V that binds to phosphatidyl-
serine exposed on the surface of apoptotic cells and propidium iodide as an
index of loss of cell membrane integrity (8). Stock annexin V (Bender
MedSystems, Vienna, Austria) was diluted 1/200 with binding buffer and
then added (25 p.1) to 75 /u.1 of the recovered cell samples. After a 10-min
incubation at 4°C, these samples were treated with propidium iodide (final
concentration, 10 jng/ml) for 2 min before flow cytometric analysis using
an EPICS XL2.

DNA fragmentation assay. Cells were lysed, DNA was extracted and run
on an agarose gel containing ethidium bromide, and DNA fragmentation
(laddering) was visualized as described (36).

Assessment ofmembrane integrity and cell recovery
To ensure that the cell death observed was due solely to apoptosis, the
membrane integrity of treated and untreated cells was assessed using the
vital dye trypan blue. In addition, cells were counted at the start of culture
and at the end of the indicated period. Under all conditions and treatments
used, there was no loss of cell membrane integrity, and cell loss was
minimal.

Measurement of [Ca2+]i
Freshly isolated granulocytes were washed (three times) in BBSS (Ca2+
and Mg2' free) before being resuspended at 107/ml in BBSS (Ca2 + and
Mg2+ free), for incubation with fura 2-acetoxymethyl ester (final concen¬
tration, 2 p.M) for 30 min at 37°C (37, 38). The cells were then washed
(twice) to remove fura 2-acetoxymethyl ester and left in BBSS (Ca2+ and
Mg2+ free) for a further 10 min for optimal deesterification, before finally
resuspending the granulocytes at 2 X lO'/ml in FIBSS (containing Ca2+
and Mg2' ). Changes in fluorescence upon agonist addition were deter¬
mined using a PerkinElmer (Wellesley, MA) LS50B fluorometer, with dual
wavelength excitation (340 and 380 nm) and emission at 510 nm, fitted
with a thermostated cuvette compartment and stirring attachment, to ensure
complete mixing of reagents. [Ca2_,"]j was calibrated as previously de¬
scribed (37, 38).

Western blotting for IkBa
Cell samples (5 x 106/ml) were incubated in a shaking water bath at 37°C
with the agents of interest as described in the figure legends. After treat¬
ment, cells were immediately placed on ice, and all lysates were prepared
at 4°C. To minimize problems with proteolysis, lysates were prepared by
methods normally used for EMSA preparations (8). Lysates were run on a
9% SDS gel and, after transfer, blocked by 5% milk protein before an
overnight incubation with primary IkBo Ab (New England Biolabs, Bev¬
erly, MA) diluted 1/500. After washing, blots were incubated with BRP-
conjugated anti-biotin Ab diluted at 1/2500 and developed using standard
ECL reagents (Amersham, Arlington Beights, IL).

Other materials

Further specific materials were obtained as follows: LPS (Escherichia coli
0127:B8) (Sigma, Poole, U.K.); benzylocarbonylvalylalanylasparlyl flu-
oromethylketone (z-VAD-fmk; Bachem U.K., Saffron Walden, U.K.);
A12PGJ2, 15dPGJ2, PGJ2, PGD2, PCjA2, PGA,, U46619, ciglitazone, and
WY-14643 (Biomol; Affinity Research Products, Mamhead, U.K.); recom¬
binant human TNF-cr (R&D Systems, Abingdon, U.K.). GW9662 was a
gift from T. Willson (Glaxo Wellcome, Research Triangle Park, NC), and
BRL49653 was a gift from K. Chaterjee (University of Cambridge, Cam¬
bridge, U.K.). All other reagents were obtained from Sigma U.K. and were
of the highest purity.
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Statistical analysis
The results are expressed as mean ± SEM of the number (n) of indepen¬
dent experiments each using cells from separate donors with each treatment
performed in triplicate. Statistical analysis was performed by ANOVA with
comparisons between groups made using the Newman-Kuels procedure.
Differences were considered significant when p < 0.05.

Results
Most PG either inhibit or have no direct effect on granulocyte
apoptosis
The effects of PGs on granulocyte apoptosis are shown in Table I.
PGE2 and 11-deoxyPGE, delayed neutrophil apoptosis as did the
dehydration product of PGE,, PGA,. PGA2 had no significant ef¬
fect on apoptosis in either cell type, whereas PGF2ot decreased the
rate of constitutive apoptosis in both neutrophils and eosinophils.
The thromboxane A2 mimetic U46619 had no direct effect on cell
death. Only PGD2 increased the constitutive rate of eosinophil
apoptosis

PGD: has differential effects on neutrophil and eosinophil
apoptosis

PGD2 did not enhance the rate of constitutive neutrophil apoptosis
at 20 h (Fig. 1 A) or at earlier time points (e.g., 2, 3, 4, or 6 h) when
basal levels of apoptosis are much lower (data not shown). How¬
ever, PGD2 significantly increased the rate of eosinophil apoptosis,
after both 20 and 40 h in culture, with levels of apoptosis in treated
cells being ~4 times higher than those in control untreated cells
(Fig. IS). As a further control in these experiments, when neutro¬
phils were cultured at the same density as eosinophils (2 X 106/
ml), PGD, still did not induce neutrophil apoptosis (control,
85.9 ± 4.6; PGD, (10 p,M), 87.9 ± 1.3 (n = 3, each experiment
performed in triplicate)). To directly demonstrate the efficacy of
PGD, on eosinophils, apoptosis was induced by PGD, and com¬
pared with apoptosis induced by maximal concentrations of dexa-
methasone (1 p.M), an established accelerator of eosinophil apo¬
ptosis (39), during concurrent experiments on cells from the same
donor. PGD, (10 p.M) induced apoptosis to a greater extent than
dexamethasone at both time points (20 and 40 h) tested (Fig. IB).
In addition, this increase in apoptosis appeared to be restricted to
eosinophils because, as shown in Table II, further studies using
other immune cells determined that PGD2 did not induce cell death
in Jurkat T lymphocytes or human PBL. Only the J series metab¬
olite A'2PGJ2 substantially induced apoptosis in the Jurkat cell
line. Furthermore, PGD, did not influence the constitutive rates of
apoptosis in either peripheral blood monocytes or monocyte-de-
rived macrophages after 20 h of culture (data not shown).

Role of the DP receptor in the regulation ofgranulocyte apoptosis
PGD, can be metabolized to biologically active breakdown prod¬
ucts. Therefore, to further investigate the possible mechanism of
PGD,-mediated acceleration of eosinophil apoptosis, we used a sta¬
ble PGD, mimetic (5Z, 13£)-(97?, 1 ID, 155)-9-chloro-15-hydroxy-
16,17,18,19,20-pentano-3-oxa-5,13-prostadienoic acid (ZK 118.182))
(40). This compound allowed investigation of the consequences of
activating the DP receptor without the production of active PGD,
metabolites. In contrast to PGD,, ZK 118.182 significantly inhibited
apoptosis in neutrophils (Fig. 1C) while increasing eosinophil ap¬
optosis at 40 h to a small but significant extent; however, the effect
was minimal in comparison to levels of cell death induced by
PGD2 (Fig. ID). Thus, these disparate results suggest that ligation
of the DP receptor is unlikely to account for the proapoptotic ef¬
fects observed with PGD,.

The increase in eosinophil apoptosis is not explained by binding
to other surface PG receptors

PGD, at the concentrations used in this study, has the ability to
bind other PG receptors, namely, the EP, FP, IP, and TP receptors
(9). We therefore examined the effects of agonist binding to these
receptors to determine whether the increase in apoptosis observed
with PGD2 could be reproduced. The FP receptor binds PGF2„,
which inhibits several functional activities in human neutrophils
(41, 42); however, little is known of its effects on eosinophils. As
shown in Table I, PGF2„, significantly increased neutrophil sur¬
vival, and by 40 h of culture, eosinophil apoptosis was almost 50%
of control values. Had PGD2 been acting via the FP receptor, ap¬
optosis should have been inhibited in both eosinophils and
neutrophils.
The use of U-46619, a thromboxane A, receptor agonist, dem¬

onstrated that activation of putative TP receptors on granulocytes
had no significant effect on apoptosis in either neutrophils or eo¬
sinophils (Table I), again suggesting that PGD, is not acting via
this receptor. Activation of the DP, IP, EP2> EP3, and EP4 receptors
has been demonstrated to increase intracellular cAMP levels in

many cell types including granulocytes (9). To mimic elevation of
cAMP, we used the stable, cell-permeable analog of cAMP, db-
cAMP (dbcAMP), and show that this compound powerfully delays
apoptosis in both neutrophilic (Fig. ID) and eosinophilic (Fig. ID)
granulocytes. Therefore, elevation of cAMP by ligation of certain
PG receptors cannot explain the dramatic augmentation of apopto¬
sis induced by PGD2.
Ligation of the EP, receptor has no reported effects on intracel¬

lular cAMP levels, but it does increase [Ca2' ], in some cell sys¬
tems. To investigate directly whether PGD, can influence [Ca2+],

Table I. Effect ofPG on neutrophil and eosinophil apoptosis"

Neutrophils (20 h) Eosinophils (20 h) Eosinophils (40 h)

Treatment Control Treated Control Treated Control Treated

pge2 65.9 ± 6.6 45.8 ± 6.8* 7.7 ± 1.4 6.6 ± 3.6 12.8 ± 1.0 14.0 ± 4.4

11-DeoxyPGE, 65.3 ± 6.9 50.3 ± 7.0'' 8.4 ± 2.0 5.4 ± 1.9 15.0 ± 4.5 5.6 ± 1.7*
pga, 67.3 ± 1.1 56.1 ± 0.9'' ND ND

pga2 71.4 ± 5.6 64.6 ± 9.4 7.7 ± 1.4 10.2 ± 6.1 12.8 ± 1.0 18.7 ± 3.4

pgf,„ 66.0 ± 6.7 57.7 ± 8.0a 7.7 ± 1.4 5.1 ± 1.9* 12.8 ± 1.4 6.9 ± 0.74
U46619 70.2 ± 5.1 70.3 ± 3.2 11.5 9.71 ND

pgd2 61.0 ± 6.2 65.1 ± 2.3 10.9 ± 2.4 41.1 ± 7.9'' 19.9 ± 4.9 83.7 ± 5.5*

"Neutrophils (5 X 106/ml) or eosinophils (2 X 106/ml) were incubated in IMDM supplemented with serum alone (control) or with PG (10 pM) as detailed above and
harvested at 20 h (neutrophils) and 20 and 40 h (eosinophils). Apoptosis was assessed morphologically. Data represent the mean ± SEM of at least three separate experiments.
All experiments were performed in triplicate.

b Significant differences (p < 0.05) from the appropriate control.
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Data represent the mean ± SEM of three separate experiments. All experiments were performed in triplicate. *,p < 0.05 compared with control values.

in granulocytes, we performed studies using fura 2-loaded cells.
Neutrophils (Fig. 2) and eosinophils (Fig. 3) respond to stimuli
such as platelet-activating factor and leukotriene B4, which act on
specific G protein-coupled receptors by a rapid and reversible el¬
evation of [Ca2' ]j. We found that PGD2 at 10 p.M induced a rapid
and reversible elevation of [Ca2+], in eosinophils but not in neu¬
trophils. These differential effects were mirrored by the PGD2 se¬
quential metabolites PGJ2, A12PGJ2, and 15dPGJ2. Interestingly,
in eosinophils there was both homologous and heterologous de-
sensitization between the different PGD2 metabolites and indeed
PGD2 itself (Fig. 3 and data not shown). It has been recently re¬
ported that PGD2 metabolites are potent selective activators of
human eosinophils inducing calcium mobilization, actin polymer¬
ization, and CD1 lb expression by interacting with DP2 (43). We
have previously reported that increasing levels of [Ca2+], inhibits
neutrophil apoptosis while accelerating this process in eosinophils

(44, 45). Flowever, use of calcium ionophores and other pharmaco¬
logical agents (e.g., thapsigargin) that elevate [Ca21], also cause
degranulation in the eosinophil and cause necrosis rather than apo¬
ptosis by 40 h. Neither degranulation nor necrosis was observed in
either cell type when treated with PGD2 at any time point examined.
This suggests that increases in [Ca21 ], were not responsible for the
proapoptotic effect of this PG. Therefore, the proapoptotic effect of
PGD2 on eosinophils does not appear to be mediated via any known
classical cell surface PG receptor or by increasing intracellular cAMP
or[Ca2+],
The PGD2 metabolites PGJ2, \12PGJ2, and !5dPGJ, induce
granulocyte apoptosis

PGJ2, an active PGD2 metabolite, is also capable of selectively
triggering the DP receptor (13, 22). As demonstrated in Fig. 4A,
PGJ2 produced results similar to those of PGD2 in neutrophils,



6236 MECHANISM OF GRANULOCYTE APOPTOS1S INDUCED BY PGD2 METABOLITES

Table II. Effects of PGD-, and PGD2 metabolites on lymphocyte
apoptosis"

Jurkat T Human Peripheral
Lymphocytes Lymphocytes

Treatment Mean SEM Mean SEM

Control 2.6 0.4 2.8 0.7
Dexamethasone (1 pM) ND 6.84 0.1
PGD, (10 pM) 2.2 1.0 2.9 0.4

PGJ2 (10 pM) 2.2 0.8 3.8 0.8

A12PGJ2 (10 pM) 17.0'' 5.2 ND

15dPGJ2 (10 pM) 2.5 0.9 ND

° Jurkat T lymphocytes (5 X 10r'/ml) in RPMT with 10% FBS and human periph¬
eral lymphocytes (5 X 10G/ml) in IMDM with 10% autologous serum were treated
with the reagents as indicated and cultured at 37°C for 20 h. The cells were then fixed
and stained, and apoptosis was determined by morphological assessment. All values
are from n = 3-5 separate experiments, each performed in triplicate.

h Represents significance differences (p < 0.05) from the appropriate control.

causing no significant change in the rate of constitutive apoptosis
at 20 h. However, PGJ2 significantly increased eosinophil apopto¬
sis at 20 and 40 h, but this increase was markedly less than that
induced by the parent compound, PGD2, when used at equimolar
concentrations (Fig. 4B).

These results suggested that the differential effect of PGD2 on

eosinophil and neutrophil apoptosis might be the result of differ¬
ences in the metabolic products produced by these two cells. We
therefore investigated whether the PGJ2 metabolites AI2PGJ2 and
15dPGJ2 could increase levels of constitutive granulocyte apopto¬
sis. Fig. 4, C and D, illustrates that these metabolites are efficacious
inducers of programmed cell death in both cell types causing in¬
creases in eosinophil apoptosis comparable with those observed
with PGD2. However, A'2PGJ2 and 15dPGJ2 also had powerful
proapoptotic effects on neutrophils, increasing control rates from
66 to —90% at 20 h. These data support the possibility that neu¬
trophils and eosinophils may metabolize PGD, differently. The
proportion of cells exhibiting classical pyknotic nuclei of apoptotic

neutrophils and eosinophils increases markedly in cells treated
with 15dPGJ2 and A12PGJ2 even at the early time points of 3-4 h
(Fig. 6 and data not shown). When DNA was extracted from gran¬
ulocytes treated with PGD, metabolites for short period of culture
(e.g. 4 h) and run on an agarose gel, a typical DNA ladder pattern
was evident whereas there was no DNA "laddering" observed in
control cells (data not shown). Moreover, the proportion of gran¬
ulocytes binding FITC-labeled annexin V (indicative of cell sur¬
face changes associated with apoptosis) was increased when cells
were treated with PGD, and its metabolites (Fig. 5). A smaller
increase in propidium iodide staining was also observed with the
PGs. We believe that this increase is likely due to secondary ne¬
crosis, in that failure of apoptotic eosinophil clearance results in
these cells quickly undergoing necrosis and it is possible that ac¬
tual processing of eosinophils during the double staining technique
can contribute to an abnormally high level of propidium iodide
staining. This latter point is further supported by the observation
that we failed to observe any significant uptake of the vital dye
trypan blue when the cells are treated with these PGs.

The induction ofgranulocyte apoptosis by A'~PGJ2 and
15dPGJ2 is independent of synthesis ofa death protein but
dependent on activation of caspases
To investigate whether the proapoptotic effect of A12PGJ2 and
15dPGJ2 requires synthesis of protein(s) (e.g., a death-inducing
protein), cells were cultured with a protein synthesis inhibitor, cy-
cloheximide. Although cycloheximide itself is a potent accelerator
of granulocyte apoptosis at 20 h (46), experiments were performed
at a 3-h time point at which cycloheximide alone has little influence
on this process. Interestingly, the proapoptotic effect of 15dPGJ2 was
apparent even at this short incubation period (Fig. 6A). Cyclohexi¬
mide did not inhibit the induction of cell death but rather produced an
additive increase in the levels of apoptosis produced by this metabo¬
lite. The increase in apoptosis induced by 15dPGJ2 was attenuated
when cells were cotreated with the pan-caspase inhibitor z-VAD-fmk
but not by the vehicle control (0.02% DMSO) (Fig. 6B). z-VAD-fmk

PBS PGD,

FIGURE 2. Effect of PGD,, PGJ2,
15dPGJ, on neutrophil [Ca2^]h Fura 2-loaded neutro¬
phils (2X10 6/ml) were stimulated with platelet-acti¬
vating factor (PAF; 100 nM), PGD2(10 pM),PGJ2(10
pM), A12PGJ, (10 pM), and 15dPGJ2 (10 pM) as in¬
dicated above. Changes in [Ca2+]i were determined as
described in Materials and Methods, and data are rep¬
resentative of three separate experiments.
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PBS LTB4

FIGURE 3. Effect of PGD2, PGJ2, A12PGJ2, and
15dPGJ2 on eosinophil [Ca2+]j. Fura 2-loaded eosin¬
ophils (2 X 10 6/ml) were stimulated with leukotri-
ene B4 (LTB4; 100 nM), PGD2 (10 pM), PGJ2 (10
pM), A12PGJ2 (10 pM), and 15dPGJ2 (10 pM) as
indicated above. Changes in [Ca2+]j were deter¬
mined as described in Materials and Methods, and
data are representative of three separate experiments.
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also blocked the induction ofeosinophil apoptosis by both metabolites
(data not shown). Taken together, these results clearly demonstrate
that the proapoptotic nature of the PGD2 metabolites likely does not
result from the synthesis of a death-inducing protein as has been
suggested for the proapoptotic effect observed in other cells (47) but
is, however, critically dependent on the activation of caspases.

Synthetic PPAR-y activators do not induce granulocyte
apoptosis
Because A12PGJ2 and 15dPGJ2 are known ligands for PPAR-y, we
investigated the effects of other known PPAR-y activators on gran¬

ulocyte apoptosis. The synthetic PPAR-y ligands, BRL49653 and
ciglitazone, used at concentrations ranging from 1 nM to 100 pM,
did not affect the rate of constitutive apoptosis in either cell type
(Fig. 6Q. Moreover, GW9662, an irreversible PPAR-y antagonist
(33), did not prevent the induction of apoptosis induced by
15dPGJ2 (Fig. (ild). Because some reports indicate that PGD2 me¬
tabolites can also activate PPAR-a at higher concentrations (48),
we also incubated granulocytes with pirinixic acid (WY-14643), a
PPAR-a agonist. This compound did not influence apoptosis in
either cell type over the wide range of concentrations examined
(1-300 pM) (Fig. 6Q. Our data strongly suggest the powerful
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FIGURE 4. Effect of PGJ2, A12PGJ2,
and 15dPGJ2 on constitutive granulo¬
cyte apoptosis. Neutrophils (A and C;
5 X 106/ml) and eosinophils (B and D\
2 X 106/ml) were incubated in IMDM
supplemented with serum alone (con¬
trol) or with the indicated reagent and
harvested at 20 h (neutrophils) and 20
and 40 h (eosinophils) and apoptosis
was assessed morphologically. In all
panels □ is vehicle control-treated
cells. A, PGJ2 (10 pM)-treated cells
(■); B, PGJ, (10 pM) (■), PGD2 (10
pM) (□); C and D, A12PGJ2 (10 pM)
(□) and 15dPGJ2 (10 pM) (■). Data
represent the mean ± SEM of three sep¬
arate experiments (A and B) and four
separate experiments (C and D). All ex¬
periments were performed in triplicate.
*, p < 0.05 compared with control
values.
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induction of apoptosis by A'2PGJ2 and 15dPGJ2 is not mediated
via PPAR-a or PPAR-y activation.

Al2PGJ2 and 15dPGJ'2 may induce apoptosis in granulocytes by
inhibition of IkBoi proteolysis

Recent work has demonstrated that 15dPGJ2 can inhibit activation
of NF-kB (49), a transcription factor that we have recently shown
to be critically involved in regulating granulocyte survival (8). Acti¬
vation of NF-kB by LPS may explain the powerful inhibition of
granulocyte apoptosis by this proinflammatory bacterial product. As
shown in Fig. 1A, 15dPGJ2 completely prevented LPS-induced delay
of apoptosis, indicating that the cyclopentenone PGs may be inhibit¬

ing NF-kB activation. We therefore examined this possibility directly
by Western blot analysis of IkB degradation. As shown in Fig. IB,
15dPGJ2 and AI2PGJ2 did not cause IkBa degradation, but both
metabolites inhibited the proteolytic breakdown of IkBa in response
to LPS stimulation. Further studies determined that neither PGD2 nor

PGJ2 which do not induce apoptosis in neutrophils, could prevent
IkBc* degradation in these cells (data not shown). It is therefore
apparent that the proapoptotic effect ofAI2PGJ2 and 15dPGJ2 may be
mediated by inhibition ofNF-kB activation. This is further supported
by the demonstration that the inhibition of LPS by A12PGJ2 in
neutrophils (Fig. 8T) and TNF-a-mediated IkBc* breakdown by
15dPGJ2 in eosinophils (Fig. 8B) is concentration dependent.
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FIGURE 6. A and B, Effect of cycloheximide (CHX) and z-VAD-fmk on A'2-PGJ2- and 15dPGJ2-induced neutrophil apoptosis. A, Neutrophils (5 X
106/ml) were incubated in PBS with calcium and magnesium alone (control) or with A12-PGJ, or 15dPGJ2 (10 pM) ± cycloheximide (5 pM). B,
Neutrophils (5 X 106/ml) were incubated in PBS with calcium and magnesium alone (control) or with AI2-PGJ2 or 15dPGJ2 (10 /iM) ± z-VAD-fmk (100
pM). Cells were harvested at 3 h, and apoptosis was assessed morphologically. Data represent the mean ± SEM of four separate experiments (A) and three
separate experiments (B). All experiments were performed in triplicate. *,p < 0.05 compared with control values. C, Effect of PPARy ligands ciglitazone
and BRL49653 and the PPAR-a agonist WY-14643 on neutrophil apoptosis. Neutrophils (5 X lffi/ml) were incubated in 1MDM supplemented with serum
alone (control) with WY-14643 (1-300 pM), ciglitazone, and BRL49653 (0.001-100 /uM), and harvested at 20 h. Apoptosis was assessed morphologically.
Data represent the mean ± SEM of three separate experiments. All experiments were performed in triplicate. D, Effect of the irreversible PPAR-y antagonist
GW9662 on 15dPGJ,-induced neutrophil apoptosis. Neutrophils (5 X 106/ml) were incubated in PBS with calcium and magnesium alone (control) or with
15dPGJ2 (10 pM) ± GW9662 (0.1-30 /uM). Cells were harvested at 3 h. Apoptosis was assessed morphologically. Data represent the mean ± SEM of
three separate experiments. All experiments were performed in triplicate.

Discussion
This study demonstrates for the first time that PGD2 is a powerful
selective inducer of eosinophil apoptosis while exerting no effect
on survival in neutrophils, Jurkat T lymphocytes, monocytes, or
macrophages. PGD2 has been shown to influence granulocyte re¬
sponsiveness by binding to specific 7-transmembrane G protein-
coupled DP receptors (42, 43, 50). Despite convincing evidence
that ligand binding increased cAMP production in COS-M6 and
HEK 293 cells transfected with the cloned human DP receptor
(51), it is highly unlikely that PGD2 induces cell death in eosino¬
phils via elevation of cAMP because this would delay granulocyte
apoptosis (see Fig. 1, B and C) rather than induce apoptosis. PGD2
causes a rapid transient increase in [Ca2 h]; in human eosinophils
(Ref. 23; see Fig. 3) and primes eosinophils for enhanced release
of LTC4 in response to the calcium ionophore A23187 (23). Al¬
though fura 2-loaded eosinophils exposed to PGD, and its metab¬
olites exhibit a rapid transient elevation of [Ca2+]j (Fig. 3), we
believe that an increase in [Ca2+]; is not responsible for the PGD2-
mediated eosinophil proapoptotic effect because: 1) fura 2-loaded
neutrophils do not exhibit a Ca2+ transient when exposed to the
PGD2 metabolites although these metabolites induce apoptosis in
neutrophils; 2) elevation of eosinophil [Ca2+]i by pharmacological

agents such as A23187 and thapsigargin causes degranulation and
necrosis at time points when PGD2 induces apoptosis; 3) receptor-
directed stimuli such as IL-5 that increase eosinophil [Ca2+]j in¬
hibit rather than induce apoptosis (52, 53); 4) PGD, and PGJ2
exhibit similar Ca2 + responses whereas PGD2 is a more powerful
inducer of eosinophil apoptosis; and 5) chemotactic agents such as
eotaxin that cause an increase in [Ca2+]j (54) do not induce eo¬

sinophil apoptosis (C. Ward and A. G. Rossi, unpublished obser¬
vations). A newly described receptor CRTH2/DP? has been found
to mediate [Ca2+]; flux and responsiveness to PGD, (55, 56) and
indeed Ca2+ mobilization in response to PGD2 metabolites (43) in
eosinophils; however, it is unlikely that [Ca2' ], flux, and hence
this receptor, are involved in the proapoptotic effect of the PGD,
metabolites. Furthermore, this receptor binds PGE, and PGF2(t
with similar affinities to 15dPGJ2 and as illustrated in Table I
both these PGs inhibit rather than induce eosinophil apoptosis.
This receptor is not present on neutrophils; therefore, it cannot
be responsible for the proapoptotic effects of A12PGJ2 and
15dPGJ, observed in these cells.
PGD, shows a promiscuous PG receptor binding profile (57,

58); and in the absence of direct evidence for the expression of IP,
FP, or TP receptors on granulocytes, it is possible that other
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FIGURE 7. A, Effect of l5dPGJ2 on LPS-induced inhibition of neutro¬
phil apoptosis. Neutrophils (5 X lO'Yml) were preincubated in PBS with
calcium and magnesium alone (control) or with 15dPGJ2 (10 p.M) for 1 h
before the addition of LPS (1 /ag/ml) and 10% autologous serum. Cells
were harvested at 20 h. Apoptosis was assessed morphologically. Data
represent the mean ± SD of a representative experiment (of six) performed
in triplicate. All experiments were performed in triplicate. *, p < 0.05
compared with control values. B, Western blot analysis of 15dPGJ2 and
AI2-PGJ2 inhibition of LPS-induced IkBu degradation. Neutrophils (5 X
106/ml) were preincubated in PBS with calcium and magnesium alone
(control) or with 15dPGJ2 (10 pM) for 1 h before the addition of LPS (1
pg/ml) and 10% autologous serum in a shaking water bath at 37°C. After
15 min, cells were lysed using procedures detailed in Materials and Meth¬
ods, and the resulting lysates were run on a 9% acrylamide gel. Data are

representative of one experiment of at least five.
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FIGURE 8. A. Western blot analysis of the concentration dependency
of A'2-PGJ2-mediated inhibition of LPS-induced 1kB« degradation in hu¬
man neutrophils. Neutrophils (5 X 10'Vml) were preincubated in PBS with
calcium and magnesium alone (control) or with A,2-PGJ2 (3-30 pM) for
1 h before the addition of LPS (1 pg/ml) and 10% autologous serum in a

shaking water bath at 37°C. After 15 min, cells were lysed using proce¬
dures detailed in Materials andMethods, and the resulting lysates were run
on a 9% acrylamide gel. This is a representative experiment of at least
three. B, Western blot analysis of the concentration dependency of
15dPGJ2-mediated inhibition of TNF-a-induced IxBa degradation in hu¬
man eosinophils. Eosinophils (5 X 106/ml) were preincubated in PBS with
calcium and magnesium alone (control) or with 15dPGJ2 (10 pM) for 1.5 h
before the addition of TNF-a (10 ng/ml) and 10% autologous serum in a

shaking water bath at 37°C. After 15 min, cells were lysed using proce¬
dures detailed in Materials andMethods, and the resulting lysates were run
on a 9% acrylamide gel. These are results of a representative experiment of
at least three.

receptors (e.g., EP) are mediating the proapoptotic activities of
PGD2. However, the results obtained using a wide variety of PGs
or PG analogs demonstrate that the proapoptotic elfect of PGD2
could not be reproduced through triggering of any of the classical
cell surface PG receptors for which it has a known affinity (Table
I; Figs. 1 and 2). It is unlikely that the DP receptor is involved in
mediating the proapoptotic effect in eosinophils because the stable
PGD, mimetic ZK. 118.182 induced minimal increases in eosino¬
phil apoptosis and inhibited this process in the neutrophil. A plau¬
sible explanation for the observed differential proapoptotic effects
ofPGD2 could be that eosinophil and neutrophil granulocytes me¬
tabolize PGD2 differently, resulting in distinct functional out¬
comes. It is possible that neutrophils fail to metabolize PGJ2 to the
AI2PGJ2 and 15dPGJ2 sequential metabolites and are thus pro¬
tected from the proapoptotic effects of these products. It is also
possible that eosinophils readily metabolize PGD2 into the active
PGD2 proapoptotic metabolites or alternatively that eosinophil up¬
take of PGD2 and PGJ2 may differ from the process in neutrophils.
These intriguing possibilities await further investigation. Interest¬
ingly, a very recent study has specifically and conclusively shown,
using a newly described mAb raised against 15dPGJ2, that this
metabolite is present in the cytoplasm of macrophages in human
atherosclerotic plaques (59). Thus, these authors have set a prece¬
dent for the detection ofPGD2 metabolites in vivo and specifically
demonstrated that this metabolite can be generated during an in¬
flammatory response in an important human disease. Although we
and many others have used low micromolar concentrations of
PGD, and its metabolites, we believe that such levels could be

achieved in vivo at their site of action. There is convincing evi¬
dence demonstrating that certain PGs can reach concentrations in
the micromolar range at sites of acute inflammation (60) and in
certain biological fluids, e.g., seminal fluid (61). Actual concen¬
trations of PGD2 metabolites at relevant sites in vivo await con¬
firmation. Because the metabolites can be produced intracellularly
and extracellularly it would be difficult to estimate or assess actual
concentrations at their target sites.
The mechanisms by which A,2PGJ2 and 15dPGJ2 induce gran¬

ulocyte apoptosis involve caspase activation because death was
inhibited by z-VAD-fmk. Although A12PGJ2 and 15dPGJ2 may
have their primary targets in the nucleus, where they regulate the
expression of specific genes, e.g., via binding to PPAR-y, we
found that other synthetic agonists to PPAR-y and PPAR-a could
not mimic the proapoptotic effects of A'2PGJ2 and 15dPGJ2. Al¬
though the compound WY-14643 is an effective activator of
PPAR-a, PPAR-y is also activated by this agent at concentrations
of 100 p,M (32). Despite the use of WY-14643 concentrations up
to 300 p.M (Fig. 3C), apoptosis was not affected in either cell type.
In addition, the thiazolidinediones BRL49653 and ciglitazone, po¬
tent activators of PPAR-y, did not induce apoptosis in either neu¬
trophils or eosinophils despite the use of concentrations as high as
100 p.M. Moreover, when PPAR-y was blocked using the irre¬
versible antagonist, GW9662 (32), the induction of apoptosis me¬
diated by either of the PPAR-y ligands was unaffected despite the
use of concentrations in excess of those known to block PPAR-y
activation. Taken together, these data strongly indicate that the
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proapoptotic efFects of AI2PGJ2 and 15dPGJ on granulocytes sig¬
nal independently of PPAR-y (or PPAR-a) and point to the exis¬
tence of another mechanism. Evidence supporting this possibility
has been reported by Thieringer et al. (62), who showed that
15dPGJ2 but not other PPAR-y agonists could inhibit cytokine
production in primary human monocyte-derived macrophages and
RAW 264.7 cells. However, the signaling mechanisms of cyclo-
pentenone PGs appear to be cell type specific (49). For example, in
activated macrophages, 15dPGJ2 as well as BRL49653 antagonize
AP-1, STAT, and NF-kB in a PPAR-y-dependent manner (63),
whereas in human monocytes there is no inhibitory effect of
PPAR-y agonists on the induced expression of TNF-a and 1L-6,
products that are controlled by these transcription factors (64). In
human monocyte-derived macrophages, both BRL49653 and
15dPGJ2 induced apoptosis (PPAR-y-dependent) (65); and in en¬
dothelial cells, both 15dPGJ2 and ciglitazone caused cell death via
a caspase and PPAR-y-dependent mechanism (66). These putative
PPAR-y ligands can therefore act in some cells in a PPAR-y-
independent manner. Studies in human neutrophils have shown
that 15dPGJ2 inhibits the fi2 integrin-dependent respiratory burst
via a PPAR-y-independent pathway and also suggest the presence
of an as yet unidentified receptor (67). Data obtained suggested
that such a receptor may act via increases in cytosolic cAMP. Our
data, however, indicate that such a mechanism could not be re¬

sponsible for the proapoptotic effect because an elevation ofcAMP
strongly inhibits granulocyte apoptosis (Fig. 1, E and F and Refs.
68 and 69).

Because we have recently shown that activation of an inducible
form ofNF-kB is crucial to granulocyte survival (8), the reported
inhibition of this transcription factor by these metabolites (49, 63,
70) made an attractive hypothesis to explain the increases in cell
death observed in our studies. Thus, we examined the effects of
A12PGJ2 and 15dPGJ2 on the activation ofNF-kB in granulocytes
and found that both metabolites could inhibit LPS-induced degra¬
dation of IkBcv in neutrophils with concentrations reported in other
studies (49, 63, 70). Interestingly, we show for the first time that
TNF-a-mediated loss of cytoplasmic IkBo in eosinophils is also
inhibited, in a concentration-dependent manner, by 15dPGJ2.
Thus, we have shown in granulocytes that this inhibition was con¬
centration dependent and correlated well with the proapoptotic ef¬
fects observed. Recently, it has been demonstrated that the cyclo-
pentenone PG, PGA, inhibits IkB kinase (IKK) activity in Jurkat,
HeLa, and COS cells transfected with IKKa. Moreover, in HeLa
cells, which do not express PPAR-y, 15dPGJ2 inhibits IKK and
NF-kB activation by TNF-a (70). This group shows that A- and
J-type PGs inhibited IKK activity and thus that a reactive a/3-
unsaturated carbonyl group in the cyclopentane ring was critical
for IKK inhibition (70). However, as shown in Table I, neither
PGA, nor PGA2, both of which contain this reactive carbonyl
group (48, 70), induced apoptosis in neutrophils; indeed by 20 h,
PGA, had produced a small but significant decrease in neutrophil
programmed cell death. Because we have previously shown that
NF-kB activation is crucial for survival in these cells (8), these
data also suggest a degree of specificity in the interaction of cells
with these PGs and that the effects of PGs on NF-kB may be
dependent on cell type.
Knowledge of the mechanisms by which these metabolites exert

their proapoptotic effects may be central to understanding why
such products influence inflammation. For example, 15dPGJ2 sup¬
presses adjuvant-induced arthritis in the rat (71), whereas in a rat
model of pleurisy, increased levels of 15dPGJ2 and PGD2 have
been shown to correlate with the resolution of inflammation (72).
PPAR-y ligands also affect the acquired immune response; e.g.,
ciglitazone and 15dPGJ2 inhibit helper T cell responses by inhib¬

iting IL-2 secretion (73). However, whether this phenomenon is
concurrent with apoptosis and clearance of inflammatory cells
from the respiratory system, is currently unknown. Our results de¬
picting PGD2 as a powerful selective inducer of eosinophil apo¬
ptosis may have implications where induction of apoptosis of a
specific inflammatory cell type may be of importance in the control
of eosinophilic type inflammation. The mechanism involved is
likely to depend on the metabolism of this parent prostanoid to
products such as PGJ, and the PPAR-y ligands A12PGJ2 and
15dPGJ2, which also induce eosinophil and neutrophil apoptosis.
However, this proapoptotic effect is not mediated by activation of
PPAR-y or PPAR-a. Interestingly, cyclopentenone PGs have been
shown to bind irreversibly to nascent proteins in the endoplasmic
reticulum (74). In granulocytes, this mechanism could interfere
with the function of survival proteins needed to prevent activation
of the apoptotic pathway, a possibility that is currently under
investigation.
In conclusion, we have shown for the first time that PGD, is a

powerful, selective accelerator of eosinophil apoptosis, the effects
being more significant that those described previously for cortico¬
steroids (50). A preliminary investigation of the underlying mech¬
anisms have shown that its sequential metabolite PGJ2 also in¬
duces eosinophil cell death but that the sequential natural
metabolites AI2PGJ2 and 15dPGJ2, which inhibit the degradation
of iKBa in granulocytes, also accelerate apoptosis in both neutro¬
phils and eosinophils. The proapoptotic efFects of these cyclopen¬
tenone PGs are caspase dependent but do not involve ligation of
PPAR-y or PPAR-a receptors. Our experiments suggest that the
mechanism involves inhibition of NF-kB activation, a central
event in the control of granulocyte apoptosis (8), and thus these
metabolites may fundamentally influence the resolution phase of
inflammation.
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Cigarette Smoke Prevents Apoptosis through Inhibition of Caspase
Activation and Induces Necrosis
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Emphysema is characterized by enlargement of the distal air¬
spaces in the lungs due to destruction of alveolar walls. Alveolar
endothelial and epithelial cell apoptosis induced by cigarette
smoke is thought to be a possible mechanism for this cell loss.
In contrast, our studies show that cigarette smoke condensate
(CSC) induces necrosis in alveolar epithelial cells and human
umbilical vein endothelial cells. Furthermore, study of the cell
death pathway in a model system using Jurkat cells revealed
that in addition to inducing necrosis, CSC inhibited apoptosis
induced by staurosporine or Fas ligation, with both effects pre¬
vented by the antioxidants glutathione and dithiothreitol. Time
course experiments revealed that CSC inhibited an early step in the
caspase cascade, whereby caspase-3 was not activated. Moreover,
cell-free reconstitution of the apoptosome in cytoplasmic extracts
from CSC-treated cells, by addition of cytochrome-c and dATP,
did not result in activation of caspases-3 or -9. Thus, smoke treat¬
ment may alter the levels of pro- and antiapoptogenic factors
downstream of the mitochondria to inhibit active apoptosome
formation. Therefore, unlike previous studies, cell death in re¬
sponse to cigarette smoke by necrosis and not apoptosis may
be responsible for the loss of alveolar walls and inflammation
observed in emphysema.

Cigarette smoke is a complex mixture of chemicals con¬
taining high levels of oxidants and is the major etiologic
factor in the development of chronic obstructive pulmonary
disease (COPD), of which emphysema is a major compo¬
nent. Emphysema is characterized by enlargement of distal
airspaces due to destruction of alveolar wall endothelial
cells, epithelial cells, and connective tissue resulting from
both protease/antiprotease and oxidant/antioxidant imbal¬
ances (1,2). Recently, it has been proposed that apoptosis of
alveolar wall cells occurs in response to cigarette smoking,
resulting in progressive cell loss and emphysema (3-7).

The study of cell death, including apoptosis, has attracted
intense interest as the physiologic program for deletion
of harmful or unwanted cells in vivo. A variety of newly
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characterized forms of cell death have highlighted the com¬
plexity, diversity, and redundancy that exist in a cell's ability
to die (8). In general, there are two main forms of cell
death: apoptosis and necrosis. Apoptosis is a well-defined
programmed response that results in characteristic morpho¬
logic and biochemical changes, such as cell shrinkage and
the condensation and fragmentation of nuclear material
(9). Inappropriate apoptosis has been implicated in many
pathologic conditions, such as neurodegenerative disorders
and cancer (10). Necrosis, however, is regarded as a passive
response to extremes of environmental stimuli, such as heat
and ultraviolet light, and is characterized by cytoplasmic
swelling, the rapid loss of plasma membrane integrity, and
eventually cell lysis (11). It has been documented that the
mode of cell death may be dependent on the cell type, the
concentration of stimulus employed, and its environmental
setting (12).

The most characterized effectors of apoptotic cell death
are the caspases, a family of cysteine proteases that interact
with each other in a hierarchical manner (13). One pathway
involves induction of apoptosis by ligation of surface death
receptors such as Fas and tumor necrosis factor. This so-called
"extrinsic" pathway results in auto-activation of caspase-8,
and the subsequent cleavage of procaspase-3 into its active
subunits (14). The "intrinsic" mitochondrial pathway can be
activated in response to stimuli such as ultraviolet light and
oxidative stress, and results in the release of mitochondrial
cytochrome-c, initiating formation of the apoptosome com¬
plex (15, 16). Consisting of APAF-1, cytochrome-c, and
caspase-9, in the presence of dATP, formation of the apop¬
tosome results in the autoactivation of caspase-9 and again,
activation of the effector caspase-3 (17). Through cleavage
of a distinct subset of cellular substrates, caspase-3 initiates
many of the key changes witnessed during apoptosis, thus
explaining how a diverse range of stimuli manifest identical
phenotypic outcomes during cell death (13). It has been
shown that interference with one or more of these stages
may result in inhibition of the entire apoptotic process (18).

Reactive oxygen species (ROS) are molecules that have
been implicated in mediating apoptotic processes. Depending
on the concentration, ROS have been shown to both promote
and inhibit apoptosis (12, 19). Studies have also shown that
oxidants, including hydrogen peroxide (H202). inhibit the
apoptotic process initiated by other stimuli (19,20-22). Inhi¬
bition of the caspase cascade (19-23) and activation of poly
(ADP-ribose) polymerase (PARP) (21, 22, 24) have been
proposed as mechanisms for the oxidant-mediated inhibition
of apoptosis.
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The aim of the present study was to characterize cigarette
smoke-mediated induction of cell death in epithelial and
endothelial cells. An alveolar epithelial type II cell line
(A549) and primary human umbilical vein endothelial cells
(HUVECs) were chosen as surrogate cells to represent
alveolar epithelial type II cells and pulmonary microvascu¬
lar endothelial cells. Here we demonstrate that, in contrast
to previous studies (3, 4, 25-28), cigarette smoke induced
necrosis with no evidence of apoptosis, and in addition was
able to inhibit apoptosis induced by staurosporine (SS). The
cell death machinery is ubiquitous and highly conserved; thus,
Jurkat T cells are commonly used to study the mechanisms
of cell death, given that they undergo apoptosis readily and
display classical apoptotic markers. Therefore, Jurkat cells
were used as a model system to determine the effect of ciga¬
rette smoke condensate (CSC) on their well-characterized
apoptotic pathway. Here we report that cigarette smoke expo¬
sure prevents caspase activation, thus inhibiting apoptosis, and
instead promoting necrosis.

Materials and Methods

Materials

All chemicals were of analytical reagent grade and purchased from
Sigma Chemical Co. (Poole, UK) unless stated otherwise.

Cell Culture

A549 cells (ECACC; Porton Down, UK) were grown in Dulbecco's
modified Eagle's medium supplemented with 10% fetal calf serum
(LabTech International, Ringmer, UK), 100 U/ml penicillin, 100
pg/ml streptomycin (P/S; Invitrogen, Paisley, UK) and 2 mM
L-Glutamine (L-Glut; Invitrogen). A549 cells were seeded into 6-
well plates at a density of 0.3 x 106 cells per well or 96 well plates
at 9 X 10J cells per well for treatment. Cells were quiesced overnight
in serum-free media and subsequently treated under serum-free
conditions. HUVECs were grown in EBM-2 media (BioWhittaker,
Verviers, Belgium) with supplements supplied by the manufac¬
turer. HUVECs, between passages 4 and 6, were seeded into 24-
well plates at a density of 5 x 10J cells per well or 96-well plates
at 1 X 10J cells per well, and cultured overnight before treatment.
Cells were washed once in calcium magnesium-free phosphate-
buffered saline (CMF-PBS) before being exposed to varying con¬
centrations of CSC in full media. Jurkat cells (ECACC) were
grown in RPMI supplemented with 10% fetal bovine serum, P/S,
and L-Glut and treated at a cell density of 1 X 106 cells/ml with
either normal media, 2 p.M SS (Calbiochem, Nottingham, UK), 100
ng/ml anti-Fas activating antibody (CH-11; Upstate Biotechnology,
Lake Placid, NY), 10% CSC or a combination of 2 |i.M SS and
10% CSC or 100 ng/ml CH-11 and 10% CSC.

Preparation of CSC
CSC was prepared fresh at a concentration of 1 cigarette/ml in
CMF-PBS. Whole smoke from a king-size medium tar filter-tipped
cigarette was drawn into a glass syringe and passed over CMF-
PBS in a tonometer with agitation (29, 30). The condensate was
sterile filtered through a 0.22-mm syringe filter before use.

Determination of Apoptosis and Necrosis
Acridine orange/ethidium bromide staining was performed as pre¬
viously described (31). Briefly, treated cells were stained with 4 p.g/

ml acridine orange and 4 pg/ml ethidium bromide and visualized by
epifluoresence microscopy. Viable (normal, green nuclei), early
apoptotic (condensed, green nuclei), late apoptotic (condensed,
red nuclei), and necrotic (normal, red nuclei) cells were counted.
For assessment of DNA fragmentation, 2 x 10" cells were lysed
in 500 ml 7 M guanidine hydrochloride and applied to Wizard
SV miniprep columns (Promega, Madison, Wl). Columns were
centrifuged at 10,000 X g for 2 min, column wash solution (9 mM
Tris.Cl pH 7.4, 90 mM NaCl, 2.25 mM EDTA, 55% ethanol)
was applied and the columns were re-centrifuged. The wash was
repeated before eluting DNA with 50 ml TE/RNase and per¬
forming electrophoresis on a 1.8% agarose gel. The lactate dehy¬
drogenase (LDH) assay (Roche, Lewes, UK) was performed on
cells grown in 96-well plates. Treated cells were incubated at 37°C
for times as indicated, plates centrifuged at 250 x g for 10 min
and 100 pi of supernatant transferred to a fresh 96-well plate.
The LDH assay was performed as permanufacturer's instructions.
Jurkat cells were prepared by Cytospin (Shandon, Pittsburgh, PA),
stained with DiffQuick (Dade Behring, Marburg, Germany), and
viable, apoptotic and necrotic cells counted by brightfield micros¬
copy (Olympus, London, UK). Two Cytospins were prepared for
each treatment and at least 300 cells counted per slide.

Cell-Free Apoptosis Assay and Western Blotting
The assay was performed as previously described (32). Briefly,
Jurkat or A549 cells, were incubated in cell extract buffer (CEB,
20 mM HEPES-KOH, pH 7.5, 10 mM KC1, 1.5 mM MgCL, 1 mM
EDTA, 1 mM EGTA, 1 mM DTT, 100 pM PMSF, 10 pg/ml
leupeptin, 2 pg/ml aprotinin) on ice for 10 min, before passing
through a 25-G needle ten times and centrifuged at 10,000 X g
for 15 min at 4°C. Supernatants were removed and stored at —70°C
until used. Cell-free apoptosis was initiated by the addition of 10
pM cytochrome-c and 1 mM dATP to the extracts, followed by
incubation at 37°C. Aliquots were removed at the time points
indicated, 4x Laemmli buffer added, and the sample heated to
96°C for 5 min. Samples equivalent to 1 X 106 cells were analyzed
by Western blot using a polyclonal anti-caspase-3 antibody, or
a polyclonal anti-caspase-9 antibody (Pharmingen, Oxford, UK)
recognizing both pro- and active forms. The signal was detected
using a horseradish peroxidase-conjugated secondary antibody
(Santa Cruz, Wembley, UK) and enhanced chemiluminesence
(ECL; Amersham, Little Chalfont, UK).

Assessment of Recombinant Caspase Activity
Caspase-3 activity was determined using the caspase-3 assay kit
(Calbiochem), as per manufacturer's instructions. Briefly, active
caspase-3 (30 U) was placed into a half-volume 96-well plate before
addition of inhibitor, 1, 5, 10% CSC, or 1 mM FLO?.. The plate
was incubated at 37°C for 1 h before addition of colorimetric

caspase-3 substrate, DEVD-pNA. Caspase-3 activity was deter¬
mined by measuring the change in absorbance at 405 nm after 2.5
h at 37°C.

Measurement of Glutathione Levels

Four sets of glutathione (GSH) standards were prepared in KPE
buffer (0.1 M phosphate buffer, 5 mM EDTA, pH 7.4), CSC added
to a final concentration of 1, 5, or 10%, and solutions incubated
with agitation for 1 h at 37°C. GSH levels were measured using a
microplate assay adapted from the enzymatic method developed
by Tietze and coworkers (33) and Vandeputte and colleagues (34).
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In brief, 1.67 U/ml GSH reductase and 0.2mg/ml dithiobisnitroben-
zoic acid were added to the GSH standards for 30 s to enable
the conversion of GSSG to GSH before 0.2 mg/ml reduced |3-
nicotinamide adenoside diphosphate (fl-NADPH) was added. The
change in absorbance was measured over 2 min at 405 nm in a

microplate reader (MRX).

Statistical Analysis
ANOVA was performed using the MiniTab package with Tukey's
post-testing to determine significance between treatments. A P
value < 0.05 was deemed significant.

Results

CSC Induces Necrosis in Epithelial and Endothelial Cells
A significant increase in LDH release from A549 cells and
HUVECs was seen in a dose-dependent manner after a
24-h exposure to CSC (Figure 1A). LDH release from A549
cells was also time-dependent (Figure IB). In addition, acri-
dine orange and ethidium bromide staining revealed that
CSC induced necrosis, with no evidence of apoptosis in
either A549 cells or HUVECs (Figures 2 and 3). The ab¬
sence of apoptosis in response to CSCwas further confirmed

by a number of methods, including electron microscopy,
oligonucleosomal DNA fragmentation, and chromatin con¬
densation assessed by Hoechst 33342, over a range of doses
and time points (data not shown). In contrast, however,
apoptosis was induced by staurosporine in both cell types
(Figures 2E and 3E). Interestingly, A549 cells co-cultured
with SS and CSC together did not die by apoptosis, but
instead underwent necrosis (Figure 4), thereby implicating
a potential for a direct inhibitory effect of CSC on the
apoptotic machinery. These results clearly demonstrate that
epithelial and endothelial cells undergo necrosis, not apo¬
ptosis, in response to CSC.

CSC Prevents SS- and CH-ll-Induced Apoptosis,
Resulting in Necrosis
The Jurkat cell is ubiquitously used to study the "core"
molecular machinery of cell death, thus this model was
employed to elucidate the effect of CSC on the caspase
pathway in particular. Jurkat cells treated simultaneously
with SS or CH-11 underwent the classical morphologic and
biochemical changes indicative of apoptosis, such as chro¬
mosomal condensation and oligonucleosomal DNA frag¬
mentation, or laddering (Figures 5A-5C). However, as ob-
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Figure 1. CSC induces necrosis in A549 alveolar epithelial cells
and HUVECs. (A) A549 cells (open bars) and HUVECs (closed
bars) were exposed to 1-10% CSC for 24 h and the percentage
of LDH released into the culture media was determined, compared
with a total lysis control (1% Triton X-100). (71) Cytotoxicity to
A549 cells in response to 10% CSC (closed squares) was time-
dependent; control media (closed diamonds). Results are mean of
three experiments ± SEM. ***P < 0.001 compared with control.

Control 1%CSC 5% CSC 10% CSC

Figure 2. CSC induces necrosis in A549 alveolar epithelial cells
with no evidence of apoptosis. A549 cells were exposed to media
alone (A), 1% CSC (B). 5% CSC (C), 10% CSC (D), 2 p.M SS
(E), or 5 mM H202 (F) for up to 24 h. Acridine orange and
ethidium bromide staining was performed, and the percentage of
viable (white bars), apoptotic (gray bars), and necrotic (black bars)
cells was determined (G, 24 h shown). Note classical apoptotic
nuclei in E (arrows) and absence of this morphology in B, C, and
D. Results are mean of three experiments ± SEM. ***}' < 0.001
compared with control. Magnification: X36.
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Figure 3. CSC induces necrosis in HUVECs with no evidence of
apoptosis. HUVECs were exposed to media alone (A ), 1% CSC
(B), 5% CSC (C), 10% CSC (D), 2 pM SS (£), or 5 mM H202
(F) for up to 24 h. Acridine orange and ethidium bromide staining
was performed and the percentage of viable (while bars), apoptotic
(gray bars), and necrotic (black bars) cells was determined (G,
24 h shown). Note classical apoptotic nuclei in E (arrows) and
absence of this morphology in B, C, and D. Results are mean of
three experiments ± SEM. ***P < 0.001 compared with control.
Magnification: X36.

served with A549 cells, apoptosis did not occur when CSC
was added to the SS- or CH-ll-treated cells or after CSC
treatment alone (Figures 5D-5G). Morphologically, the
predominant form of cell death in the presence of CSC was

necrosis. This necrotic mode of cell death was underscored

by the concurrent release of LDH from the cells treated
with CSC or a combination of SS and CSC over 24 h (Figure
6). A low level of LDH release was observed from cells
incubated with SS alone and this was attributed to secondary
necrosis given the absence of phagocytic clearance. These
results indicate that cigarette smoke prevents apoptosis in¬
duced by SS or CH-11, and instead promotes necrosis.

To ascertain more accurately the stage of apoptosis that
was inhibited, Jurkat cells were treated with SS and 10%
CSC was added at hourly intervals, after which the cells
were coincubated for the remainder of the experiment. A
higher ratio of apoptotic cells to necrotic cells was seen as
the time between SS and CSC treatment increased (Figure
7). This suggests that CSC may impede an early phase in
the apoptotic pathway, as CSC only affects apoptosis when
present in the early stages of the process.

CSC-Induced Necrosis Is Not Mediated by Oxidative Stress
Inhibition of apoptosis and induction of necrosis has been
demonstrated in response to oxidants such as H:02 (20-22),
which is present in cigarette smoke (35). Therefore, to de¬
termine whether the oxidant component of cigarette smoke
was mediating inhibition of apoptosis, SS-exposed Jurkat
cells were treated with CSC in the presence of various
antioxidants and evaluated by morphology and DNA lad¬
dering. No effectwas seen on the necrosis-inducing ability of
CSC in the presence of the antioxidant mannitol. However,
GSH and dithiothreitol (DTT) prevented necrosis induced
by CSC, with cells remaining viable, whereas cells cocul-
tured with SS and CSC underwent apoptosis rather than
necrosis (Table 1 and Figure 8).

An alternative role for GSH in vivo is in the detoxifica¬
tion of electrophilic compounds by direct conjugation via
the thiol group. A dose-dependent decrease in measurable
GSH was observed after incubation with CSC (results ex¬
pressed as percentage of control: 1% CSC, 80.66 ± 4.4; 5%
CSC, 17.97 ± 5.15, P < 0.001; 10% CSC, 7.11 ± 0.44. P <
0.001). The assay employed measures both reduced (GSH)
and oxidized (GSSG) glutathione. If oxidation had taken
place, then no decrease in total GSH would have occurred.
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Figure 4. CSC prevents apoptosis and induces necro¬
sis in A549 cells. A549 cells were incubated with either
media alone, or media containing CSC, 2 pM SS, 5
mM H202, or a combination of SS and CSC for 24 h.
The percentage of viable (white bars), apoptotic (gray
bars), and necrotic (black bars) cells was determined
following acridine orange and ethidium bromide stain¬
ing. Results expressed as the mean of three experi¬
ments ± SEM. ***P < 0.001 compared with control.
1% CSC/SS and 5% CSC/SS were significantly differ¬
ent from smoke alone treatments (P < 0.001).
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Figure 5. CSC switches apoptosis in¬
duced by SS or CH-11 to necrosis. Jur-
kat cells were treated with SS, CH.ll,
10% CSC, or a combination as indi¬
cated. After a 6-h exposure (D) or 9-h
exposure (E), death was assessed by
morphology and the percentage of nor¬
mal (A, white bars), apoptotic (B, gray
bars), and necrotic (C, black bars) cells
was determined. Results represent
mean of three experiments ± SEM,
where at least 300 cells were counted

per slide. ***P < 0.001 compared with
control. Apoptosis was confirmed by
the presence of oligonucleosomal DNA
fragments, or so-called "ladders" (F, G).

Thus, this data implies that cigarette smoke components
may conjugate with GSH.

In addition, unlike in response to oxidants (21, 22, 24),
the presence of a PARP inhibitor, 3-aminobenzinamide,
did not alter the relative levels of apoptosis and necrosis
in response to SS and CSC (data not shown), implying that
depletion of ATP as a result of PARP activation is not
involved in CSC-mediated cell death. These data suggest
that oxidative stress induced by CSC is not responsible for
inhibition of apoptosis and induction of necrosis.

CSC Inhibits Caspase-3 Cleavage but Not Activity
Because it was established that CSC affected an early stage
of apoptosis, caspase activation was investigated. Caspases
can be inhibited by direct modification; however, CSC had
no direct effect on recombinant caspase-3 activity (data not
shown). Caspases exist as an inactive preform that is cleaved
to yield active subunits; thus, activation can be monitored
by Western blot. Assessment of caspase-3 activation in Jur-
kat cells revealed cleavage of the preform after SS treat¬
ment, but not after CSC or coculture with SS and CSC

(Figure 8), indicating that the caspase pathway may be
halted in the presence of CSC. Furthermore, when cells
were treated with SS and CSC in the presence of DTT or
GSH, caspase-3 cleavage occurred, whereas mannitol was
again not effective (Figure 8). Thus, GSH and DTT are
able to "quench" or antagonize components in CSC that
prevent caspase-3 activation.
Cell-Free Reconstitution of the Apoptosome Reveals
CSC-Mediated Inhibition of Apoptosome Formation
To ascertain how CSC affected the caspase pathway, an active
apoptosome was reconstituted in a cell-free system with
cytochrome-c and dATP, in either the presence of CSC, or
in extracts prepared from cells treated with CSC. No effect
on activation of caspase-3 was observed when CSCwas added
to the lysates directly (data not shown). However, in extracts
from Jurkats exposed to CSC for 2 h before preparation,
neither caspase-3 nor caspase-9 activation occurred, in con¬
trast to the progressive processing to the active form seen
in lysates from untreated cells (Figures 9A-9D). This caspase
inhibition was not dependent on PI3-kinase activation, due
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Figure 7. Cigarette smoke can switch SS-induced apoptosis to ne¬
crosis when added after SS treatment. Jurkat cells were treated
with 2 pM SS, followed by addition of 10% CSC at hourly intervals.
Six hours after initial SS treatment cytospins were prepared and
the percentage of normal (white bars), apoptotic (gray bars), and
necrotic (black bars) cells was determined (A). Apoptosis was
confirmed by the presence of oligonucleosomal DNA "ladders"
(B). Results are mean of three experiments ± SEM, where at
least 300 cells were counted per slide. ***p < 0.001 compared
with control.

to the lack of effect of the inhibitor LY294002 (data not
shown). Moreover, caspase-3 was not cleaved after reconsti-
tution of the apoptosome in lysates from A549 cells treated
with CSC (Figure 9E). Thus, cigarette smoke prevents apo¬
ptosis by inhibiting the formation of an active apoptosome
complex and the subsequent activation of caspase-9 and -3.

120

Figure 6. CSC induces LDH release from Jurkat cells in a time-
dependent manner. Cells were treated with control media (dia¬
monds), 2 pM SS (squares), 10% CSC (triangles), or a combination
of SS and CSC (open circles), and the level of released LDH
measured over 24 h was determined. Results are expressed as
percentage LDH release compared with a total lysis control. Mean
of three experiments performed in triplicate ± SEM. *P < 0.05,
**P < 0.01, ***p < 0.001 compared with untreated cells.
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Discussion

Cigarette smoking is the major etiologic factor in the patho¬
genesis of emphysema. The gas phase of cigarette smoke
contains many free radicals and oxidant molecules, with
the potential to generate additional oxidant molecules via
redox cycling, leading to an increased oxidative burden
in the lungs of smokers (35). Therefore, cigarette smoke
inhalation leads to a depletion of antioxidants, release of
inflammatory mediators, and an increase in epithelial per¬
meability (36-39). Recent evidence has suggested that
apoptosis of lung cells may be a factor in cigarette smoke-
induced emphysema (3-5, 7, 40). In contrast, our studies
show that CSC does not induce apoptosis and in fact induces
necrosis in the alveolar epithelial type II cell line (A549)
and primary endothelial cells (HUVECs). Interestingly,
CSC also prevented apoptosis induced by SS in A549 cells.

Oxidative stress is responsible for many of the effects
of cigarette smoking. Given that oxidants, such as hydrogen
peroxide, have been shown to inhibit apoptosis and induce
necrosis (19-22) we hypothesized that CSC may function
in a similar manner. Jurkat cells, which undergo apoptosis
readily and display easily identifiable markers, treated with
CSC underwent necrosis. Moreover, Jurkat cells cocultured
with a combination of SS or CH-11 and CSC also underwent
necrosis, comparable to A549 cells, with no evidence of
apoptosis. Therefore it appeared that CSC was inhibiting
apoptosis and promoting necrosis.

An investigation into the role of oxidants demonstrated

that GSH and DTT protected against CSC-induced necro¬
sis, and prevented the inhibition of apoptosis usually seen
during SS and CSC coculturc. However, the antioxidant
mannitol was ineffective. GSH is an important antioxidant
in vivo; however, it also fulfils other vital roles such as

regulation of immune function, signal transduction, metab¬
olism, and the detoxification of electrophilic compounds
(41-45). Detoxification occurs via the thiol group under the
control ofGSH-S-transferases, although conjugation is also
observed in the absence of the enzyme (43, 45). A dose-
dependent decrease in measurable GSH, in the absence of
GSSG formation, after incubation with CSC was observed,
indicating that GSH may form conjugates with the many
electrophilic compounds present in cigarette smoke. Con¬
sidering that the thiol compounds GSH and DTT were both
able to prevent CSC-induced necrosis and CSC-mediated
inhibition of apoptosis, whereasmannitol was not, indicates
that electrophilic compounds, not oxidants, may be respon¬
sible for these effects.
To elucidate the mechanism of apoptosis inhibition, the

caspase pathway was studied in more detail. Western blot
analysis revealed that caspase-3 activation did not occur in
cells treated with CSC. Moreover, treatment with GSH and
DTT, and not mannitol, prevented the inhibitory effect of
CSC on caspase activation. Caspases contain a central thiol
group that is essential for function and prone to oxidation,
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TABLE 1

The antioxidants DTT and GSHprevent CSC-induced
necrosis and inhibition of apoptosis

* OTT

% Apoptosis % Necrosis

Control No antioxidants 0.3 0.1 0.1 + 0.1
Mannitol 0.3 -f- 0.2 0.2 H- 0.1
DTT 2.4 1.3 0.7 ± 0.4
GSH 0.4 0.2 0.2 0.2

SS No antioxidants 94.9 •+- 2.6* 0.4 -4- 0.2
Mannitol 97.4 ± 1.2* 0.9 -t- 0.7
DTT 90.3 -t- 4.2* 0.1 H- 0.1
GSH 93.4 4.5* 0.2 + 0.1

CSC No antioxidants 0.0 + 0.0 74.6 ± 5.0*
Mannitol 0.0 + 0.0 75.4 11.8*
DTT 0.4 -H 0.3 16.3 -t- 1.7'
GSH 12.9 4.7 0.3 0.3'

SS/CSC No antioxidants 0.0 H- 0.0 69.5 -4- 4.9*
Mannitol 23.2 18.4' 61.4 18.5*
DTT 79.5 ± 11.4*' 0.6 ± 0.4'
GSH 98.5 0.5*' 0.3 ± 0.2'

*P < 0.001 compared with antioxidant control.
fP < 0.001 compared with no antioxidant treatment.
Jurkat cells were treated as indicated with 5 mM mannitol, 1 mM dithiothreitol,

or 1 mM glutathione for 6 h. Cytospins were prepared and the percentage of
normal, apoptotic and necrotic cells were determined. Results are mean of three
experiments ± SEM where at least 300 cells were counted per slide.

alkylation, and s-nitrosylation (46). However, direct addi¬
tion of CSC to recombinant caspase-3 had no effect on the
ability of the enzyme to cleave its substrate.

The effect of CSC on caspase activation was studied
further by reconstitution of the apoptosome, in cytoplasmic
extracts of Jurkat cells, on addition of cytochrome-c and
dATP. The occurrence of caspase-3 cleavage, as determined
byWestern blot, was used as a positive indicator of apopto¬
some formation and caspase-9 activation. Initially, CSC was
incubated with the extracts before addition of cytochrome-c
and dATP, whereby caspase-3 cleavage was observed, indi¬
cating that CSC had no direct effect on formation of an
active apoptosome. Interestingly, in extracts from Jurkat
cells treated with CSC for 2 h before preparation, caspase-3
activation was prevented. Moreover, caspase-9 activation
did not occur, indicating CSC treatment prevented the for¬
mation of a functional apoptosome. Importantly, apopto¬
some formation and caspase-3 cleavage was also prevented
by CSC treatment of A549 lysates, thus underscoring this
effect on the cell death machinery to be more general and
not Jurkat-specific. Numerous inducible regulators of apo¬
ptosis exist, presenting the possibility that CSC exposure
may mediate an alteration of the intracellular balance be¬
tween pro- and antiapoptogenic factors.

Although Jurkat cells were used as a model here, the
involvement of T cells in the development of emphysema
must not be overlooked. Increased numbers of T cells are

observed in the lungs of emphysema sufferers, and their
presence is correlated with increased lung destruction (47).
Necrosis of T cells present in the lung may also contribute
to the progression of emphysema by increasing local tissue
damage by release of intracellular contents.

The data presented here are in contradiction to some

* GSH * Mannitol

Cont SS CSC SS/CSC corn ss csc ss/csc

caspase-3

Pro-

caspase-3

Figure 8. Activation of caspase-3 and subsequent DNA "lad¬
dering" does not occur in Jurkats treated with CSC or SS/CSC.
Cells were treated with 2 pM SS and/or 10% CSC in the presence
of the thiol antioxidants DTf or GSH, or mannitol. Activation of
caspase-3 was determined byWestern blot for loss of the pro-form
and the resultant DNA "laddering" was determined by agarose
gel electrophoresis. Representative of three experiments.

previous studies (3, 4, 25-28). However, a number of these
have used TUNEL nick-end labeling to identify apoptotic
cells (26, 28), a method that merely detects DNA strand
breaks. Cigarette smoke exposure results in oxidant-induced
DNA strand breaks (48), and so these studies may have
inadvertently identified cells with oxidant-induced DNA
damage as apoptotic. Moreover, caspase activation was either
not involved (4), or not studied (27), in "cigarette smoke-
induced apoptosis". Characterization of cell death is becom¬
ing increasingly complex. A number of alternative forms of
cell death have been identified with many of the "classical"
markers of apoptosis evident. However, in some cases cell
death is independent of caspase activation (8). For this rea¬
son, it is becoming increasingly necessary to characterize cell
death by a number of methods. This presents a plausible
explanation as to why previous studies have purported to
observe apoptosis in response to smoke exposure. Addition¬
ally, no standardized protocol for the production of CSC
exists; each procedure can isolate a slightly different spectrum
of components. Nevertheless, we believe that our method of
exposing cells to CSC replicates the situation in a smoker's
lung, whereby passing the smoke over the buffer in the to¬
nometer system more accurately mimics smoke filling the
airspace and exposing the lung lining fluid.

The key finding of this study is that cigarette smoke
induces necrosis in alveolar type II cells, endothelial cells,
and Jurkat cells. Moreover, CSC inhibited caspase activa¬
tion and apoptosis in A549 and Jurkat cells. From these
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Figure 9. CSC treatment inhibits apoptosome formation and sub¬
sequent activation of the caspase pathway. Jurkat cells were incu¬
bated for 2 h with either control media (A, C) or 10% CSC (B,
D). Cytoplasmic extracts were prepared and reconstitution of the
apoptosome was initiated by addition of 10 mM cytochrome-c and
1 mM dATP. Western blotting for caspase-3 (A, B), or caspase-9
(C, D) indicated that apoptosome formation and activation of the
caspase cascade did not occur in CSC-treated lysates. Similarly,
CSC treatment inhibited apoptosome formation and caspase-3
activation in identically prepared A549 cell lysates (£). Result is
representative of three experiments.

findings, we suggest a mechanism whereby cigarette smoke
may induce emphysema. Although initially thought to be
due to apoptosis (3-5, 7,40), emphysema may in fact result
from loss of alveolar tissue by necrosis of lung epithelial
and endothelial cells. In these experiments, the effects of
CSC could be prevented by the presence of extracellular
thiol compounds such as GSH, which is native to the lung
and forms one of the most important lung antioxidant de¬
fenses (49). Therefore, it could be deduced that the risk of
necrosis in response to cigarette smoking is insignificant.
However, in situations of acute smoking, GSH has been
shown to be decreased in lung lining fluid with a subsequent
rebound to levels higher than those of nonsmokers (36, 38,
50, 51). During this window of antioxidant depletion, the
cells of the lung are likely to be susceptible to necrotic
cell death as a consequence of additional cigarette smoke
exposure. Moreover, local tissue damage may be amplified
by the subsequent release of intracellular enzymes and lyso¬
somal contents, resulting in recruitment of inflammatory
cells to the site of injury and further necrosis of surrounding
tissue. This scenario is supported by Retamales and cowork¬
ers (52), who observed increased inflammation in increased
severity of emphysema. Thus, although much interest has
been generated on the involvement of apoptosis, our studies
emphasize the role of necrosis and the subsequent proin¬

flammatory responses as more likely candidates in the patho¬
genesis of emphysema.

Acknowledgments: The authors thank Drs. Peter Henriksen and Jean-Michel
Sallenave for supply of HUVECs, Drs. Ellen Drost and Peter Gilmour for helpful
advice and comments on the manuscript, and The Colt Foundation for financial
support.

References

1. Riley, D. J., and J. S. Kerr. 1985. Oxidant injury of the extracellular matrix:
potential role in the pathogenesis of pulmonary emphysema. Lung 163:
1-13.

2. Gadek, J. E., and E. R. Pacht. 1990. The protease-antiprotease balance
within the human lung: implications for the pathogenesis of emphysema.
Lung 168:552-564.

3. Tuder, R. M., K. Wood, L. Tarasevicine, S. C. Flores, and N. F. Voelkel. 2000.
Cigarette smoke extract decreases the expression of vascular endothelial
growth factor by cultured cells and triggers apoptosis of pulmonary endo¬
thelial cells. Chest 117:241S-242S. (Abstr)

4. Hoshino, Y., T. Mio, S. Nagai, H. Miki, I. Ito, and T. Izumi. 2001. Cytotoxic
effects of cigarette smoke extract on an alveolar type II cell-derived cell
line. Am. J. Physiol Lung Cell. Mol. Physiol. 281:L509-L516.

5. Kasahara, Y., R. M. Tuder, L. Taraseviciene-Stewart, T. D. Le Cras,
S. Abman, P. K. Hirth, J. Waltenberger, and N. F. Voelkel. 2000. Inhibi¬
tion of VEGF receptors causes lung cell apoptosis and emphysema. J.
Clin. Invest. 106:1311-1319.

6. Lucey, E. C., J. Keane, P. P. Kuang, G. L. Snider, and R. H. Goldstein. 2002.
Severity of elastase-induced emphysema is decreased in tumor necrosis
factor-alpha and interleukin-lbeta receptor-deficient mice. Lab. Invest.
82:79-85.

7. Kasahara, Y., R. M. Tuder, C. D. Cool, D. A. Lynch, S. C. Flores, and
N. F. Voelkel. 2001. Endothelial cell death and decreased expression of
vascular endothelial growth factor and vascular endothelial growth factor
receptor 2 in emphysema. Am. J. Respir. Crit. Care Med. 163:737-744.

8. Leist, M., and M. Jaattela. 2001. Four deaths and a funeral: from caspases
to alternative mechanisms. Nat. Rev. Mol. Cell Biol. 2:589-598.

9. Kerr, J. F., A. H. Wyllie, and A. R. Currie. 1972. Apoptosis: a basic biological
phenomenon with wide-ranging implications in tissue kinetics. Br. J. Can¬
cer 26:239-257.

Thompson, C. B. 1995. Apoptosis in the pathogenesis and treatment of
disease. Science 267:1456-1462.

Majno, G., and I. Joris. 1995. Apoptosis, oncosis, and necrosis: an overview
of cell death. Am. J. Pathol. 146:3-15.

Lennon, S. V., S. J.Martin, and T. G. Cotter. 1991. Dose-dependent induction
of apoptosis in human tumour cell lines by widely diverging stimuli. Cell
Prolif 24:203-214.

Thornberry, N. A., and Y. Lazebnik. 1998. Caspases: enemies within. Science
281:1312-1316.

Budihardjo, I., H. Oliver, M. Lutter, X. Luo, and X. Wang. 1999. Biochemical
pathways of caspase activation during apoptosis. Annu. Rev. Cell Dev.
Biol. 15:269-290.

Kluck, R. M., E. Bossy-Wetzel, D. R. Green, and D. D. Newmeyer. 1997.
The release of cytochrome c from mitochondria: a primary site for Bcl-2
regulation of apoptosis. Science 275:1132-1136.

Liu, X., C. N. Kim, J. Yang, R. Jemmerson, and X. Wang. 1996. Induction
of apoptotic program in cell-free extracts: requirement for dATP and
cytochrome c. Cell 86:147-157.
P., D. Nijhawan, I. Budihardjo, S. M. Srinivasula, M. Ahmad, E. S.
Alnemri, and X. Wang. 1997. Cytochrome c and dATP-dependent forma¬
tion of Apaf-l/caspase-9 complex initiates an apoptotic protease cascade.
Cell 91:479-489.

Concha, N. O., and S. S. Abdel-Meguid. 2002. Controlling apoptosis by
inhibition of caspases. Curr. Med. Chem. 9:713-726.

Hampton, M. B., and S. Orrenius. 1997. Dual regulation of caspase activity by
hydrogen peroxide: implications for apoptosis. FEBS Lett. 414:552-556.

Samali, A., H. Nordgren, B. Zhivotovsky, E. Peterson, and S. Orrenius. 1999.
A comparative study of apoptosis and necrosis in HepG2 cells: oxidant-
induced caspase inactivation leads to necrosis. Biochem. Biophys. Res.
Commun. 255:6-11.

Lee, Y. J., and E. Shacter. 1999. Oxidative stress inhibits apoptosis in human
lymphoma cells. J. Biol. Chem. 274:19792-19798.

Lee, Y. J., and E. Shacter. 2000. Hydrogen peroxide inhibits activation, not
activity, of cellular caspase-3 in vivo. Free Radic. Biol. Med. 29:684-692.

Borutaite, V., and G. C. Brown. 2001. Caspases are reversibly inactivated
by hydrogen peroxide. FEBS Lett. 500:114-118.

10.

11.

12.

13.

14.

15.

16.

17. Li.

18.

19.

20.

21.

22.

23.



570 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL. 29 2003

24. Palomba, L., P. Sestili, F. Cattabeni, A. Azzi, and O. Cantoni. 1996. Preven¬
tion of necrosis and activation of apoptosis in oxidatively injured human
myeloid leukemia U937 cells. FEBS Lett. 390:91-94.

25. Ishii, T., T. Matsuse, H. Igarashi, M. Masuda, S. Teramoto, and Y. Ouchi.
2001. Tobacco smoke reduces viability in human lung fibroblasts: protec¬
tive effect of glutathione S-transferase PI. Am. J. Physiol. Lung Cell.
Mol. Physiol. 280:L1189-L1195.

26. D'Agostini, F., R. M. Balansky, A. Izzotti, R. A. Lubet, G. J. Kelloff, and
S. De Flora. 2001. Modulation of apoptosis by cigarette smoke and cancer
chemopreventive agents in the respiratory tract of rats. Carcinogenesis
22:375-380.

27. Vayssier, M., N. Banzet, D. Francois, K. Bellmann, and B. S. Polla. 1998.
Tobacco smoke induces both apoptosis and necrosis in mammalian cells:
differential effects of HSP70. Am. J. Physiol. 275:L771-L779.

28. Wang, J., D. E. Wilcken, and X. L. Wang. 2001. Cigarette smoke activates
caspase-3 to induce apoptosis of human umbilical venous endothelial
cells. Mol. Genet. Metab. 72:82-88.

29. Rahman, I., X. Y. Li, K. Donaldson, D. J. Harrison, and W. MacNee. 1995.
Glutathione homeostasis in alveolar epithelial cells in vitro and lung in
vivo under oxidative stress. Am. J. Physiol. 269:L285-L292.

30. Rahman, I., C. A. Smith, M. F. Lawson, D. J. Harrison, and W. MacNee.
1996. Induction ofgamma-glutamylcysteine synthetase by cigarette smoke
is associated with AP-1 in human alveolar epithelial cells. FEBS Lett.
396:21-25.

31. Martin, D and Leonardo, M. 1998. Microscopic quantitation of apoptotic
index and cell viability using vital and fluorescent dyes. Current Protocols
in Immunology 1, 3.17.1-3.17.39.

32. Slee, E. A., M. T. Harte, R. M. Kluck, B. B. Wolf, C. A. Casiano, D. D.
Newmeyer, H. G. Wang, J. C. Reed, D. W. Nicholson, E. S. Alnemri, D.
R. Green, and S. J. Martin. 1999. Ordering the cytochrome c-initiated
caspase cascade: hierarchical activation of caspases-2, -3, -6, -7, -8, and
-10 in a caspase-9-dependent manner. J. Cell Biol. 144:281-292.

33. Tietze, F. 1969. Enzymic method for quantitative determination of nanogram
amounts of total and oxidized glutathione: applications to mammalian
blood and other tissues. Anal. Biochem. 27:502-522.

34. Vandeputte, C., I. Guizon, I. Genestie-Denis, B. Vannier, and G. Lorenzon.
1994. A microtiter plate assay for total glutathione and glutathione disul¬
fide contents in cultured/isolated cells: performance study of a new minia¬
turized protocol. Cell Biol. Toxicol. 10:415-421.

35. Pryor, W. A., and K. Stone. 1993. Oxidants in cigarette smoke: radicals,
hydrogen peroxide, peroxynitrate, and peroxynitrite. Ann. N. Y. Acad.
Sci. 686:12-27.

36. Li, X. Y., I. Rahman, K. Donaldson, and W. MacNee. 1996. Mechanisms of
cigarette smoke induced increased airspace permeability. Thorax 51:465-
471.

37. Jones, J. G., B. D. Minty, P. Lawler, G. Hulands, J. C. Crawley, and
N. Veall. 1980. Increased alveolar epithelial permeability in cigarette
smokers. Lancet 1:66-68.

38. Rahman, I., D. Morrison, K. Donaldson, and W. MacNee. 1996. Systemic
oxidative stress in asthma, COPD, and smokers. Am. J. Respir. Crit. Care
Med. 154:1055-1060.

39. Morrison, D., 1. Rahman, S. Lannan, andW. MacNee. 1999. Epithelial perme¬
ability, inflammation, and oxidant stress in the air spaces of smokers.
Am. J. Respir. Crit. Care Med. 159:473-479.

40. Tuder, R. M., Y. Kasahara, and N. F. Voelkel. 2000. Inhibition of vascular
endothelial growth factor receptors causes emphysema in rats. Chest
117:281S (Abstr)

41. Hudson, V. M. 2001. Rethinking cystic fibrosis pathology: the critical role
of abnormal reduced glutathione (GSH) transport caused by CFTR muta¬
tion. Free Radic. Biol. Med. 30:1440-1461.

42. Brown, L. A. 1994. Glutathione protects signal transduction in type II cells
under oxidant stress. Am. J. Physiol. 266:L172-L177.

43. Chasseaud, L. F. 1979. The role of glutathione and glutathione S-transferases
in the metabolism of chemical carcinogens and other electrophilic agents.
Adv. Cancer Res. 29:175-274.

44. Droge, W., K. Schulze-Osthoff, S. Mihm, D. Gaiter, H. Schenk, H. P. Eck,
S. Roth, and H. Gmunder. 1994. Functions of glutathione and glutathione
disulfide in immunology and immunopathology. FASEB J. 8:1131-1138.

45. Meister, A., and M. E. Anderson. 1983. Glutathione. Annu. Rev. Biochem.
52:711-760.

46. Melino, G., F. Bernassola, R. A. Knight, M. T. Corasaniti, G. Nistico, and
A. Finazzi-Agro. 1997. S-nitrosylation regulates apoptosis. Nature 388:
432-433.

47. Finkelstein, R., R. S. Fraser, H. Ghezzo, and M. G. Cosio. 1995. Alveolar
inflammation and its relation to emphysema in smokers. Am. J. Respir.
Crit. Care Med. 152:1666-1672.

48. Leanderson, P. 1993. Cigarette smoke-induced DNA damage in cultured
human lung cells. Ann. N. Y. Acad. Sci. 686:249-259.

49. Kelly, F. J. 1999. Gluthathione: in defence of the lung. Food Chem. Toxicol.
37:963-966.

50. Li, X. Y., K. Donaldson, I. Rahman, and W. MacNee. 1994. An investigation
of the role of glutathione in increased epithelial permeability induced by
cigarette smoke in vivo and in vitro. Am. J. Respir. Crit. Care Med.
149:1518-1525.

51. Cantin, A. M., S. L. North, R. C. Hubbard, and R. G. Crystal. 1987. Normal
alveolar epithelial lining fluid contains high levels of glutathione. J. Appl.
Physiol. 63:152-157.

52. Retamales, I., W. M. Elliott, B. Meshi, H. O. Coxson, P. D. Pare, F. C.
Sciurba, R. M. Rogers, S. Hayashi, and J. C. Hogg. 2001. Amplification
of inflammation in emphysema and its association with latent adenoviral
infection. Am. J. Respir. Crit. Care Med. 164:469-473.



Publication 76

British Journal of Pharmacology (2003) 139, 388-398 © 2003 Nature Publishing Group All rights reserved 0007-1188/03 $25.00
www.nature.com/bjp

Role of leukotrienes in the regulation of human granulocyte
behaviour: dissociation between agonist-induced activation and
retardation of apoptosis
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1 Since most inflammatory mediators that stimulate granulocyte responsiveness also delay
apoptosis, it is often assumed that activation and longevity are causally related. Using isolated
human peripheral blood neutrophils and eosinophils, we examined this association by exploiting the
proinflammatory lipid mediators, the leukotrienes (LTs), and investigated granulocyte function and
apoptosis.
2 LTB4 induced elevation of intracellular free Ca2' concentration ([Ca21 ];), cell polarisation and
retardation of neutrophil apoptosis, although the antiapoptotic effect occurred only at concentrations
^300nM. LTB4-induced activation was attenuated by CP-105,696, a BLTl-specific antagonist
suggesting classical LTB4 receptor BLT1 involvement.
3 Despite demonstrating the presence of the neutrophil intracellular LTB4 receptor peroxisome-
proliferator activator receptor-a (PPARa) in neutrophils, the selective PPARa agonist WY-14,643 did
not mimic LTB4-induced prosurvival effects.
4 LTB4-induced survival, however, also appeared to be mediated by BLT1 since CP-105,696
inhibited the LTB4-mediated antiapoptotic effect. Furthermore, based on studies with CP-105,696 and
5-lipoxygenase inhibitors, lipopolysaccharide (LPS)-, granulocyte -macrophage colony-stimulating
factor (GM-CSF)-, dexamethasone- and dibutyryl-cAMP (db-cAMP)-induced delay of neutrophil
apoptosis did not involve autocrine production of LTB4.
5 Although LTB4 and LTD4 induced human eosinophil [Ca2' ], elevation and polarization, these LTs
did not influence eosinophil apoptosis. Furthermore, LTB4- and LTD4-induced eosinophil activation
was attenuated by CP-105,696 and the Cys-LT[ receptor antagonist montelukast, respectively,
highlighting specific receptor dependency.
6 Thus, mediator-triggered granulocyte activation and antiapoptotic pathways are distinct events
that can be differentially regulated.
British Journal of Pharmacology (2003) 139, 388-398. doi: 10.1038/sj.bjp. 0705265
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Abbreviations: BLT, LTB4 receptor; [Ca2' ],, intracellular free Ca2+ concentration; Cys-LT, cysteinyl leukotriene

db-cAMP, dibutyryl-cAMP; fMLP, formyl-leucyl-phenylalanine; GM-CSF, granulocyte/macrophage colony-
stimulating factor; LPS, lipopolysaccharide; PAF, platelet-activating factor; PPAR, peroxisome-proliferator
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Introduction

Granulocytes are key effector cells of the immune system,
where neutrophils provide first-line protection against bacter¬
ial and fungal invasion and eosinophils play an important role
in mediating antiparasitic defences. Over-recruitment, inap¬
propriate activation or dysregulated clearance of these cells
likely contribute to the pathogenesis and propagation of a
wide variety of inflammatory disorders. While neutrophil
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Edinburgh Medical School, Teviot Place, Edinburgh, EH8 6AG, U.K.;
E-mail: a.g.rossi@ed.ac.uk

products can cause tissue damage in inflammatory diseases
such as chronic obstructive pulmonary disease and rheumatoid
arthritis, inappropriate release of eosinophil products is
associated with allergic disorders such as allergic rhinitis and
asthma (Rossi & Haslett, 1998; Giembycz & Lindsay, 1999;
Gompertz & Stockley, 2000). Apoptosis or programmed cell
death is a critical process regulating the lifespan of inflamma¬
tory cells and the resolution phase of inflammation (Haslett,
1999; Ward et al., 1999b; Lawrence et a/., 2002). Apoptosis is
associated with the maintenance of plasma membrane
integrity, downregulation of functional responsiveness
(Whyte et al., 1993b), and triggers apoptotic cell recognition
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and engulfment by phagocytic cells (Savill et al., 1989; Stern
et al., 1992; Walsh et al., 1999). Remarkably, (he phagocytic
clearance of these cells fails to excite an inflammatory response
(Meagher et al., 1992); indeed, ingestion of apoptotic
granulocytes in vitro induces an anti-inflammatory cytokine
and mediator profile in the phagocyte (Stern et al., 1996;
Fadok et al.. 1998; Liu et al., 1999). Thus, this process provides
an efficient and noninflammatory mechanism for the clearance
of potentially toxic and unneeded cells from the inflamed site.
Neutrophils and eosinophils are derived front a common

myeloid precursor, and when activated, exhibit similar
responses (e.g., cell polarisation, chemotaxis, adhesion, degra-
nulation and superoxide anion generation). Comparative
studies of functional responses in these cells have contributed
significantly to our understanding of granulocyte behaviour,
including apoptosis. Of interest, despite their close haemato¬
poietic origins, apoptosis of eosinophil and neutrophil
granulocytes can be regulated in a selective manner. For
example, glucocorticoids induce eosinophil apoptosis but
retard this process in the neutrophil (Meagher et al., 1996).
Many of the proinflammatory mediators present at an
inflamed site not only influence granulocyte responsiveness
but also delay the rate of constitutive apoptosis. For example,
lipopolysaccharide (LPS) and granulocyte/macrophage col¬
ony-stimulating factor (GM-CSF) have been shown to
upregulate neutrophil function by priming for enhanced
functional responsiveness to secretagogue agonists and also
prolong cell longevity by delaying apoptosis (Colotta et al.,
1992; Lee et al., 1993). A similar dual effect has been observed
in eosinophils stimulated with IL-5 and GM-CSF with both
cytokines enhancing eosinophil function and delaying apop¬
tosis (Stern et al., 1992; Walsh et al., 1996). Thus, it is often
perceived that a close and inevitable relation exists between
granulocyte activation status and longevity; indeed, a large
family of inflammatory mediators promote granulocyte func¬
tion by initially inducing cell priming and subsequently by
delaying the onset of constitutive apoptosis (Mecklenburgh
et al., 1999). In this study, we investigated this association by
exploiting the archetypal proinflammatory lipid mediators, the
leukotrienes (LTs).
The LTs are produced by the oxygenation of deacylated

membrane-bound arachidonic acid through a reaction cata¬
lysed by 5-lipoxygenase (5-LO) and 5-lipoxygenase-activating
protein (FLAP) to yield 5-hydroperoxyeisosatetraenoic acid
(5-HPETE), which is converted to leukotriene A4 (LTA4), an
unstable epoxide intermediate. In neutrophils, and other cells
that contain LTB4 synthase (e.g., alveolar macrophages),
LTA4 is converted to LTB4 (Samuelsson et al., 1987). Indeed,
neutrophils when activated by a variety of stimuli (e.g., the
calcium ionophore, A23187 and receptor-directed stimuli such
as platelet-activating factor (PAF), formyl-leucyl-phenylala-
nine (fMLP) and GM-CSF) are capable of synthesising and
releasing LTB4 (Lin et al., 1982; Samuelsson et al., 1987;
Dahinden et al., 1988; Rossi et al., 1993). LTB4 has also been
shown to be a powerful activator of neutrophil responsiveness
causing cell polarisation, chemotaxis, adhesion, degranulation
and reactive oxygen species generation (Ford-Hutchinson
et al., 1980; Rossi et al., 1993). In addition, LTB4 has been
shown to influence neutrophil longevity by delaying apoptosis
(Hebert et al., 1996). LTB4 is believed to elicit its effects by
interacting with distinct seven transmembrane G-protein-
coupled receptors, the classical BLT1 receptor (Yokomizo

et al., 1997) and the recently identified BLT2 receptor
(Kamohara et al., 2000; Serhan & Prescott, 2000; Yokomizo
et al., 2000). The other receptor type that binds LTB4 that has
received much recent attention is the peroxisome-proliferator
activator receptor-a (PPARa) (Devchand et al., 1996). This
receptor is a member of the PPAR group of transducer
proteins belonging to the steroid/thyroid/retinoid receptor
family, which regulate the expression of target genes by
binding to PPAR response elements. PPARa is primarily
expressed in tissues that have high fatty acid catabolism,
including the liver and the immune system (Devchand et al.,
1996).
In eosinophils, mast cells and other cells that contain LTC4

synthase, LTA4 is converted mainly to LTC4, through
conjugation with reduced glutathione. LTC4 is exported from
the cytosol to the extracellular environment and sequentially
cleaved to form LTD4 and the less potent LTE4. These
cysteinyl LTs are now well established as mediators of
immediate hypersensitivity reactions, and are potent agonists
of bronchoconstriction and vascular permeability and play a
role in the persistent tissue eosinophilia that is characteristic of
asthma (Leff, 2000). Cysteinyl LTs may influence various
stages of the eosinophil life cycle including bone marrow
differentiation, adhesion and margination; however, the effects
of the cysteinyl LTs on the activation status and functional
longevity of these cells are ill defined. In this study, we have
examined the relation between granulocyte activation and
apoptosis by comparing the effects of the LTs on neutrophil
and eosinophil function and lifespan in vitro.

Methods

Neutrophil and eosinophil isolation

Neutrophils and eosinophils were isolated from the peripheral
venous blood of healthy adult donors by dextran sedimenta¬
tion followed by centrifugation through discontinuous PBS-
Percoll gradients (Rossi et al., 1998; Ward et al., 1999a). Only
neutrophil preparations with a purity of >98% were used.
Eosinophils were separated from contaminating neutrophils
using an immunomagnetic separation step with
sheep anti-mouse IgG-Dynabeads (Dynabeads M-450, Dynal,
Merseyside, U.K.) coated with the murine antineutrophil
antibody 3G8 (anti-CD16; a gift from Dr J. Unkeless, Mount
Sinai Medical School, New York, U.S.A.). Cells were mixed
with washed 3G8-coated Dynabeads at a bead: neutrophil
ratio of 3 : 1 on a rotary mixer at 4°C for 20 min, and the beads
removed magnetically by two 3 min stationary magnetic
contacts (Dynal Magnetic Particle Concentrator, MPC-1) to
yield an eosinophil population of >98% purity. After
harvesting and purification, cells were washed twice in PBS
(without divalent cations) and once in PBS containing MgCl2
and CaCl2 before resuspending in appropriate buffer.

Culture ofgranulocytes

Neutrophils (5 x 106 cells ml ') and eosinophils (2.5 x 106
cellsml"1) were resuspended in lscove's MDM (Life Technol¬
ogies, Paisley, U.K.) containing 50Uml~' penicillin and
50Uml~' streptomycin and supplemented with 10% auto¬
logous serum (or 0.1 % BSA) and cultured in flat-bottomed 96-
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well Falcon flexiwell plates (Becton-Dickinson, U.K.) at 37°C
in a humidified 5% C02 atmosphere for the time periods
indicated. The cells were cultured in the absence or presence of
the reagents of interest as described in the figure legends and
unless otherwise stated, all experiments were done at least
three times with each treatment performed in triplicate.

Morphological assessment ofgranulocyte apoptosis

After culture, cells were gently resuspended and 100/id
harvested from each well, cytocentrifuged in a Shandon
Cytospin II (Shandon, U.K.) and the resulting slide prepara¬
tions air dried, fixed in methanol and stained with Diff-Quik™.
Cell morphology was examined by x 100 objective oil immer¬
sion light microscopy to determine the proportion of cells with
highly characteristic apoptotic morphology (Savill et al., 1989;
Stern et al.. 1992; Ward et al., 1999a). For each condition
examined, slides were prepared from triplicate incubations and
after coding, a total of at least 500 granulocytes were counted
over a minimum of five high power fields with the observer
blinded to the assay conditions. The data were expressed as the
mean per cent apoptosis+ s.e.m. Cell viability was determined
in parallel by the ability of granulocytes to exclude the vital
dye trypan blue assessed by light microscopy and, on occasion,
by cellular incorporation of propidium iodide as assessed by
flow cytometry (Ward et al., 1999a). Under all conditions and
treatments used, there was no loss of cell membrane integrity
and cell loss was minimal.

Annexin V binding

A separate and independent assessment of apoptosis was

performed by flow cytometry using FITC-labelled recombi¬
nant human annexin V that binds to phosphatidylserine
exposed on the surface of apoptotic cells. Stock annexin V
(Bender MedSystems, Vienna, Austria) was diluted 1 : 200 with
binding buffer and then added (25 pi) to 75 p\ of the recovered
cell samples. Following a lOmin incubation at 4°C, these
samples were fixed by the addition of 100 pi of 3%
paraformaldehyde before analysis using an EPICS Profile II
(Coulter Electronics, Luton, U.K.) or a FACSCalibur (Becton
Dickinson, Oxford, U.K.) (Ward et al., 1999a). The fluores¬
cence from a minimum of 5000 cells was recorded.

Determination of cytosolic free calcium ion levels
([Ca2+]i)

Freshly isolated granulocytes were washed (3 x) in HBSS
(Ca2+ and Mg2+ free) before being resuspended at 107mL' in
HBSS (Ca2+ and Mg21 free) and incubated with fura-2/AM
(final concentration 2/um) for 30min at 37°C (O'Flaherty &
Rossi, 1993). The cells were then washed (2 x ) and left in
HBSS (Ca2 h and Mg2t" free) for a further lOmin for optimal
de-esterification of the fura-2-acetoxymethyl ester, before
finally resuspending the granulocytes at 2 x 106 cellsmL1 in
HBSS (containing Ca2+ and Mg2 + ). Changes in fluorescence
following agonist addition were determined using a Perkin-
Elmer LS50B fluorimeter, with dual wavelength excitation
(340 and 380 nm) and emission at 510 nm. The fluorimeter has
a fitted thermostated cuvette compartment and stirring
attachment to ensure complete mixing of reagents at 37°C.
Calibration of [Ca2+]/ was performed as described (O'Flaherty
& Rossi, 1993).

Granulocyte shape change assay

Freshly isolated granulocytes (180/d, 2 x 106 cells ml 1 in PBS
containing CaCL and MgCL) were equilibrated at 37°C in a

shaking water bath for 15 min in the presence of buffer alone
or the antagonist of interest. Agonists were then added to the
required concentration and incubations continued for a further
15 min before the addition of 200/d of 2.5% glutaraldehyde.
Samples were analysed for shape change by flow cytometry
(Coulter EPICS Profile II; Coulter Electronics, Luton, U.K.)
(Kitchen et al., 1996). Percentage shape change was calculated
from the mean forward light scatter of each sample by gating
on the nonshape-changed population.

Western blotting for PPA Ret.

Cell samples (5 x 106 cells ml ') were lysed (Ward et al., 1999a,
2002; Fujihara et al., 2002) and the whole cell lysates were run
on a 9% SDS gel and after transfer to nitrocellulose
membranes (Amersham Pharmacia Biotech U.K. Ltd),
blocked by 5% milk protein before an overnight incubation
with the polyclonal PPARa antibody, N/19 (SantaCruz
Biotechnology Inc., Santa Cruz, CA, U.S.A.) diluted 1:500.
After washing, blots were incubated with HRP-conjugated
antibiotin antibody diluted at 1 :2500 and developed using
standard ECL reagents.

Materials

Further specific materials were obtained as follows: LTB4,
LTC4, LTD4, and WY-14,643 (Biomol, Affinity Research
Products, Mamhead, U.K.) and GM-CSF, IL-5 (R&D
Systems Europe Ltd, Oxon, U.K.) and MK-886 (Calbiochem
Ltd, Beeston, Nottingham, U.K.). CP-105,696 was a gift from
Henry J. Showell, Pfizer Inc., Connecticut, U.S.A. Montelu-
kast (1 -(((1 (R)-(3-(2-(7-chloro-2-quinolinyl)-(E)-ethenyl)phe-
nyl)(3-2-( 1 -hydroxy- l-methylethyl)phenyl)propyl)thio)methyl)
cyclopropane) acetic acid sodium salt) was a gift from Dr
Richard Tomiak, Merck, Sharp and Dohme Ltd. All other
reagents were obtained from Sigma Chemical Co., Poole, U.K.
and were of the highest purity.

Statistical analysis

The results are expressed as means+ s.e.m. of (n) the number
of independent experiments each using cells isolated from
separate donors with each treatment performed in triplicate,
unless otherwise stated. Statistical analysis was performed by
ANOVA with comparisons between groups made using the
Newman - Kuels procedure. Differences were considered
significant when P<0.05.

Results

Effect of LTB4 on human neutrophil apoptosis

Initially, we demonstrated that incubation of human neutro¬
phils for 20 h with LTB4 (I pM) delayed the rate of constitutive
apoptosis as assessed by morphological criteria (Figure la). In
contrast, the cysteinyl LTs LTC4 (1 /im) and LTD4 (I /im) had
no effect on the constitutive rate of apoptosis in these cells

British Journal of Pharmacology vol 139 (2)
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Figure 1 Effect of LTs on human neutrophil apoptosis. Neutro¬
phils (5 x 106 cellsml ') were cultured in serum-supplemented
Iscove's MDM alone (control) or in identical medium containing
stimuli (final concentration), (a) LTB4 (1 pM), LTC4 (1 /(M), LTD4
(1/iM), GM-CSF (50Uml"') or LPS (1/tg ml"1) and (b) LTB4
(lnM-l/(M). Cells were harvested following 20 h in culture and
assessed for morphological features of apoptosis. Data represent the
means+ s.e.m. of three separate experiments, each performed in
triplicate, where * represents P<0.05 compared to control values.

(Figure la). The extent of the retardation of neutrophil
apoptosis observed with LTB4 was similar to that observed
with human recombinant GM-CSF (50UmL') and LPS
(1/tgml"1) (Figure la). Assessment of cell recovery (haemo-
cytometer counts) and viability (trypan blue exclusion)
demonstrated that the inflammatory mediators investigated
had no effect on either of these parameters as compared to
vehicle-treated controls (data not shown). Experiments per¬
formed to examine the concentration dependency of LTB4-
mediated neutrophil survival revealed that this response was
only observed with relatively high concentrations of LTB4
(>300nM; Figure lb). Accordingly, an LTB4 concentration of
1 /(M was selected for use in all further apoptosis studies.

Effect of LTB4 on neutrophil [Ca2+ /, levels and cell
polarisation

Signalling mechanisms such as changes in [Ca2+], are funda¬
mental in regulating neutrophil activation and may play a key
role regulating granulocyte apoptosis (Whyte et al., 1993a).
We therefore examined the effects of LTB4 on [Ca2' |, in
human neutrophils and compared the responses to those
induced by other agonists. [Ca2+]; levels in freshly isolated
neutrophils were measured using the Ca2+-sensitive dye fura-2

following the addition of PAF (lOOnM), LTB4 (lOOnM) or
fMLP (100 nM) as indicated in Figure 2. The resting [Ca2+],
levels recorded in these experiments (<100 nM) were consistent
with those reported in previous studies in neutrophils
(O'Flaherty & Rossi, 1993; Whyte et al., 1993a). Addition of
PAF, LTB4 or fMLP induced a rapid rise in [Ca2+]i to a peak
of approximately 600 nM, before returning to control values
(Figure 2). To investigate the mechanism of LTB4-mediated
elevation of [Ca2' ]„ neutrophils were preincubated in the
presence or absence of the specific BLT1 receptor antagonist
CP-105,696 ((+)-1 -(3S,4R)-[3-(4-phenyl-benzyl)-4-hydroxy-
chroman-7-yl]-cyclopentane carboxylic acid; Showell et al.,
1995), prior to the addition of LTB4, PAF or fMLP (100 nM).
CP-105,696 (1 /iM) had no effect on either the basal levels of
[Ca2+]j, or on PAF- or fMLP-induced responses, but
abrogated LTB4-mediated elevation of [Ca2 + ], (Figure 2)
indicating that this response is a specific, BLT1 receptor-
mediated event. Moreover, the data suggest that fMLP- and
PAF-induced elevation of [Ca2 + ]; is not mediated by the
autocrinic production of LTB4.
We next examined the effect of a range of LTB4 concentra¬

tions on cell polarisation. Incubation of freshly isolated
neutrophils with LTB4 for lOmin induced a dramatic
polarisation response as assessed by changes in forward scatter
by flow cytometric analysis (compare Figure 3a and b). This
response exhibited a concentration-dependency and was
sensitive to much lower LTB4 concentrations of 1 nM and
above (Figure 3e). The cysteinyl LTs LTC4 and LTD4 failed to
elicit a response at 1 /iM, a concentration that was maximal for
LTB4-induced shape change (Figure 3e). Preincubation of
neutrophils (15min at 37°C) with the BLT1 receptor antago¬
nist CP-105,696 (3/iM) had no effect on basal shape change
(compare Figure 3a and c) but abrogated the maximal (1 pM)
LTB4-induced shape change (compare Figure 3b and d)
without influencing fMLP-induced polarisation (Figure 3f).
Taken together, these data indicate that the rapid activation
responses to LTB4 observed in human neutrophils are BLT1
receptor-mediated and support the use of CP-105,696 as a
potent and specific BLTI receptor antagonist.

Effect of a BLT1 receptor antagonist on LTB4-mediated
survival of human neutrophils

As a separate assessment of apoptosis, we show that
incubation of neutrophils with LTB4 (I pM) for 20 h delayed
apoptosis as assessed by annexin V binding (Figure 4a and b).
Initial preliminary experiments showed that the presence of
autologous serum interfered with the ability of CP-105,696 to
inhibit LTB4-mediated retardation of neutrophil apoptosis
(data not shown). We therefore cultured our cells in the
presence of 0.1% BSA since delayed apoptosis induced by
LTB4 is not dependent on the presence of serum and
neutrophils cultured for 20 h in the absence of any protein
would invariably undergo secondary necrosis. Thus, to explore
the receptor-dependency of LTB4-mediated delay of neutrophil
apoptosis, cells were cocultured in Iscove's containing 0.1%
BSA with the BLT1 receptor antagonist CP-105,696 at a
concentration shown in this study to completely antagonise
maximal LTB4-stimulated [Ca2+]i elevation and shape change
(Figures 2 and 3c). LTB4-delayed neutrophil apoptosis was
now almost totally inhibited by CP-105,696 (Figure 4c).
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Figure 2 Measurement of cytosolic calcium levels in freshly isolated human neutrophils in response to agonist stimulation.
Cytosolic calcium measurements (nM) in fura-2-loaded, neutrophils (2 x 106 cellsml-1) over 350 s. Buffer alone (control, a,c,e) or
CP-105,696 (1 [im; b,d,f) was added to the cell suspension followed by the sequential addition of PAF (100 nM; a, b), LTB4 (100 nM;
c, d), or fMLP (100 nM; e, f), after 245 s. The data show traces obtained from a typical experiment performed at least three times.

Effect of a BLT1 receptor antagonist and a FLAP
inhibitor on GM-CSF-, LPS-, dexamethasone- and db-
cAMP-mediated survival of human neutrophils

It has been suggested that the delay of neutrophil apoptosis by
GM-CSF, LPS and dexamethasone is mediated by autocrine
generation of LTB4 (Lee et al., 1999). To pursue this
hypothesis in more detail, we examined: (i) whether the
survival effects of LTB4 and GM-CSF/LPS were additive; (ii)
the effect of FLAP and 5-LO inhibitors on GM-CSF and LPS-
mediated survival and (iii) whether the effects of these
inflammatory mediators, dexamethasone and the cell-perme¬
able analogue of cAMP, db-cAMP was modified by CP-
105,696 at a concentration shown to block LTB4-mediated
shape change, [Ca2+], transients and survival. Coculture
experiments demonstrated that the antiapoptotic effects of
LTB4 and GM-CSF, and LTB4 and LPS were in fact additive
(Figure 5a), perhaps suggesting that these agents act via
discrete rather than common signalling pathways. This latter
observation however requires further investigation. Moreover,
preincubation of neutrophils (30min, 37°C) with the specific
FLAP inhibitor (MK-886; 1 pM), or the BLT1 antagonist
CP-105,696 (1 and 3 /xM), had no influence on basal apoptosis
per se and did not inhibit GM-CSF-, LPS-, dexamethasone- or
db-cAMP-mediated suppression of apoptosis (Table 1,
Figure 5b). Taken together, these data demonstrate that

GM-CSF and LPS are unlikely to mediate directly their
survival signal in neutrophils via the generation and autocrine
action of LTB4.

Role of PPARa in LTB4-mediated survival of human
neutrophils

It is now well recognised that LTB4 is a potent activating
ligand for PPARa (Devchand et al., 1996). In these studies, we
have detected PPARa (molecular weight 55 kDa) in the cytosol
of freshly isolated human neutrophils and eosinophils as well
as monocytes and monocyte-derived macrophages by
Western blotting (Figure 6a). To determine whether the
LTB4-stimulated survival signal in human neutrophils is
mediated via this receptor, we exploited the synthetic PPAR-
activating ligand pirinixic acid (WY-14643), which has
been shown to be selective for PPARa (Yu et al., 1995).
Culture of neutrophils for 20 h with a wide range of
concentrations of WY-14643 (1-300um) had no influence
on the rate of constitutive apoptosis in these cells (Figure 6b).
Therefore, although PPARa is present in human neutrophils,
stimulation of this receptor does not mimic LTB4-mediated
retardation of neutrophil death suggesting that the survival
effect of LTB4 may not be mediated via activation of this
receptor.
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Figure 3 Effect of LTB4 on shape change in human neutrophils. Neutrophils (2 x 106 cells ml-1 in 180/d PBS with CaCl2 and
MgCl2) were equilibrated for 15min at 37°C, then preincubated with lOyrl CP-105,696 (3/iM) or vehicle prior to stimulation for
10min with 10/d LTB4 (I /iM), or vehicle, (a) represents control, (b) LTB4, (c) CP-105,696 and (d) LTB4 plus CP-105,696. (e) Shows
the concentration - response for LTB4-induced shape change where neutrophils (2 x 106 cells ml 1 in 190 /il PBS with CaCl2 and
MgCl2) were equilibrated for 15min at 37°C, then incubated with 10/d buffer alone (control), LTB4 (0.01 nM- 1 /iM), LTC4 (1 /iM)
or LTD4 (1/tM) for lOmin. (f) Shows the specificity of CP-105,696 for BLTl-mediated shape change where neutrophils
(2 x 106 cells ml-1 in 180 /d PBS with CaCl2 and MgCl2) were equilibrated for 15min at 37°C, then incubated with 10/d buffer alone
(control), or CP-105,696 (3/iM) prior to stimulation for 10min with 10/d LTB4 (I /iM), fMLP (lOOnM), or buffer alone. All reactions
were terminated by addition of 200 /d 2.5% glutaraldehyde. (a - d) Show representative flow cytometry (EPICS Profile II), x-axis:
mean forward light scatter (FS);y-axis: relative cell number, (e) and (0 show per cent shape change as analysed by flow cytometry as
detailed in Methods. Data represent means+ s.e.m. of one representative experiment of three, each performed in triplicate.

Effects of LTs on eosinophil [Ca2+/, levels

The effects of LTs on [Ca2'], in freshly isolated human
eosinophils were measured using fura-2 in a similar set of
experiments as described for neutrophils. The rise in eosinophil
[Ca2+]i in response to LTB4 (100nM; Figure 7a), was

abrogated by preincubation with the BLTI receptor antagonist
CP-105,696 (data not shown). While LTC4 had no effect on

[Ca2+]j (Figure 7a), incubation with LTD4 induced a rapid and
transient rise in [Ca2+]j (Figure 7a and b). Moreover, LTD4-
mediated flux in [Ca2+]j was blocked by preincubation with the
Cys-LT] receptor antagonist montelukast (1 /iM) (Figure 7b),
which had no influence on resting [Ca2, ], or on LTB4 or PAF-
mediated responses (Figure 7b). Interestingly, there was no
evidence of heterologous desensitisation with regard to the
[Ca2' ]j responses induced by LTB4, LTD4 and PAF (see
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Figure 4 Effect of BLT1 receptor antagonist CP-105,696 on LTB4-mediated retardation of human neutrophil apoptosis.
Neutrophils (5 x 106 cellsml"1) were cultured in serum-supplemented Iscove's MDM alone (control, a) or in the presence of LTB4
(1 yitM, b). Neutrophils were resuspended following 20 h in culture and incubated with FITC-labelled recombinant human Annexin V
to determine phosphatidylserine expression. The cells were then fixed and analysed using an EPICS Profile II. Mean fluorescence
values are shown for a minimum of 5000 cells for each condition, (c) Neutrophils (5 x 106 cellsml-1) were preincubated (37°C,
15min) in serum-supplemented Iscove's MDM containing BSA (0.1%) and treated with LTB4 (1 fiM) with or without CP-105,696
(3/iM). Samples were harvested to assess for morphological features of apoptosis; data represent the means+ s.e.m. of three
independent experiments performed in triplicate, where * represents P<0.05 compared to control values.

Figure 7 and data not shown). This supports the existence of a
specific Cys-LTrreceptor mediated LTD4-induced flux in
[Ca2 + ], in human eosinophils.

Effect of LTs on eosinophil apoptosis

In these studies, we sought to determine the potential role of
LTB4 and the cysteinyl LTs (LTC4 and LTD4) in modulating
eosinophil apoptosis. In initial experiments, we examined the
effects of LTB4, LTC4, and LTD4 (1 ^M) on eosinophil
longevity at 20 h, when the constitutive rate of apoptosis in
these cells was still relatively very low (17.0+ 1.2%; Figure 8).
At this time point, we were unable to detect any significant
effects of the LTs on eosinophil apoptosis. The cys-LT,
receptor antagonist montelukast (10 pM) was also unable to
modulate the constitutive rate rff eosinophil apoptosis, either
on its own, or following coculture with the LTs (Figure 8). The
responsiveness of these cells to stimuli that have been
previously reported to modulate apoptosis was confirmed by
the delay of apoptosis by IL-5 (50ngml ') (Stern et al., 1992).
In experiments where cells were harvested following longer
periods in culture, where the rates of constitutive apoptosis
recorded were much higher (40 h: 30.3+1.9%; 60 h;
70.7+1.2%), we were still unable to detect any influence of
LTB4, LTC4, LTD4 or montelukast on eosinophil apoptosis

(data not shown). Similar results were also obtained at these
time points using LTs at 10 and 300 nM, and montelukast at
3 (data not shown). Thus, in these studies, neither LTB4
nor the cysteinyl LTs, LTC4 and LTD4 had any influence on
the rate of eosinophil apoptosis at the various concentrations
and time points investigated.

Discussion

In this study, we have examined the effects of the proin¬
flammatory lipid mediators, the LTs, on granulocyte activa¬
tion and survival. LTB4 is a potent stimulus of rapid activation
events in neutrophils (i.e., [Ca2+]i fluxes and shape change).
For example, LTB4-stimulated cell polarisation occurred at
concentrations as low as 1 nM, with an EC50 of =10nM. In
addition, LTB4-induced [Ca2' ], elevation and shape change
were attenuated by the specific BLT1 receptor antagonist CP-
105,696 whereas these responses induced by PAF and fMLP
appear to be mediated by non-LTB4 receptor-dependent
mechanisms.
To investigate LTB4-mediated survival of human neutro¬

phils, we examined the potential role of specific receptor-
dependent mechanisms. Our initial studies using CP-105,696
also suggested that LTB4-induced retardation of this response
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Figure 5 (a) Effect of coculture with GM-CSF and LPS on LTB4-
mediated retardation of human neutrophil apoptosis. Neutrophils
(5 x 106 cellsml-1) were incubated in serum-supplemented Iscove's
MDM alone or in identical medium containing LTB4 (1 /<m), GM-
CSF (50Uml~'), LPS (1 figml"'), LTB4 (1/tM) plus GM-CSF
(50Uml_l) or LTB4 (1 fiM) plus LPS (1 pgml-')- Neutrophils were
harvested following 20 h in culture and assessed for morphological
features of apoptosis. Data represent the means ±s.e.m. of one
representative experiment of three, each performed in triplicate, (b)
Effect of CP-105,696 on LTB4-, db-cAMP-, GM-CSF-, LPS- and
dexamethasone-mediated retardation of human neutrophil apopto¬
sis. Neutrophils (5 x 106cellsmr') were pre-incubated (37°C,
15 min) in BSA (0.1%)-supplemented Iscove's MDM alone (control;
black bars) or in identical medium containing CP-105,696 at final
concentrations of 3pM (hatched bars) prior to cell culture in the
medium alone (control), LTB4 (1 /<M), db-cAMP (0.2mM), GM-CSF
(50Uml-1), LPS (1 /(gml-1) or dexamethasone (1 pM). Neutrophils
were harvested following 20 h in culture and assessed for morpho¬
logical features of apoptosis. Data represent the means ±s.e.m. of
triplicate samples from an individual experiment from at least 3
separate experiments.

Table 1 Effect of the FLAP inhibitor MK.-886 on LTB4,
GM-CSF and LPS-mediated retardation of human neutrophil
apoptosis

Treatment

Control
LTB4
GM-CSF
LPS

Control

72.5+ 5.0
59.1 + 3.3
50.9+ 2.7
51.1+9.2

MK-866

72.0 + 5.8
58.9 + 3.7
51.8 + 3.7
49.3 + 8.0

Fluman neutrophils (5 x 10f'cells mC) were preincubated
(37°C, 30 min) in serum supplemented Iscove's MDM alone
or in identical medium containing MK-886 (1 /tM) prior to cell
culture in the medium alone (control), LTB4 (1 /rM), GM-CSF
(50Uml ') or LPS (lpgml '). Neutrophils were harvested
following 20 h in culture and assessed for morphological
features of apoptosis (expressed as percentage of apoptotic
cells). Data represent the means+s.e.m. of three separate
experiments, each performed in triplicate.
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Figure 6 Detection of PPARa in freshly isolated human leukocytes
(a). Leukocyte cytosolic samples (5- 10 x 106 cells in 100 pi of lysis
buffer as detailed in the Methods section) were run on a 9%
acrylamide gel and probed for human PPARa. Lanes represent: (1)
fresh neutrophils (10 x 106), (2) fresh neutrophils (5 x 106), (3) fresh
eosinophils (10 x10s), (4) monocytes (lOxlO6), (5) monocyte-
derived macrophages (10 x 106). Effect of WY-14,643, a synthetic
PPARa-activating ligand, on human neutrophil apoptosis (b).
Human neutrophils (5 x 106cellsml"') were incubated in serum-
supplemented Iscove's MDM alone (control) or in identical medium
containing a range of concentrations of WY-14643 (l-300pM).
Cells were harvested following 20 h in culture and assessed for
morphological features of apoptosis. Data represent the mean¬
s+s.e.m. of three separate experiments, each performed in triplicate.

appears to be mediated via the BLT1 receptor. This conclusion
is supported by our studies investigating the now recognised
LTB4 receptor PPARa. For this, we initially probed for the
presence of the receptor by Western blotting analysis and show
for the first time that PPARa (molecular weight 55kDa) is
present in whole-cell lysates of freshly isolated human
neutrophils and eosinophils, as well as monocytes and

monocyte-derived macrophages. Despite the presence of
PPARa protein in freshly isolated neutrophils, culture of these
cells for 20 h with a wide range of concentrations of the
synthetic and selective PPARa-activating ligand pirinixic acid
(WY-14643) (1-300/tM) had no influence on the rate of
constitutive apoptosis in these cells. The higher concentrations
ofWY-14643 used in our study are by far in excess of that used
(10/tM) to enhance interferon-y plus TNF-a-induced apoptosis
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Figure 7 Effect of the Cys-LT, receptor antagonist montelukast on
agonist-induced calcium fluxes in human eosinophils. Cytosolic
calcium measurements (nM) in fura-2-loaded eosinophils
(2 x 106 cellsml-1 in HBSS without phenol red, with CaCl2 and
MgCl2) over 540 s. Buffer alone (control, a) or montelukast (1 /(M, b)
was added to the cell suspension after 60s, followed by the
sequential addition of LTD, (100nM), LTB4 (100nM) and PAF
(100 nM) after 245, 365 and 485 s, respectively. The data show traces
obtained from a typical experiment performed at least three times.

in isolated human differentiated macrophages (Chinetti et al.,
1998). Of particular relevance to our studies is the recent
characterisation and cloning of a novel cell surface-bound
G-protein-coupled receptor for LTB4, designated BLT2 (Yo-
komizo et al., 2000; Kamohara et al., 2000). This receptor binds
LTB, with a Kd value of 23 nM compared with 1.1 nM for
BLT1, but still efficiently transduces intracellular signalling. In
contrast to BLT1, which is expressed predominantly in
leucocytes, BLT2 is expressed more ubiquitously with a large
amount of BLT2 mRNA detected in human spleen as well as in
peripheral blood leucocytes (Kamohara et al., 2000; Yokomizo
et al., 2000). Yokomizo et al. (2000) also revealed that several
BLT1 antagonists failed to inhibit LTB, binding to BLT2
demonstrating that BLT2 is pharmacologically distinct and
may mediate cellular functions in tissues other than leucocytes.
Further work is required to investigate the potential role of this
receptor in LTB,-induced neutrophil function and, in parti¬
cular, apoptosis. This is especially important given that there is
evidence suggesting that LTB4 may mediate retardation of
neutrophil apoptosis via cell surface receptor signalling events
distinct from those involved in neutrophil degranulation and
respiratory burst (Hebert et al., 1996). Taken together,
however, our results suggest that the BLT1, and not the
PPARa receptor, is the likely receptor responsible for the
retardation of neutrophil apoptosis induced by LTB4.

Figure 8 Effect of LTs (LTB,, LTC,, LTD,) and montelukast on
human eosinophil apoptosis at 20 h in vitro. Eosinophils
(2.5 x 106 cellsmf) were cultured in serum-supplemented Iscove's
MDM alone (control) or in identical medium containing: final
concentration LTB, (1 fxM), LTC4 (1 fiM), LTD4 (1 /UM), montelukast
(lO/rM) or IL-5 (50ngmL'). Coculture conditions were also
prepared with LTB,, LTC4 LTD, (1 fiM) in the presence of
montelukast (10/iM). Eosinophils were harvested following 20 h in
culture and assessed for morphological features of apoptosis. Data
represent the means+ s.e.m. of three independent experiments, each
performed in triplicate, where * represents P<0.05 compared to
control values.

We have also demonstrated, using the specific FLAP
antagonist MK-886, that GM-CSF- and LPS-mediated
survival in neutrophils does not appear to be mediated via
the generation and autocrine effects of LTB,. These data
conflict with a recent report (Lee et al., 1999) that proposed
that the delay of neutrophil apoptosis observed with GM-CSF,
LPS and dexamethasone could be attributed to the generation
of LTB,. These latter observations are supported by a recent
report showing that BLTI receptor expression is upregulated
by dexamethasone and that this effect may be one of the
mechanisms through which glucocorticoids can prolong
neutrophil survival. Indeed, dexamethasone-induced survival
may be mediated by LTB, as determined by use of an LTB,
receptor antagonist (Stankova et al., 2002). Difference between
these studies and our observations may be because of
differences in isolation procedures, activation/priming status
of the cells, culture conditions or reagents and inhibitors used.
Our studies however indicate that, whatever the precise
mechanism utilised by LTB, to mediate its suppression of
neutrophil apoptosis, it is unlikely that dexamethasone, LPS,
GM-CSF or db-cAMP delay apoptosis by this mechanism
since blockade of LTB, action by CP-105,696 and/or LTB,
synthesis by the FLAP inhibitor do not abrogate the effects of
these agents.
It has been assumed previously that a close relation exists

between neutrophil activation and survival in that agents
which serve to prime neutrophils for enhanced functional
responsiveness to secretagogue signals or directly activate these
cells also increase functional longevity by delaying the onset of
constitutive apoptosis. We have shown that while LTD,, and
to a lesser extent LTB,, were potent stimuli for elevation of
[Ca2+]i in freshly isolated human eosinophils, neither LTB,,
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nor the cysteinyl LTs LTC4 and LTD4 had any influence on
the basal rate of apoptosis. Although it has been reported that
cysteinyl LTs can delay apoptosis of eosinophils isolated from
asthmatic patients (Lee et al., 2000), our data suggest that the
LTs, despite elevating [Ca21 ]j, do not prolong survival of
eosinophils isolated from normal or mildly atopic individuals.
Furthermore, analyses of the documented effects of various
agonists on granulocyte activation reveals that there may be no

unifying hypothesis to correlate these two events, that is that
the mechanisms leading to granulocyte activation do not
appear to be critical for delaying granulocyte apoptosis. This is
supported by the observation that TNFa, a potent neutrophil
priming agent, induces neutrophil apoptosis at early time
points (< 8 h) while delaying this process at later times (<20h)
(Murray et al., 1997). Moreover, while nitric oxide (NO)
donors induce neutrophil apoptosis (Blaylock et al., 1998;
Fortenberry et al., 1998; Ward et al., 2000; Taylor et al., 2001),
these reagents also have the capacity to downregulate other
functions such as shape change and chemotaxis (Ward et al.,
2000). Interestingly, the ultimate biological effect of NO on

apoptosis and function may depend on the source and
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concentration of NO, and the cell under investigation (Taylor
et al., 2003). In addition, neutrophils exposed to agents that
elevate cAMP are rendered less responsive to activation but
exhibit a greater longevity (Rossi et al., 1995; Martin et al.,
2001). This is further supported by our demonstration that
preincubation of neutrophils with PAF (1 pM) prior to
stimulation with fMLP (100 nM), a protocol that results in a
dramatic upregulation of fMLP-induced superoxide anion
release (Ward et al., 2000), has no effect on neutrophil
apoptosis following 6 and 20 h in culture (data not shown).
These data offer the possibility that more rational and selective
anti-inflammatory therapies may be designed and further
underline the importance of elucidating and understanding the
mechanisms of activation and signalling in response to local
LT generation and other inflammatory agents present at sites
of inflammation.
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Abstract: Activation of the NADPH oxidase system to generate reactive oxy¬
gen species (ROS) plays a key role in bacterial killing by human neutrophils.
However, the involvement of such radicals in spontaneous and TNFa-driven
neutrophil apoptosis remains uncertain. While incubation of cells under anoxic
conditions attenuated the pro-apoptotic effect of TNFa, full activation of the
respiratory burst using PAF followed by fMLP, or the addition of physiologi¬
cally relevant concentrations of HjOj, had no effect on the rate of apoptosis.
Furthermore, the phosphoinositide 3-kinase inhibitor, LY294002, which abol¬
ishes receptor-mediated activation of the NADPH oxidase, and five discrete
anti-oxidants all failed to affect apoptotic thresholds. Thus ROS do not appear
to modulate constitutive apoptosis in neutrophils or appear sufficient to medi¬
ate the pro-apoptotic effect of TNFa.

Keywords: apoptosis; neutrophils; NADPH oxidase; TNFa

INTRODUCTION

Human neutrophils undergo constitutive apoptosis when aged in vitro and this re¬
sults in hypo-responsiveness to external signals and the expression of cell surface
motifs that initiate recognition by inflammatory macrophages.1 The speed and ca¬
pacity of the macrophage phagocytic response towards apoptotic neutrophils, to¬
gether with the observation that engulfment excites an anti-inflammatory rather than
pro-inflammatory macrophage response, predicts that this process plays a pivotal
role in the safe disposal of intact but effete neutrophils from an inflamed focus. This
view is supported by in vivo data in animal models of acute lung injury and glomer¬
ulonephritis and in the neonatal respiratory distress syndrome.2
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While the mechanism(s) regulating neutrophil survival and death are poorly un¬
derstood, there is now considerable evidence to show that this process can be altered
by physiological stimuli. For example the pro-inflammatory mediators G-CSF, GM-
CSF, lipopolysaccharide, C5a, IL-ip, IFNy, and LTB4 all increase the survival of
these cells by delaying apoptosis.3 Moreover, compared to other myeloid cells, neu¬
trophils are relatively resistant to agonist-stimulated apoptosis. We have previously
reported that TNFa has the unique capacity to drive neutrophil apoptosis in a pro¬
portion ofcells at early times (< 12 h) while decreasing the overall extent ofapoptosis
at later times. Of note, TNFa has also been shown to "prime" neutrophils for apop-
totic killing by agents such as C5a, IgG, fMLP and E. coli 4 and to enhance the ph¬
agocytosis of apoptotic neutrophils by monocyte-derived macrophages. These data
suggest a potentially synergistic or dual mechanism whereby TNFa may drive the
removal ofneutrophils from an inflamed site both by accelerating receptor-mediated
apoptosis and by facilitating apoptotic cell clearance.

TNFa causes a rapid rise in the levels of intracellular ROS5 and this response has
been proposed to underly the cytotoxic effects of this cytokine. Consistent with this,
the anti-oxidants, thioredoxin and ^acetylcysteine, have been reported to inhibit
TNFa-mediated apoptosis. TNFa cytotoxicity can also be affected by certain mito¬
chondrial inhibitors,6 and alterations in mitochondrial ultrastructure after TNFa
treatment are well documented. Furthermore, cellular sensitivity or resistance to
TNFa have been correlated with decreased or increased levels of mitochondrial su¬

peroxide dismutase, respectively.7
The aim of this study was to determine the role ofROS in constitutive and TNFa-

stimulated apoptosis in human neutrophils. Neutrophils were resistant to killing by
H202 or maximal activation of the NADPII oxidase, and the mitochondrial complex
III inhibitor actinomycin that increases ROS release inhibited rather than increased
TNFa-induced apoptosis. While TNFa-mediated killing was inhibited under anoxic
conditions, the above data suggest that neutrophil apoptosis is not influenced by
ROS when generated under physiological conditions.

MATERIALS AND METHODS

Neutrophil Preparation and Culture

Human neutrophils were purified from the peripheral blood of healthy human
volunteers as previously detailed.8 Cell purity was >95% neutrophils with <0.1%
mononuclear cell contamination and >99% cell viability. Freshly harvested neutro¬
phils were suspended at 5 x 106/mL in Iscoves MDM supplemented with 10% autol¬
ogous serum and 50 U/rnL penicillin and 50 U/mL streptomycin and cultured at
37°C in flat-bottomed 96-well Falcon flexiwell plates (Becton-Dickinson, U.K.) in
the presence or absence of test reagents (TNFa, 12.5 ng/mL; PAF, 1 pM; fMLP, 100
nM; LY 294002, 10 pM; Trolox, 10 mM; SOD, 200 pg/mL; CAT, 250 pg/mL; glu¬
tathione, 5 mM; NAC, 10 mM; rotenone, 0.1 pg/mL; actinomycin A, 50 pM). Nor-
moxic environments (P02 of media 19 kPa; radiometer, Copenhagen) were
controlled using a humidified 5% C02/air incubator, and anaerobic conditions (POi
0 kPa) maintained with a MACS 500 Don Whitley H2 catalyst-dependent anaerobic
incubator with a 5% CO2/10% H2/balanced N2 gas mix.
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Morphological Assessment ofPMNApoptosis
Cell morphology was examined under oil immersion light microscopy (xlOO ob¬

jective) and apoptotic neutrophils were defined as cells containing darkly stained
condensed pyknotic nuclei.1 A total of 300 neutrophils were counted over at least
five high-power fields with the observer blinded to the assay conditions. Our previ¬
ous studies have shown that morphologic assessment of apoptosis correlates closely
to other apoptotic markers including annexin V binding, propidium iodide staining,
CD 16 shedding, and DNA cleavage, and remains the most reliable index of apopto¬
sis in neutrophils.9'10

Assessment ofSuperoxide Anion Generation

Neutrophils were suspended at 10° cells in 90 pL PBS with CaCl2 and MgCl2 and
equilibrated at 37°C in a thermomixer for 5 min. Cells were primed with platelet-

Time (mins)

a
<

. JSLtl r—i

EH3 Control

FIGURE 1. TNFa-induced apoptosis is inhibited under anoxic conditions. (A) Medium
was pre-equilibrated to 0% by incubating for 40 min in a MACS 500 Don Whitley H2 cata¬
lyst-dependent anaerobic incubator using 5% CO2/10% H2/balanced N2 gas mix. (B) Neu¬
trophils were subsequently incubated in 21% oxygen or in 0% oxygen in the pre-equilibrated
medium at 5 X 106 cells/mL. TNFa (12.5 ng/mL), when present, was added at the start of
each incubation, and cells harvested at 6 h. Apoptosis was assessed morphologically from
cytocentrifuge preparations. (B) Data represent mean±SEM of n = 3 experiments each
performed in triplicate.
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activating factor (PAF, 1 |iM) or PBS for 5 min and then stimulated with fMLP
(100 nM) or PBS in the presence of pre-warmed cytochrome c (1.2 mg/ml in PBS)
or lucigenin (0.25 mM in BSA 1 mg/mL PBS without MgCL or CaCl2). The super¬
oxide dismutase-inhibitable reduction of cytochrome c was determined as previous¬
ly described and expressed as nmoles 02~ generated per 106 neutrophils. Lucigenin-
dependant chemiluminescence (LDCL) was recorded continuously at 9-s intervals
for 7 min; data were recorded on-line (Cellular Chemiluminescence, Dynatech Lab¬
oratories Ltd.) to produce mean LDCL values from triplicate wells.

Statistical Analysis

All values are presented as the mean ± SEM of (n) number of independent exper¬
iments. The data were evaluated using the paired or unpaired Students i-test: P val¬
ues <0.05 were considered to be statistically significant.

RESULTS

TNFotrlnduced Apoptosis is Inhibited under Anoxic Conditions

To address whether the pro-apoptotic effect of TNFa in neutrophils requires ox¬
idative metabolism, the effect of absolute hypoxia was examined. Neutrophils were
cultured in the presence or absence ofTNFa under normoxic or anoxic conditions
using medium that had been fully deoxygenated prior to the addition of TNFa
(Fia. 1A). The pro-apoptotic effect ofTNFa was greatly reduced under such condi¬
tions (Fig. IB), indicating an essential role for molecular oxygen in the cytocidal ef¬
fect of TNFa. In subsequent experiments, neutrophils were suspended in normoxic
rather than deoxygenated medium prior to anoxic incubation. In these experiments
the extent ofTNFa-mediated apoptosis was not significantly different from that ob¬
served under normoxic conditions, indicating that the commitment of these cells to
undergo apoptosis in response to TNFa is extremely rapid, occurring within 30 min
of exposure to this cytokine (data not shown).

Role ofthe NADPH Oxidase in TNFa-Stimulated Neutrophil Apoptosis

Oxygen radicals have been proposed as playing an essential role in TNFa and
phagocytosis-induced apoptotic cell death in neutrophils.11 However it has yet to be
determined whether activation of the NADPH oxidase under physiological condi¬
tions results in apoptosis. To address this we activated neutrophils by first incubating
with a priming concentration of PAF (1 |lM, 5 min) followed by the addition of a
maximally effective concentration of the bacterial tripeptide fMLP (100 nM,
10 min). As shown in Figure 2A and B, this protocol resulted in a robust stimulation
of superoxide anion release yet had no effect on the subsequent rate of constitutive
apoptosis measured either at 6 or 20 hours (Fig. 2C).

Activation of the phosphoinositide 3-kinase (PI3-kinase)/Akt pathway is an im¬
portant mechanism underlying growth factor-mediated survival in mesenchymal
cells and cytokine-stimulated neutrophils. Gardai and colleagues'2 proposed that
NADPH oxidase-derived oxidants, acting through Lyn and the SH2-containing inos-
itol-5-phosphatase (SHIP), serve to inhibit Akt and thereby trigger neutrophil apop-
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FIGURE 2. Role of NADPH oxidase in TNFtx-stimulated neutrophil apoptosis. (A)
Neutrophils were incubated at 5x 106 cells/ml with test reagents PAF (1 |i,M) and/or fMLP
(100 nM). Superoxide dismutasc-inhibitablc reduction of cytochrome c was measured at
35-565 nm and expressed as nmoles 02_ generated per 106 neutrophils. (B) Kinetics ofROS
release was measured by lucigenin-dependent chemiluminescence with mean data produced
from triplicate wells. (C) At the time points indicated, cells were recovered and apoptosis
assessed by morphologic examination of cytoccntrifugc preparations. Data in A and C rep¬
resent mean±SEM of three separate experiments, each performed in triplicate. Data in B are
from triplicate determinations from a single experiment and representative of two further
experiments.
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tosis. Despite this, LY29008, a PI3-kinase inhibitor that we have shown abolishes
agonist-stimulated NADPH oxidase and the survival effect of GM-CSF, had no ef¬
fect on the extent of apoptosis under normoxic conditions (% apoptosis 20 h: nor-
moxia 63+3, normoxia + LY29008 62±2, n =3). These data concur with our

previous observation that the PI3-kinase inhibitor wortmannin fails to block TNFot-
induced neutrophil apoptosis13 and would support our hypothesis that activation of
the NADPH oxidase does not mediate the pro-apoptotic effect of TNFa.

FIGURE 3. Role of reactive oxygen species and anti-oxidants on TNFa-stimulated
neutrophil apoptosis. (A) The effect of exogenous H202 on neutrophil apoptosis was as¬
sessed by incubating cells at 5x 10°/mL with a range of H202 concentrations from 1-5 mM.
Cells were harvested at 6 h and apoptosis scored morphologically. (B) Neutrophils were in¬
cubated at 5 x 106 cells/ml with or without TNFa (12.5 ng/mL) in the presence of the anti¬
oxidants trolox (10 mM), SOD (200 pg/mL), CAT (250 pg/mL), glutathione (5 mM) or NAC
(10 mM). Cells were harvested at 6 h and apoptosis assessed morphologically. Data repre¬
sent mean ± SEM of n = 3 experiments each performed in triplicate with significant
differences to control values (P < 0.05) marked *.
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Role ofReactive Oxygen Species in TNFa-StimulatedNeutrophil Apoptosis

To explore further the capacity ofROS to influence apoptotic thresholds in neu¬
trophils these cells were incubated for 6 hours in the presence or absence ofTNFa
with increasing concentrations of H202. Detailed concentration-response studies
demonstrated that H202 (up to 1 mM) had no effect on the rate of constitutive or
TNFa-stimulated apoptosis (data not shown). While the use of much higher (supra-
physiological) concentrations ofH202 increased the extent ofbasal and TNFa-stim¬
ulated apoptosis at 6 h (Fig. 3A), the overall extent of apoptosis remained less than
20%, even in the presence of 5 mM H202. These data again suggest that human neu¬
trophils are highly resistant to oxidant-induced apoptosis.

To assess whether the inhibition ofTNFa-induced neutrophil apoptosis observed
under hypoxic conditions reflected changes in the intracellular generation of ROS
the effects of a panel of structurally discrete antioxidants were examined. In agree¬
ment with the above data, trolox (10 pM), superoxide dismutase (SOD, 200 pg/inL),
catalase (CAT, 250 pg/mL), reduced glutathione (5 mM) and A'-acetyl-[,-cysteine
(NAC, 10mM) were all unable to inhibit the pro-apoptotic effect ofTNFa (Fig. 3B).

The mitochondria are an important source ofROS formation through auto-oxida-
tion ofComplex I flavin mononucleotide and Complex III ubisemiquinone, and have
been previously shown to modulate TNFa-induced cytotoxicity in L929 and WEH1
cells. To investigate the putative role of these organelles in TNFa-mediated neutro¬
phil apoptosis we preincubated cells with the mitochondrial inhibitors rotenone
(0.1 pg/mL), a Complex I inhibitor, or actinomycin A (50 pM), a Complex III inhib¬
itor, prior to cytokine stimulation. While neither of these agents influenced the rate
of constitutive apoptosis at 6 h (data not shown), actinomycin A caused a significant
inhibition TNFa-stimulated apoptosis (% apoptosis 6 h: TNFa 17 + 3, TNFa + act-
inomycin A 8 ± 1, w =3, P < 0.05).

DISCUSSION

We have previously reported that TNFa has a bimodal effect on the survival of
human neutrophils in vitro with the capacity to induce early apoptosis but decrease
the extent of cell death at later times. This early killing effect of TNFa requires ac¬
tivation of the high-affinity TNFR75 in addition to TNFR55.14 Despite many at¬
tempts to elucidate the mechanisms of TNFa-mediated cytotoxicity in
hematopoietic and other cell types, there is currently no unifying theory to account
for the pro-apoptotic effect of TNFa in neutrophils. In this study we have sought to
identify the intracellular mechanisms underlying the induction of neutrophil apopto¬
sis by TNFa and, in particular, assess the involvement of ROS in both constitutive
and TNFa-induced apoptosis.

Gardai and co-workers12 demonstrated that TNFa in combination with either the

(12-integrin-aclivating antibody VIM 12, GM-CSF, or LPS, promoted apoptosis via
the phosphorylation and activation of the tyrosine kinase Lyn with subsequent
recruitment and activation of SHIP and downregulation ofAkt. This work also pro¬
posed a role for oxidants in the apoptotic response since the initial activation of Lyn
was dependent on the NADPH oxidase. Oxidant-dependent induction of neutrophil
apoptosis has also been proposed in models of neutrophil phagocytosis of E. coli or
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opsonized particles.15 By contrast, in our experimental system we have been unable
to modulate neutrophil apoptosis with maximal physiological stimulation of the
NADPH oxidase or by the addition of exogenous H202 (up to a concentration of
1 mM).

Studies in L929 cells have identified the mitochondria as the first site of damage
in TNFa-mediated cytolysis,16 and mitochondrial inhibitors have been shown to in¬
fluence TNFa-induced cytotoxicity in several cell types. It has long been recognized
that the mitochondria are an important source of ROS under certain conditions and
according to Boveris and Chance17 (1973), this pathway accounts for about 1—2% of
the oxygen consumed by cells during resting respiration. Two sites within the mito¬
chondrial respiratory chain have been identified as responsible for ROS formation;
the first is dependent on the auto-oxidation of the flavin mononucleotide from the
NADH-dehydrogenase (Complex I), whereas the second and probably more relevant
site depends on the auto-oxidation of the unstable ubisemiquinone (Complex III),
which is an intermediate of the Q-cycle reaction. It is important to note that while
the production of oxygen radicals at the ubiquinone site is diminished by complex I
and II inhibitors the formation ofROS actually increases several-fold in the presence
of actinomycin A, implicating ubisemiquinone as the main reductant site of oxy¬
gen.18 Indeed this ability of actinomycin A to enhance mitochondrial ROS genera¬
tion appears to underly its capacity to augment TNFa-stimulated apoptosis in both
L929 and WEHI mouse fibrosarcoma cells.6 Hence our finding that this compound
inhibits rather than increases the pro-apoptotic effect of TNFa further questions the
role of ROS in TNFa-induced killing in neutrophils. This conclusion is supported
by the lack of effect of the antioxidants trolox, SOD, catalase, reduced glutathione,
and NAC on the TNFa response.

While ROS generation either via activation of the NADPH oxidase or the mito¬
chondrial respiratory burst does not appear to be involved in TNFa-killing, our data
indicate that the ability of TNFa to induce neutrophil apoptosis still requires the
presence ofmolecular oxygen. Two models exist regarding the effect ofoxygen dep¬
rivation on the mitochondrial respiratory chain. Firstly, a reduction in 02 can be as¬
sociated with a decline in ROS.19 Secondly, under hypoxic conditions the reduction
of02 to H20 by cytochrome c. oxidase (Complex IV) is inhibited, resulting in release
of 02~and electrons at Complex III.20 In neutrophils, while it is evident that the ab¬
sence of environmental oxygen, or the presence ofmitochondrial complex III inhib¬
itors, blocks TNFa killing, the lack of effect of exogenous H202, antioxidants, and
complex I inhibitors indicates a regulatory step independent of ROS.

Together, our data indicate that the generation ofROS under physiological con¬
ditions does not affect the rate ofconstitutive apoptosis in neutrophils or underlie the
pro-apoptotic effect of TNFa. This conclusion would be entirely consistent with the
fact that these cells are required to produce large quantities of such intermediates to
effect efficient bacterial killing.

ACKNOWLEDGMENTS

This work was supported by the Wellcome Trust (035662), the MRC
(G9016491), and the National Asthma Campaign (01/042). S.R.W. and J.A.W. hold
MRC Clinical Research Training Fellowships.



MURRAY el a!.: HYPOXIC REGULATION OF APOI'TOSIS 42S

REFERENCES

1. Savjll, J., J.E. Henson, A.H. Wyllie, et al. 1989. Macrophage phagocytosis of aging
neutrophils in inflammation. Programmed cell death in the neutrophil leads to recog¬
nition by macrophages. J. Clin. Invest. 83: 865-875.

2. Grigg, J.M., J. Savill, C. Sarraf, et al. 1991. Neutrophil apoptosis and clearance by
macrophages in the lungs of neonates with pulmonary inflammation Lancet 338:
720-722.

3. Lee, A., M.K. Wiiyte & C. Haslett. 1993. Inhibition of apoptosis and prolongation of
neutrophil functional longevity by inflammatory mediators. J. Leukoc. Biol. 54:
283-288.

4. Salamone, G., M. Giordano, A.S. Trevani, et al. 2001. Promotion of neutrophil apo¬
ptosis by TNF-alpha. J. Immunol. 166: 3476-3483.

5. Matthews, N., M.L. Neale, S.K. Jackson & J. Stark. 1987. Tumour cell killing by
tumour necrosis factor: inhibition by anaerobic conditions, free-radical scavengers
and inhibitors of arachidonate metabolism. Immunology 62: 153-155.

6. Schulze-Osthoff, K., A.C. Bakker, B. Van Haesebroeck, et al. 1992. Cytotoxic
activity of tumour necrosis factor is mediated by early damage of mitochondrial
function: evidence for the involvement of mitochondrial radical generation. J. Biol.
Chem. 267: 5317-5323.

7. Hirose, K.D., D.L. Longo, J.J. Oppenheim & K. Matsushima. 1993. Over expression
of mitochondrial manganese superoxide dismutase promotes the survival of tumour
cells exposed to interleukin-1, tumour necrosis factor, selected anticancer drugs, and
ionizing radiation. FASEB J. 7: 361-368.

8. Haslett, C., L.A. Guthrie, M.M. Kopamiak, et al. 1985. Modulation ofmultiple neu¬
trophil functions by preparative methods or trace concentrations of bacterial
lipopolysaccaride. Am. J. Path. 119: 101-110.

9. Howburn, A., K.A. Cadwallader, B.J. Reed, et al. 2002. Role of PI3-kinase-
dependent Bad phosphorylation and altered transcription in cytokine-mediated neu¬
trophil survival. Blood 100: 2607-2616.

10. Dransfield, I., A.M. Buckle, J. Savill, et al. 1994. Neutrophil apoptosis is associated
with a reduction in CD16 (Fc gamma RIII) expression. J. Immunol. 153: 1254—1263.

11. Coxon, A., P. Rieu, F.J. Barklow, et al. 1996. A novel role for the (52 intcgrin CD1 lb/
CD18 in neutrophil apoptosis: a homeostatic mechanism in inflammation. Immunity
5: 653-666.

12. Gardai, S., B.B. Whitlock, C. Hklgason, et al. 2002. Activation of SHIP by NADPH
oxidase-stimulated Lyn leads to enhanced apoptosis in neutrophils. J. Biol. Chem.
277: 5236-5246.

13. Murray, J., A.M. Condliffe, C. Haslett & E.R. Chilvers. 1996. Wortmannin
enhances tumour necrosis factor alpha-stimulated neutrophil apoptosis. Biochem.
Soc. Trans. 24: 80s.

14. Murray, J., J.A. Barbara, S.A. Dunkley, et al. 1997. Regulation of neutrophil apop¬
tosis by tumor necrosis factor-alpha: requirement for TNFR55 and TNFR75 for
induction of apoptosis in vitro. Blood 90: 2772-2783.

15. Lock, R., C. Dahlgren, M. Linden, et al. 1990. Neutrophil killing of two type 1 fim-
bria-bearing Escherichia coli strains: dependence on respiratory burst activation.
Infect. Immun. 58: 37-42.

16. Matthews, N. 1983. Anti-tumour cytotoxin produced by human monocytes: studies
on its mode of action. Br. J. Cancer 48: 405^410.

17. Boveris, A. & B. Chance. 1973. The mitochondrial generation of hydrogen peroxide:
general properties and effect of hyperbaric oxygen. Biochem. J. 134: 707-716.

18. Boveris, A. 1976. Mitochondrial production of hydrogen peroxide in Saccharomyces
cerevisiae. Acta Physiol. Lat. Am. 26: 303—309.

19. Ehleben, W., B. Bolling, E. Merten, et al. 1998. Cytochromes and oxygen radicals
as putative members of the oxygen sensing pathway. Respir. Physiol. 114: 25-36.

20. Chandel, NS., E. Maltepe, E. Goldwasser, et al. 1998. Mitochondrial reactive oxy¬
gen species trigger hypoxia-induced transcription. Proc. Natl. Acad. Sci. USA 95:
11715-11720.



Publication 78

Available online at www.sciencedirect.com

SCIENCE ^DIRECT«
ELSEVIER Biochemical and Biophysical Research Communications 316 (2004) 6-11

BBRC
www.elsevier.com/locate/ybbrc

Golgi fragmentation during Fas-mediated apoptosis is associated
with the rapid loss of GM130 ^
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Abstract

During apoptosis, the Golgi complex becomes fragmented and key proteins (e.g., GRASP65 and pi 15) are targets for caspase
cleavage. GM130, an integral membrane protein, contributes to the maintenance of Golgi structure and facilitates membrane fusion
with secretory vesicles. We show that GM130 levels decrease during Fas-induced apoptosis but not during staurosporine-in-
duced apoptosis while in both models pi 15 levels remain unaffected. We conclude that GM130 is rapidly diminished during
Fas-mediated apoptosis associated with Golgi fragmentation in contrast to previous studies which have suggested that loss of
GM130 during apoptosis is a late event.
© 2004 Elsevier Inc. All rights reserved.

Keywords: Golgi; Apoptosis; pi 15; GM130; Staurosporine; Fas

The Golgi complex is the 'organising centre' for
protein cargo en route from the endoplasmic reticulum
to the plasma membrane. During mitosis, this structure
becomes fragmented with a concomitant arrest in ves¬
icle trafficking [1], During apoptosis the Golgi complex
also fragments [2-4] and it is possible that the secretory
pathway is similarly inhibited, which would in part
explain why apoptotic cells fail to respond to various
external stimuli [5]. Mitotic Golgi fragmentation has
been demonstrated to be dependent on cyclin-depen-
dent-kinase-1 (CDK1) and later GM130 was identified
as a CDK1 substrate [6]. GM130, a m-Golgi matrix
protein, is associated with the cytoplasmic face of the
Golgi via GRASP65 [7], a N-myristoylated peripheral
membrane protein [8], and binds the pi 15 tethering
protein present on incoming vesicles [9,10]. Following
phosphorylation, GM130 is no longer able to bind to
pi 15 and dissociation of pll5-GM130 is thought to
contribute to fragmentation of the Golgi complex

* Abbreviations: z-VAD-fmk, benzylocarbonyl-Val-Ala-Asp-flou-
romethylketone; PI, propidium iodide; SSP, staurosporine.

"Corresponding author. Fax: +44-131-650-4384.
E-mail address: awalker4@staflmail.ed.ac.uk (A. Walker).

during mitosis [9]. GM130, GRASP65, and pi 15 have
already been shown to be cleaved during apoptosis in a
caspase-dependent manner facilitating Golgi fragmen¬
tation during apoptosis [2,3]. These studies concluded
that GM130 cleavage during apoptosis is secondary to
GRASP65 cleavage and a relatively late event [2,3].
However, these conclusions were based on stauro¬
sporine (broad-range kinase inhibitor) -induced apop¬
tosis and work by Cha et al. [11] demonstrates
phosphorylation of Golgi-associated targets may
modulate cleavage. To address this issue, we followed
the fate of GM130 during apoptosis in human
J.CaM1.6 cells, a derivative of Jurkat T lymphocyte
cells by triggering the physiologically relevant Fas
death pathway [12] and for comparison by the broad
spectrum kinase inhibitor staurosporine.

Materials and methods

Cell line. J.CaM1.6 cells were obtained from the European Col¬
lection of Animal Cell Cultures (Porton Down, UK) and routinely
maintained in RPMI-1640 containing 10% FCS, lOOU/ml penicillin/
streptomycin, 2mM L-glutamine, and 1% non-essential amino acids.
Cells were grown in a 5% CO2 humidified incubator at 37 °C.

0006-291X/S - see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2004.02.015
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Induction of apoptosis. J.CaM1.6 cells were incubated in 96-well
plates at 5 x 106 cells/ml. Cells were incubated with either the broad-
range kinase inhibitor staurosporine (2pM) (Calbiochem-Novabio-
chem, UK) or the anti-Fas monoclonal antibody CH11 (500ng/ml)
(TCS Biologicals, UK) to induce apoptosis. One hundred micromolar
of the pan-caspase inhibitor z-VAD-fmk (Bachem, UK) was added to
appropriate wells in both staurosporine and CH11 assays and ZB4
(Fas blocking monoclonal antibody, 500ng/ml, TCS Biologicals, UK)
was added to appropriate wells in CH11 assays.

Flow cytometry. Externalisation of phosphatidylserine was moni¬
tored by FITC-labelled recombinant human Annexin-V binding. Stock
Annexin-V-FITC (Bender MedSystems, Austria) was diluted 1/3000
with Annexin-V-binding buffer (500ml Flanks' Balanced Salt Solution
containing 5pM CaCfi). Cells were incubated on ice for lOmin with
Annexin-V-FITC and 1 min with propidium iodide (PI). Annexin-V-
FITC/PI binding was assessed by flow cytometry on a Coulter EPICS
(Beckman Coulter, UK) and analysed on associated EXPO software.
All experiments were carried out in triplicate (n = 3).

Immunofluorescence and image acquisition. The indirect immuno¬
fluorescence protocol was as described [13]. Cells were cytocentrifuged
(300 rpm for 3 min) onto 1.5 x 22 x 22-mm glass coverslips and fixed in
methanol-free 3% (w/v) para-formaldehyde/PBS containing 1 mM
CaCl2 and 1 mM MgCl2 for 20 min at 20 °C. Cells were permeabilised
with 0.1% (w/v) Triton X-100 and non-specific binding was blocked
with 10% (v/v) sheep serum in 0.2% (w/v) fish skin gelatin (Sigma,
UK). Primary antibodies used were: anti-active-caspase-3 rabbit
polyclonal antibody (BD Pharmingen, UK) and mouse anti-rat
GM130 monoclonal antibody (BD Transduction Laboratories, UK).
Secondary antibodies used were Alexa 488 (green) goat anti-mouse
IgG (highly cross-adsorbed) and Alexa 568 (red) goat anti-rabbit
(highly cross-adsorbed) (Molecular Probes, Netherlands). Nuclei were
stained with TO-PR03 (Molecular Probes). Images for each channel
were captured separately and assembled into a single file with TCS-
MERGE software (Leica Microsystems, Heidelberg, Germany) prior
to analysis. All confocal images were processed digitally using Adobe
Photoshop 5.02 and Paint Shop Pro 4.

Western blotting. J.CaM1.6 cells (2.5 x 106) were harvested per
sample and lysed as described [13]. Each sample was loaded onto a
10% SDS-polyacrylamide gel and proteins were separated and elec-
trophoretically transferred to nitrocellulose. The nitrocellulose
membranes were probed with mouse monoclonal antibodies to pro-
caspase-3 (BD Pharmingen, UK), GM130, pi 15 (BD Transduction
Laboratories, UK), and actin (Sigma, UK) followed by HRP-Goat
anti mouse IgG (Dako, UK). The membranes were then incubated
with ECL reagent (Amersham Biosciences, UK), placed under BioMax
MS-1 X-ray sensitive film, and processed through an X-ray developer
(X-Ograph Imaging Systems, Wilts, UK).

Statistical analysis. Results are reported either as pooled data from
a series of n separate experiments (mean±SEM) or as individual
representative experiments (mean ± SD). Statistical significance was
assessed by one-way analysis of variance with comparisons between
groups made using the Tukey procedure.

Results

Induction of apoptosis in J.CaM1.6 cells

To examine whether GM130 was affected during Fas-
mediated apoptosis, we used J.CaM1.6 cells, a derivative
of Jurkat cells, which constitutively expresses Fas.
J.CaM1.6 cells were treated with 500ng/ml CHI 1 in the
presence of FCS, over 6h and the proportion of apop-
totic cells, as assessed by Annexin-V-FITC binding, was

monitored at 1, 2, 4, and 6h (Fig. 1A). At 1 h, the
percentage of apoptotic cells was ~12%, significantly
(p < 0.05) higher than present in control populations
(~2%), increasing up to 4h, where the amount of ap¬
optosis was ~60%, after which the rate of apoptosis
began to decline. To ensure that induction of apoptosis
occurred via the Fas pathway, control samples were pre-
incubated with 500ng/ml of antagonist Fas antibody
ZB4 for 30min, prior to addition of CH11. ZB4 abol¬
ished the apoptotic effect of CHI 1 upon J.CaM1.6 cells,
decreasing the proportion of cells which bound Ann-
exin-V-FITC (~5% not significant (p < 0.05) from
untreated control levels). In addition, z-VAD-fmk
completely inhibited Annexin-V-FITC binding, which
was not significantly different from control levels.
Fig. IB shows representative flow cytometry profiles
demonstrating that the amount of PI positive cells never
increases significantly above control levels.
To follow the kinetics of apoptosis induction in

J.CaM1.6 cells by staurosporine, cells were incubated in
the presence of 2 pM staurosporine over 4 h (Fig. 2A)
and apoptosis was assessed by Annexin-V-FITC binding
and exclusion of PI. The results from three separate
experiments show that at 1 h, the number of apoptotic
cells present, ~14%, was already significantly (p < 0.05)
increased from control cells ~2%. This trend continued

up to 4h, where ~80% of cells bound Annexin-V-FITC
and excluded PI. Apoptosis was inhibited by z-VAD-
fmk, demonstrating that the effects of staurosporine
were due to caspase activity. Fig. 2B shows representa¬
tive flow cytometry profiles revealing that staurosporine
does not induce significant amounts of necrosis over this
time frame.

Immunofluorescence of Golgi fragmentation in apoptotic
J.CaM1.6 cells

To examine the fragmentation of the Golgi in apop¬
totic J.CaM1.6 cells, cells were treated with 500ng/ml
CH11 or 2pM staurosporine over 4h to induce apop¬
tosis. Apoptotic cells were identified by their fragmented
nuclei and by positive staining with the polyclonal an¬
tibody raised against active-caspase-3 (Fig. 3). Many of
the cells treated with 500ng/ml CH11 had caspase-3
activity throughout the cytoplasm and in those cells the
nuclei and Golgi were fragmented. In cells that had been
pre-treated with the neutralising antibody ZB4 against
Fas or the caspase inhibitor z-VAD-fmk, caspase-3 ac¬
tivation, and Golgi fragmentation were prevented. This
demonstrated that Golgi fragmentation and nuclear
"pebbling" were a direct consequence of signalling
through the Fas death pathway in CHI 1-treated cells
and that the morphological changes observed were

caspase-dependent. To compare the fragmentation of
the Golgi complex during staurosporine-induced
apoptosis, J.CaM1.6 cells were treated with 2pM
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Fig. I. Fas-induced apoptosis in J.CaMl.6 cells. (A) J.CaMl.6 cells were incubated with the anti-Fas monoclonal antibody CHll (500ng/ml) over
6 h. Samples were taken at the time points indicated and the rates of apoptosis and necrosis were assessed by Annexin-V binding and PI staining. The
amount of apoptosis increased significantly over 6 h and this was blocked by the Fas neutralising antibody ZB4 (500 ng/ml) and the pan-caspase
inhibitor z-VAD-fmk (lOOpM). Necrosis as measured by PI staining did not increase significantly during any of the treatments. Data represent
means ± SEM of three separate experiments. All experiments were performed in triplicate (*p < 0.05 compared with control values). (B) Repre¬
sentative scatter plots demonstrating little PI staining (upper quadrants) in control cell populations and CHll-treated cell populations where
Annexin-FITC binding is increased.

staurosporine for 4h. The proportion of apoptotic cells
was higher in staurosporine-treated cells than CHll-
treated cells after 4 h with the majority of cells being ap¬

optotic. From the kinetic studies, it can be seen that the

majority (~80%) of staurosporine-treated J.CaM l .6 cells
are apoptotic at 4h (Fig. 3). All cells displaying nuclear
fragmentation also had caspase-3 activity yet strikingly, a
large proportion of these cells still had intact Golgi.
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GM130 levels decrease during CH11-, but not stauro¬
sporine-, induced apoptosis

Immunofluorescence studies suggested that the ki¬
netics of Golgi fragmentation in apoptotic cells treated
with staurosporine were different to the kinetics of Golgi
fragmentation in cells treated with CH11 (Fig. 3). Of
particular interest was the fate of the Golgi matrix
protein GM130 and p 115 during apoptosis. J.CaM1.6
cells were incubated with 50()ng/ml CH11 over 6h and
the levels of GM130 and pi 15 were assessed by Western
blotting together with procaspase-3 and actin. After 4h,
procaspase-3 was completely cleaved and there was a
concomitant decrease in GM130 compared to control
levels, although pi 15 and actin levels were similar to
control (Fig. 4). At 6h, GM130 was barely detectable
while pi 15 and actin levels remained comparable to

control levels. Procaspase-3 processing and apoptosis
was inhibited by ZB4, demonstrating that apoptosis was
specific to the induction of the Fas-mediated death
pathway. Procaspase-3 cleavage was also completely
inhibited by z-VAD-fmk and the rate of apoptosis was
similar to control levels. In both cases, pre-incubation
with ZB4 and z-VAD-fmk, GM130 levels were similar
to control demonstrating that the reduced levels of
GM130 were specific to Fas-mediated apoptosis and
were caspase-dependent.
To assess whether GM130 levels also diminished

during staurosporine-induced apoptosis we treated
J.CaM 1.6 cells with 2 pM staurosporine over 4 h and the
levels of GM130, pi 15, procaspase-3, and actin were
monitored again by Western blot analysis. By 2h, pro-
caspase-3 was no longer detected but GM130, pi 15, and
actin were not diminished. After 3 and 4h, despite



10 A. Walker et al / Biochemical and Biophysical Research Communications 316 (2004) 6-11

B CH11

I#
(overlay)

H
<*. • " ' I . >' Jf

* • c

a
»

, »*» «

(overlay) ,

L

Fig. 3. Golgi morphology in J.CaM1.6 cells treated with 50Ung/ml
CH11 or 2pM staurosporine for 4h. Cells were stained with anti-ac-
tive-caspasc-3 antibody followed by goat-anti-rabbit-Alexa 568 (red)
and anti-GM130 followed by goat-anti-mouse-Alexa 488 (green) and
the nuclei with TO-PRO-3 (blue). J.CaM1.6 cells stained with (A)
rabbit IgG, goat-anti-rabbit-Alexa 568 and (B) mouse IgG, goat-anti-
mouse-Alexa 488. (C) Untreated cells stained with anti-GM130 and
anti-active-caspase-3 (arrow indicates mitotic cell). Cells treated with
CH11 (500ng/ml) over 4h (D-F), where (D) shows anti-active-cas-
pase-3, (E) shows anti-GM130, and (F) is the overlay of (D,E). Cells
treated with staurosporine (2pM) over 4h (G I), where (G) shows
active-caspase-3 staining, (H) shows GM130 staining, and (I) is the
overlay of (G,H). Composite micrograph of cells treated with CHI 1 in
the presence of (J) ZB4 (500ng/ml), (K.) z-VAD-fmk (100 pM). Cells
treated with staurosporine in the presence of z-VAD-fmk (L). Data are

representative of three experiments.

procaspase-3 processing and ~80% apoptosis (Fig. 2),
GM130 was present at levels comparable to untreated
cells. Procaspase-3 cleavage was completely inhibited by
z-VAD-fmk and similar to control levels. GM130 dis¬

plays increased resistance to caspase-dependent cleavage
in the presence of staurosporine, perhaps reflecting the
apparent inhibition of Golgi fragmentation in stauro-
sporine-treated J.CaM1.6 cells (Fig. 3).

Discussion

GM130 is centrally involved in mediating incoming
vesicle fusion and is rapidly phosphorylated during

0 1 2 4 6 ZB4 z-VAD

GM130

p115

procaopase 3

actin

staurosporine

GM130

p115

procaspase-3

actin

Fig. 4. GM130 levels decrease during CHll-induced apoptosis in
J.CaM1.6 cells but not in staurosporine-induced apoptosis. (A)
J.CaM1.6 cells were incubated with or without CHI 1 (500ng/ml) over
6h. At the indicated times, cell lysates were prepared for Western
blotting using antibodies to GM130, pi 15, procaspase-3, and actin.
After 4 h procaspase-3 was no longer detected and GM130 is dimin¬
ished as compared to control. At 6 h GM 130 is barely detected and this
effect is inhibited by ZB4 (500ng/ml) and by z-VAD-fmk (100 pM). (B)
J.CaM1.6 cells were incubated with or without staurosporine (2pM)
over 4h. At the indicated times, cell lysates were prepared for Western
blotting using antibodies to GM130, pi 15, procaspase-3, and actin.
After 2h procaspase-3 was no longer detected and yet at 4h GM130
levels were comparable to control. In cells pre-treated with z-VAD-fmk
(lOOpM), procaspase-3 levels were as in control. Data are represen¬
tative of three separate experiments.

mitosis, contributing to the fragmentation of the Golgi
complex [6,14]. It therefore seems likely that GM130
would also be an important early target during apop¬
tosis to facilitate Golgi fragmentation. However, stud¬
ies so far have not borne this out. Most recently,
GM130 detection was shown to be diminished by
Western blot analysis at the same time as pi 15 in COS-
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7 cells treated with etoposide over 72 h and stauro-
sporine over 48 h [2]. COS-7 cells have an impaired
Fas-receptor-mediated signalling pathway [15] and
seem to be particularly recalcitrant to the induction of
apoptosis via a number of stimuli (personal observa¬
tion). In contrast, using Fas-sensitive Jurkat cells
(J.CaM1.6) we have shown that GM130 levels diminish
rapidly following induction of Fas-mediated apoptosis,
while pi 15 levels remained unchanged. One possible
explanation for these differing observations would be
that the missing components of the apoptotic pathways
in COS-7 cells may normally be responsible for the
rapid breakdown of GM130 during apoptosis. Al¬
though Golgi fragmentation and GRASP65 cleavage
during apoptosis have been reported, These studies
failed to show early GM130 cleavage [3]. However, this
group [3] used the non-selective kinase inhibitor
staurosporine extensively, which our data suggest may
mask early GM130 cleavage. GM130 remained unaf¬
fected at 4h when treated with staurosporine (Fig. 4B).
GM130 levels might decrease at later time point during
staurosporine-induced apoptosis, allowing efficient
Golgi fragmentation. Interestingly, Nozawa et al. [16]
demonstrated that necrosis also diminishes GM130

levels, highlighting the importance of carefully moni¬
toring necrosis levels. Our results clearly show that
despite higher levels of apoptosis induced by stauro¬
sporine, GM130 remained unaffected, whereas trigger¬
ing the physiologically relevant Fas death pathway
with CH11 resulted in decreasing GM130 levels. In
addition, there was also a striking morphological
difference in the appearance of the Golgi in stauro¬
sporine- and CHll-treated cells. For the staurosporine-
treated cells Golgi fragmentation appeared to be
incomplete, despite caspase-3 activation (Fig. 3). It is
possible that the kinetics of GM130 cleavage and other
key Golgi-associated proteins may be cell-type-depen¬
dent or dependent on whether the stress pathway or
the receptor-mediated pathway of apoptosis is acti¬
vated. Alternatively, we would speculate that the rapid
cleavage of GM130 may involve a phosphorylation
step to allow for efficient caspase recognition of the
cleavage site as is the case with golgin-160 [11], The
precise kinetics of GM130 depletion during apoptosis
in relation to other key Golgi proteins remains to be
fully determined. The manner in which apoptosis is
induced is important in determining whether key pro¬
teins such as GM130 are targeted, for example, we
show that apoptosis triggered by the Fas pathway, but
not induced by staurosporine, results in rapidly re¬
duced GM130 levels. This is critical since stauro¬

sporine-induced apoptosis is a widely used model in the
study of Golgi fragmentation during apoptosis.
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Abstract

Clearance of apoptotic cells by phagocytosis plays an important role in the resolution of an inflammatory response. Macrophages
interacting with extracellular matrix (ECM) proteins upregulate their phagocytic capacity. Cigarette smoke contains highly reactive
carbonyls that modify proteins which directly/indirectly affects cellular function. We observed, in vitro, that human macrophages
interacting with carbonyl or cigarette smoke modified ECM proteins dramatically down regulated their ability to phagocytose
apoptotic neutrophils. We also show that this interaction with carbonyl-adduct modified ECM proteins led to increased macrophage
adhesion in vitro. We hypothesise that changes in the ECM environment as a result of cigarette smoking affect the ability of
macrophages to remove apoptotic cells. Moreover, we postulate that this decreased phagocytic activity was as a result of seques¬
tration of receptors involved in the uptake of apoptotic cells towards that of recognition of carbonyl adducts on the modified ECM
proteins leading to increased macrophage adhesion.
© 2004 Elsevier Inc. All rights reserved.

Keywords: Macrophages; Neutrophils; Phagocytosis; Inflammation

Phagocytosis of apoptotic cells plays a major role in
the resolution of an inflammatory response [1], An im¬
pairment of this process can therefore lead to chronic
inflammatory conditions. The presence of such a chronic
inflammatory state within the airways is one major
characteristic of chronic obstructive pulmonary disease
(COPD) [2], There is a pronounced general increase in
inflammatory cells, with profound increases in neutro¬
phils [3], macrophages [4], and CD8+ T cells [5] being
observed. Although their lifespan and recruitment dy¬
namics may differ, they nonetheless all play a role in the
ongoing inflammatory response within COPD. More¬
over, it is the severity of the inflammatory response that
can lead to airway obstruction and emphysema in
COPD [6]. The inflammatory response can also be
viewed as part of an innate tissue repair process fol-
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lowing an insult, such as invading pathogens or dam¬
aged cells as a result of cigarette smoking. The ultimate
fate of many recruited inflammatory cells is death, be it
apoptotic or necrotic. It is the balance between inflam¬
matory cell recruitment and the removal of apoptotic
cells by phagocytosis that ultimately determines whether
the inflammatory response will resolve [1,7]. Failure to
remove inflammatory cells, such as apoptotic neutro¬
phils, can result in secondary necrosis, releasing their
toxic granule contents causing further tissue damage
thereby exacerbating the inflammatory response [1,7]
and ultimately leading to a chronic inflammatory state
[8]. In contrast, phagocytic removal of apoptotic cells by
macrophages is an immunologically silent process that
does not provoke release of pro-inflammatory mediators
[9], Consequently, this limits further tissue damage
promoting a resolution of the inflammatory response.

Regulating the clearance of apoptotic cells can be
viewed from two perspectives, first influencing the rate
at which cells enter apoptosis and second controlling the

0006-29 lX/$ - see front matter © 2004 Elsevier Inc. All rights reserved,
doi: 10.1016/j.bbrc.2004.04.003
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phagocytic removal of apoptotic cells [7,10,11], The
former is known to be affected by inflammatory medi¬
ators and growth factors [12,13], In addition, phagocy¬
tosis can also be controlled by a number of factors such
as pro-inflammatory cytokines [14], soluble factors such
as cAMP [10], glucocorticoids [15,16], extracellular
matrix proteins, for example fibronectin [11] and colla¬
gen [17], or cell surface molecules such as CD44 [18], In
a disease such as COPD, where cigarette smoking can
cause rises in both neutrophil and macrophage numbers
in lung tissues, any factor or mechanism that can upset
the balance between the number of cells entering ap-
optosis and the ability of macrophages to remove them
could profoundly affect the outcome of the inflamma¬
tory response. Indeed, it has been shown that in COPD
alveolar macrophages have a decreased propensity for
phagocytosis [19] that could potentially exacerbate the
inflammatory response.

Cigarette smoke, a complex mixture of chemicals and
oxidants, is a major aetiological factor in the develop¬
ment of COPD [2], Examples of such chemicals include
the highly reactive aldehydes acrolein and 4-hydroxy-
nonenal (4-HNE) [20], which can also be formed in vivo
as a result of lipid peroxidation. These highly reactive
water-soluble carbonyls can in turn, by attacking resi¬
dues such as lysine, arginine, cysteine or histidine result
in covalent post-translational protein modifications.
Within this context, both 4-HNE and acrolein derived
protein modifications have been shown to be markers
for oxidative stress derived tissue damage in chronic
diseases [20,21], Moreover, 4-HNE modifications have
been shown to inversely correlate with a loss of lung
function including a decline in the forced expiratory
volume in one second (FEVj) in COPD [22], It has
previously been shown that macrophages can adhere to
these carbonyl modified proteins through the class A
macrophage scavenger receptor (SR-A) [23], a receptor
that also plays a functional role in the phagocytosis and
uptake of apoptotic cells [24], However, the impact of
ECM modifications by specific carbonyls found in cig¬
arette smoke, such as 4-HNE and acrolein, on macro¬

phage phagocytosis has not been studied. We therefore
determined what effect modification of ECM proteins by
reactive carbonyls could have on the clearance of ap¬
optotic neutrophils by macrophages in vitro. Moreover,
we also show that the macrophage interaction with
modified ECM proteins is not solely through SR-A.

Materials and methods

Preparation and culture of human monocyte derived macrophages
from healthy non-smokers. Human peripheral blood cells were sepa¬
rated into mononuclear cells and granulocytes from fresh, citrated
blood of healthy volunteers by dextran sedimentation and discontin¬
uous PBS-Percoll density gradient centrifugation as described [13],
Human monocytes were isolated from the mononuclear cells by plating

out the mononuclear cell fraction (PBS-Percoll interphase fraction)
into 48-well tissue culture plates as described previously [23]. After
removing non-adherent cells (essentially the lymphocytes), the re¬
maining adherent monocytes were cultured for six days in Iscove's
MDM containing 10% autologous serum with fresh medium being
added on the third day. The resulting monocyte derived macrophages
were harvested by leaving in calcium/magnesium free PBS containing
2mM EDTA for 45min on ice followed by vigorous aspiration. The
macrophages were then resuspended in fresh Iscove's MDM in a
polypropylene falcon tube at a cell density of 1 x 106/ml.

Isolation and preparation offluorescently labelled apoptotic neutro¬
phils. Human peripheral blood neutrophils isolated as described above
were then resuspended at 20 x 106/ml in Iscove's MDM and fluores¬
cently labelled as described [25,26] with the following modifications.
The neutrophils were incubated for 30min at 37 °C in a 40ml falcon
tube with 10 pi CM-Orange (Catalog No. C2927; Molecular Probes,
Leiden, The Netherlands).

The cell suspension was then diluted with Iscove's MDM to give a
cell density of 4 x 106 neutrophils/ml and the cells aged (20 h, 37 °C) in
tissue culture flasks in the presence of autologous donor serum (10%).
Prior to use in the phagocytosis assay the neutrophils were washed
(2x) in Iscove's MDM and the percentage of neutrophils that had
undergone apoptosis was determined by typical morphology [13,27].
Only aged neutrophils with a viability (assessed by trypan blue dye
exclusion) >98% were used.

Adhesion assay. Tissue culture plates (96 well) were coated with
collagen IV by drying 100 pi of lOOpg/ml protein solution onto the
surface or each well. The wells were washed with distilled water and
then left untreated or modified with 100 mM acrolein or 5 mM 4-HNE
in PBS for 24 h at 37 °C, after which the plates were extensively washed
with PBS. PMA treated U937 cells [23] were preloaded with BCECF-
AM at 10pg/107 cells/ml for 30min in PBS supplemented with 1%
BSA, and then washed with Ca2+/Mg2+ free PBS supplemented with
0.1% BSA and 5mM EDTA. The cells were then left untreated or

pretreated for 30min with lOOpg/ml fucoidan before addition to each
well at 2 x 105 cells/well. The cells were left to adhere for 60min at

37 °C and then non-adherent cells were washed off by gentle washing
with PBS supplemented with 0.1% BSA, 5mM EDTA and the level of
adherent cells remaining quantified by measuring fluorescence (Ex
485 nm; Em 538 nm).

Phagocytosis assay. Tissue culture plates (24 well) were precoated
with lOpg/ml fibronectin in PBS and left to incubate for 16h at 37 °C.
Collagen IV precoated 24-well plates were obtained from Becton-
Dickinson. Plate wells were then left untreated or treated with either

cigarette smoke condensate [28], lOOmM acrolein, 5mM 4-HNE or
lOmM HOC1 as described above. Human monocyte derived macro¬
phages were then plated out at 1 x lO'/well and left to incubate for
45 min at 37 °C. As positive and negative controls for regulation of
phagocytic uptake anti-CD44 (approx. lOgg/ml of Ab from 5A4 hy-
bridoma) and 2mM dibutyryl-cAMP, respectively, were added to
macrophages plated on either unmodified collagen IV or fibronectin
and left for a further 15min at 37 °C. Apoptotic CM-Orange loaded
neutrophils (4 x 106) were then added to each well and left to incubate
with the macrophages for 1 h at 37 °C. The macrophages were then
harvested with trypsin/EDTA and kept on ice in the dark prior to
analysis by FACS.

Flow cytometric analysis. Samples were analysed by flow cytometry
in a FACSCalibur with CellQUEST software (Becton-Dickinson,
UK). Neutrophil and macrophage populations were identified and
separated by forward and side scatter profiles. Data acquisition was
terminated when 3000 events in the macrophage gate had been col¬
lected. During analysis the macrophage population was then plotted
against forward scatter and FL-2 and separated into red fluorescent
positive and negative populations. The number of red fluorescent po¬
sitive events was then divided by the total sum of events in the mac¬

rophage gate to determine the percentage of macrophages that had
ingested apoptotic neutrophils.
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Results and discussion

Many factors have been shown to upregulate the
nonphlogistic clearance of apoptotic leukocytes by
phagocytosis, such as lipoxins, cytokines, and corticos¬
teroids [14,15,29]. Interaction of macrophages with
ECM components such as fibronectin through the pi
integrin receptors [11] and collagen through Fc receptors
can also upregulate phagocytosis. In this study we have
investigated the impact ofmodification of ECM proteins
by cigarette smoke and its constituents, namely reactive
aldehydes and oxidants, on macrophage function

Table 1

Percentage of macrophages phagocytosing apoptotic neutrophils on
unmodified ECM proteins

Mean (%) SEM

Collagen IV 34.5 9.6
Fibronectin 32.4 8.4

Macrophages plated onto surfaces coated with either collagen IV
or fibronectin were allowed to engulf dye labelled apoptotic neutro¬
phils for a period of 1 h. Three thousand macrophages were then
analysed by flow cytometry and the number of macrophages engulfing
dye labelled apoptotic neutrophils in this population is represented as a
percentage of the total population counted. Data are means ±SEM
from three experiments, each experiment using human monocyte
derived macrophages from a different donor.

through their ability to phagocytose apoptotic
neutrophils.

Cigarette smoke and carbonyl modified ECM proteins
decrease nonphlogistic phagocytosis of apoptotic PMN

Two ECM proteins, collagen IV and fibronectin, were
studied for their effect on macrophage phagocytic ac¬

tivity when modified with a variety of agents. In Table 1,
the mean basal levels of phagocytosis from three sepa¬
rate experiments are shown when macrophages are
plated onto either collagen IV or fibonectin. Each ex¬

periment used monocyte derived macrophages from a
different donor. This table also shows that both ECM

proteins, collagen IV or fibronectin, triggered similar
levels of phagocytic activity towards apoptotic neutro¬
phils. Fig. 1A illustrates a representative FL-2 histogram
profile for these gated macrophages engaged in phago¬
cytosis when plated out onto unmodified collagen IV
compared to that for acrolein modified collagen IV
(Fig. IB). A reduction in FL2 fluorescence for the
macrophage population is observed as less dye labelled
apoptotic neutrophils are engulfed. In contrast, Fig. 1C
demonstrates an increase in FL-2 fluorescence as anti-
CD44 stimulation of macrophages upregulates phago¬
cytic uptake of dye labelled apoptotic neutrophils.

10° 10' 10* 103 10* 10° 10' 10* 10s 10* 10° 10"' 10* 10* 10*

Blank CD44 dbcAW acrolein HNE HOCI WSC Blank CD44 dbcAMP acrolein HNE HOCI WSC

Fig. 1. Extracellular matrix proteins modified by 4-HNE, acrolein or cigarette smoke down regulate macrophage phagocytosis of apoptotic neu¬
trophils. (A-C) Representative laser flow cytometry profiles for FL2 versus cell number demonstrating phagocytic potential of gated macrophages
when plated onto unmodified collagen IV (A), acrolein modified collagen IV (B) or pre-treatment with anti-CD44 prior to plating onto unmodified
collagen IV (C). Tissue culture plates precoated with either (D) Fibronectin or (E) collagen IV were left untreated or treated with either acrolein,
4-HNE, HOCI or cigarette smoke condensate (WSC). Gated macrophages were analysed by flow cytometry for FL-2 versus cell number as described
in Materials and methods. The number of FL-2 positive events under each condition is then normalised and expressed as % phagocytosis, relative to
macrophage phagocytosis on unmodified matrix protein. Data are means ±SEM from three experiments, *p < 0.05, **p < 0.01 as determined by a
two-tailed Student's t test.
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Therefore, normalising basal phagocytosis levels to
100% for macrophages plated onto unmodified fibro-
nectin (Fig. ID) and collagen IV (Fig. IE), the effect of
various modifying agents on the ECM proteins, and the
resultant impact on macrophage phagocytosis are
shown. When cigarette smoke condensate was used to
modify ECM proteins, only modified collagen IV
(Fig. IE) showed any significant reduction in phagocytic
activity (p < 0.05) by as much as 40%. Highly reactive
aldehydes, such as acrolein and 4-HNE, are constituents
of cigarette smoke. Therefore, ECM proteins were also
treated in vitro with these aldehydes in order to deter¬
mine whether they could account for the effect of ciga¬
rette smoke exposed ECM proteins on reducing
macrophage phagocytic activity. When collagen IV
(Fig. IE) was modified with either 4-HNE or acrolein,
there was an 80% reduction (p < 0.01) in phagocytic
activity. Fibronectin (Fig. ID) on the other hand only
gave a 50% (p < 0.01) and 30% {p < 0.05) reduction
in phagocytic activity when modified with acrolein and
4-HNE, respectively. For positive and negative controls
in this experiment, CD44 and dbcAMP, as has previ¬
ously been shown [10,18], were able to increase and
decrease macrophage phagocytic activity respectively.
These results would therefore imply that the reactive
aldehyde content of cigarette smoke may, in part, be
responsible for the observed decrease in phagocytic ac¬
tivity when the macrophages were plated onto collagen
IV that had been previously exposed to cigarette smoke
condensate. Interestingly, unlike collagen IV, fibronectin
when exposed to cigarette smoke did not affect phago¬
cytosis. This could be explained by collagen IV having
more susceptible amino acid residues exposed to attack
by reactive aldehydes, leading to greater levels of
post-translational modification. Indeed, when ECM
proteins are exposed to modification by reactive carbo-
nyls alone, be it acrolein or 4-HNE, there was a greater
reduction in phagocytic activity of macrophages in
contact with modified collagen IV as compared to
modified fibronectin.

ECM proteins exposed to oxidative stress do not impact
on nonphlogistic phagocytosis of apoptotic PMN

Cigarette smoke is also a direct source of oxidants
with high levels being present (1017 oxidants/puff).
Therefore in order to determine the impact of oxidative
stress itself on ECM protein environment and how this
could impact on macrophage function, ECM proteins
were pre-treated with the powerful oxidant HOC1. This
oxidant can also be produced in vivo under conditions
of oxidative stress [30]. Our results showed that ECM
protein pre-treatment with HOC1 had no significant ef¬
fect on phagocytic activity towards apoptotic neutro¬
phils (Figs. ID and E). Whilst HOC1 has been shown to
destroy or modify the arginine residues in the integrin

related RGD binding motif in ECM proteins, thereby
affecting cell adhesion and survival [31], removal of the
RGD motif within fibronectin failed to modulate

phagocytic activity [11], Consequently, our data would
agree with these previous findings.

Receptors for phagocytosis and macrophage adhesion

Numerous receptors, including type A macrophage
scavenger receptor (MSR-A) and CD36, have been
shown to be involved in the uptake and recognition of
apoptotic cells [24,32,33], Indeed, there have been at
least 10 molecules identified so far that have been im¬

plicated in macrophage uptake of apoptotic cells [34],
Some of these receptors, such as MSR-A and CD36,
have also been shown to be involved in macrophage
adhesion to ECM proteins post-translationally modified
by lipid peroxidation products or cigarette smoke
[23,35,36]. In Fig. 2 we show that both 4-HNE and
acrolein adducts on collagen IV can facilitate macro¬
phage adhesion in a non-integrin related manner, as
these experiments were performed in the presence of
Ca2+/Mg2+ free media containing 5mM EDTA, thereby
preventing any classical integrin related adhesion events.
Interestingly, the adhesion to 4-HNE adducts is greater
than that seen with acrolein by a factor of 2. Moreover,
this increased adhesion occurred when using a 20-fold
lower concentration of 4-HNE compared to acrolein for
modifying the matrix protein. In a similar context,
macrophage adhesion to cigarette smoke condensate
modified matrix protein has also been demonstrated by
others, but occurred to a much lesser extent than that
observed for acrolein alone [23], and may account for
the smaller impact of cigarette smoke modified matrix

20

4HNE + +
Fucoidan _ + - +

Fig. 2. 4-HNE and acrolein modified collagen IV promotes macro¬
phage adhesion. Tissue culture plates precoated with human collagen
IV were modified with either acrolein or 4-HNE. PMA differentiated
U937 cells loaded with BCECF were plated out onto the modified
collagen coated plates in the presence or absence of lOOpg/ml fucoi¬
dan. Adherent cells were detected by measuring fluorescence. Data are

presented as means ± SEM for quadruplicate determinations. Further
details are as described in Materials and methods.
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proteins in down regulating phagocytosis as observed
here (Fig. 1). Prevention of MSR-A mediated binding
by use of fucoidan, whilst completely blocking acrolein
adduct based adhesion, only blocked 4-HNE adduct
related adhesion by 50%. Therefore, unlike acrolein
modified protein, adhesion to 4-HNE modified protein
is not completely mediated through MSR-A, as the
MSR-A inhibitor fucoidan failed to block all macro¬

phage adhesion. This would suggest that another as yet
unidentified receptor is involved in recognition of
4-HNE modified ECM protein.

The number of macrophages adhering to acrolein or
4-HNE modified collagen IV has been shown to be de¬
pendent on the extent of modification present [23].
Moreover, adhesion to 4-HNE adducts could still be
achieved after modifying protein with a single exposure
to low micromolar concentrations of 4-HNE compared
to that for acrolein [23]. However, frequency of expo¬
sure to carbonyls, as a result of cigarette smoking for
example, will also have a big impact on the level of
protein modifications attained [23]. Consequently, be¬
cause adhesion to carbonyl modified collagen IV was
not only greater but occurred using lower concentra¬
tions of 4-HNE than that for acrolein (Fig. 2), it is
possible that 4-HNE modifications may be more
pathophysiologically important than acrolein. Indeed,
Rahman et al. [22] have recently shown that there are

increasing levels of 4-HNE adducts within lung tissue
with increasing severity of COPD status as defined by a
worsening FEVj.

Besides MSR-A, another receptor involved in recog¬
nition of carbonyl-modified proteins is CD36 and may
well account for the fucoidan insensitive binding to 4-
HNE modified ECM protein. Nevertheless, we propose
that it is the sequestration of receptors towards adhesion
of the macrophages to the post-translationally modified
ECM proteins (seen in Fig. 2) that prevents recognition
of and consequently reduces phagocytosis of apoptotic
neutrophils as observed here (Fig. 1). This hypothesis is
similar to that described by Maxeiner et al. [35] and El
Khoury et al. [36] where MSR-A and/or CD36 receptors
were shown to mediate macrophage adherence to sur¬
faces coated with either carbonyl modified collagen IV
or oxLDL, the latter being a rich source of carbonyl
modified proteins. Moreover, this adhesion prevented
scavenger receptor phagocytosis of modified LDL par¬
ticles but not Fc mediated phagocytosis of IgG coated
red blood cells. Although MSR-A and CD36 are in¬
volved in the clearance of apoptotic cells, other recep¬
tors are just as important. This was demonstrated by
Teder et al. [8] using mice deficient for the hyaluron
receptor CD44. These mice exhibited an impaired
clearance of apoptotic neutrophils and a persistent in¬
flammatory state following non-infectious lung injury.
Consequently, the clearance of apoptotic cells most
likely involves the coordinated response of numerous

receptors and a dysfunction in any one can have a det¬
rimental effect.

In conclusion, we have shown that surfaces coated
with ECM proteins modified by carbonyls in cigarette
smoke or products of lipid peroxidation, acrolein and
4-HNE, can trigger macrophage adhesion. We postulate
this may account, in part, to the increased macrophage
retention and adhesion observed by others in the lungs
of both COPD and cigarette smoke exposed rats. This in
turn results in a down regulation in the ability of these
adherent macrophages to phagocytose apoptotic neu¬
trophils. Our in vitro findings may therefore provide
another mechanism by which post-translational altera¬
tions in the extracellular environment as seen in COPD

[22] could affect cellular function. Such a sequence of
events in vivo could lead to an imbalance in the effective
clearance of apoptotic neutrophils resulting in second¬
ary necrosis, exacerbating the inflammatory response
[1,7] and establishment of a chronic inflammatory state.
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Interferon y suppresses glucocorticoid
augmentation of macrophage clearance of
apoptotic cells
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One of beneficial effects of glucocorticoids (GC) in inflammation may be the augmentation of
macrophages' capacity for phagocytosis of apoptotic cells, a process that has a central role
in resolution of inflammation. Here we define the phenotype of GC-treated monocyte-
derived macrophages, comparing to IFN-y-treated and IL-4-treated monocyte-derived mac¬
rophages and combinatorial treatment. Our data indicate that the cytokine microenviron-
ment at an inflammatory site will critically determine monocyte functional capacity following
treatment with GC. In particular, whilst GC exert dominant regulatory effects over IFN-y in
terms of cell surface receptor repertoire and morphology, the acquisition of a macrophage
capacity for clearance of apoptotic cells is prevented by combined treatment. In terms of
mechanism, GC augmentation of phagocytosis was reversed even when monocytes were

pre-incubated with GC for the first 24 h of culture, a period that is critical for induction of a
highly phagocytic macrophage phenotype. These findings have important implications for
the effectiveness of GC in promoting acquisition of a pro-phagocytic macrophage pheno¬
type in inflammatory diseases associated with high levels of IFN-y
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1 Introduction

Macrophages play a central role in the immune system,
initiating and co-ordinating both innate immunity and the
adaptive immune response [1, 2]. Macrophage produc¬
tion of matrix, enzymes and the cytokines that regulate
fibroblast migration and proliferation modulates the res¬
olution phase of inflammation [3, 4]. In addition, the effi¬
cient clearance of extravasated leukocytes that have
been induced to undergo apoptosis prevents further
injury through the release of toxic or immunostimulatory
intracellular contents [5]. Importantly, phagocytic clear¬
ance of apoptotic leukocytes by macrophages induces
release of anti-inflammatory cytokines that promote res¬
olution of inflammation [6] and triggers changes in mac¬
rophage behavior that promote tolerogenic responses.
However, in situations where prolonged or chronic
inflammatory responses occur, leukocytes may not be
efficiently cleared by macrophages and consequently

[DOI 10.1002/eji.200324698]
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Abbreviations: GC: Glucocorticoid IDMEM: Iscove's mod¬
ification of Dulbecco's modified Eagles medium MDM4>:
Monocyte-derived macrophage

undergo secondary necrosis, releasing cytotoxic granule
contents and further exacerbating the inflammatory
response, potentially leading to the development of auto¬
immunity [7]. For example, the defective phagocytosis of
apoptotic cells that is observed in C1q deficiency contrib¬
utes to the development of systemic lupus erythematosus
[8]. Thus, defining the mechanisms that regulate this
important clearance process is essential for understand¬
ing the pathogenesis of many inflammatory diseases.

A number of studies indicate that micro-environmental

cues, e.g. extracellular matrix components and the cyto¬
kine repertoire, have a critical role in determining macro¬
phage behavior [9]. It is well established that pro- and
anti-inflammatory cytokines differentially activate macro¬

phages. LPS or pro-inflammatory cytokines such as IFN-
Y and TNF-a induce "classically activated" macro¬
phages, which can be defined by production of nitric
oxide and reactive oxygen species [10, 11]. These mac¬
rophages show increased potential for the engulfment
and destruction of pathogenic organisms which is
reflected in the repertoire of receptors expressed; these
receptors include Fc and complement receptors that
enable recognition and internalization of immuno¬
globulin- and complement-opsonized particles [12].
Conversely, in response to cytokines with anti-in-
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flammatory potential such as IL-4 and IL-13, macro¬
phage release of pro-inflammatory cytokines is inhibited,
inducing an immunoregulatory phenotype. These macro¬
phages are characterized by increased expression of
specific pattern-recognition molecules, such as the
mannose receptor [13, 14] and enhanced capacity for
endocytosis and antigen presentation [15]. Arginase-1
expression is also enhanced and competes with NO syn¬
thases, increasing the metabolism of arginine to orni¬
thine and urea, resulting in a decreased capacity for the
production of reactive nitrogen species [16] and a
reduced ability for pathogen clearance.

We have recently demonstrated that exposure of periph¬
eral blood monocytes to glucocorticoids (GC), e.g. the
synthetic glucocorticoid dexamethasone, results in dif¬
ferentiation towards a macrophage phenotype that
exhibits a markedly increased phagocytic capacity for
apoptotic cells; exposure to mineralocorticoids or sex
steroids does not do this [17]. Prolonged exposure of
monocytes to GC induced a homogeneous monocyte-
derived macrophage (MDM3>) phenotype consisting of
small "rounded" cells with profound changes in their
cytoskeletal organization and a loss of actin-containing
podosomes [18].

We sought to define the cell surface phenotype and func¬
tional repertoires of human monocytes treated with GC
and the cytokines IL-4 and IFN-y. In this manuscript we
present evidence that MDM<t> that have differentiated in
the presence of dexamethasone exhibit distinct receptor
expression patterns and functional status from either
IFN-y- or IL-4-activated MDM<I>. GC exert a dominant
effect upon the morphology and adhesive status of
MDM<I> following combination treatment with IFN-y or IL-
4. Flowever, we demonstrate that IFN-y profoundly inhib¬
its the GC-induced capacity to clear apoptotic cells.
Indeed, even after exposure of MDM4> to GC for 24 h,
subsequent exposure to IFN-y inhibited the acquisition of
a phagocytic phenotype, indicating that GC-induced
alterations in MDM<t> function are reversible. Our data

suggest that the cytokine milieu at an inflammatory site
will critically determine whether GC induce an MDMO
phenotype with high capacity to clear apoptotic cells; a
phenotype that would favor the resolution of inflammation.

2 Results

2.1 Dexamethasone-augmented MDM<1>
phagocytosis of apoptotic cells is inhibited in
the presence of IFN-y

We examined the effects of IFN-y or IL-4, in combination
with dexamethasone, on the phagocytosis of apoptotic
neutrophils by MDM4>. Dexamethasone, or dexametha-

Inhibition of macrophage phagocytosis by IFN-y 1753

sone in combination with IL-4, strongly increased the
percentage of MDM4> that phagocytosed apoptotic neu¬
trophils compared with phagocytosis by untreated
MDM3> (Fig. 1). We did not observe a difference in the
percentage of MDM<P that phagocytosed apoptotic cells
when comparing IFN-y-treated and control MDM4>.
Flowever, in the presence of IFN-y, dexamethasone
failed to augment this phagocytosis (Fig. 1).

We assessed the mean fluorescence of phagocytic
MDM4> populations to provide further information about
the effects of these treatments on the number of apop¬
totic cells phagocytosed per MDM<I> (expressed as
mean fluorescence of phagocytic cells after subtraction
of the mean fluorescence of non-phagocytic cells).
Dexamethasone-treated MDM4> showed increased fluo¬
rescence when compared with untreated MDM4> (the
mean±SE was 655±84 compared with 407±111). Phago¬
cytic MDMO from IL-4- or IFN-y-treated populations
also showed slightly higher mean fluorescences
(510±163 and 650±142, respectively). Interestingly,
phagocytic MDM4> treated with dexamethasone plus IL-
4 or dexamethasone plus IFN-y had lower mean fluores¬
cences of 455±101 and 456±106, respectively.
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Fig. 1. Dexamethasone-induced phagocytosis of apoptotic
neutrophils is reduced in the presence of IFN-y. The phago¬
cytic ability of MDM<I> cultured in IDMEM containing 10%
autologous serum alone (control) or with combinations of
dexamethasone, IL-4 or IFN-y as described in Sect. 4.2 was
determined on day 5 by flow cytometric quantification of the
percentage of fluorescent MDM<t> following a 60-min incu¬
bation with CMFDA-labeled apoptotic neutrophils. Dexa¬
methasone treatment results in a highly phagocytic popula¬
tion of macrophages when compared with untreated macro¬
phages. MDM<I> treated with IFN-y plus dexamethasone
have a phagocytic ability similar to MDM<t> treated with IFN-
y alone, demonstrating that IFN-y is dominant in determining
phagocytic capacity. The results shown here represent the
mean±S.E of five separate experiments.
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2.2 Suppression of pro-inflammatory cytokine
release by dexamethasone

In view of the dominant effects of IFN-y on dexa-
methasone-induced augmentation of phagocytic func¬
tion, we next examined the release of pro-inflammatory
cytokines by treated MDM<j>. As would be expected, IFN-
y-treated MDM<f> strongly up-regulated production of
TNF-a, IL-1 and IL-6 when compared with untreated
MDMO or IL-4-treated MDM3> (Fig. 2). Although produc¬
tion of most cytokines was effectively inhibited by dexa¬
methasone alone, co-culture of MDM<E> in the presence
of IL-4 and dexamethasone together produced further
inhibitory effects on the production of IL-6.

In contrast to the dominant effects of IFN-y on phagocy¬
tosis by dexamethasone-treated MDM<f>, reduced levels
of TNF-a, IL-6 and IL-1 production were found for
MDM4> treated with dexamethasone in combination with

IFN-y, suggesting that dexamethasone remained able to
suppress the inflammatory cytokine production that was
induced by IFN-y.

Eur. J. Immunol. 2004. 34:1752-1761

2.3 MDM4> cultured in dexamethasone exhibit
distinct surface receptor profiles

We next compared cell surface receptor profiles of
MDM<J> cultured with dexamethasone, IFN-y or IL-4
alone, or with combinations of treatments. As would be
expected, the high affinity receptor for immunoglobulin,
CD64 (FcyRI), was strongly up-regulated by IFN-y-
treated MDM<f> when compared with untreated MDM<t>
(Fig. 3A) and was also augmented when MDM<I> were
exposed to IFN-y in combination with dexamethasone.
In contrast, CD64 was down-regulated by dexametha¬
sone when used alone (35% reduction in levels of
expression) and markedly down-regulated by IL-4 (70%
reduction in expression).

Dexamethasone-treated MDM<1> expressed slightly
reduced levels of HLA-DR when compared with
untreated cells; MDM4> exposed to IL-4 or IFN-y showed
increased expression compared with untreated cells
(Fig. 3B). Interestingly, up-regulation of expression of
HLA-DR was not observed when MDM<t> were treated

with IFN-y or IL-4 in combination with dexamethasone,
suggesting a suppressive effect of dexamethasone
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Fig. 2. Cytokine profiles of MDMO treated with dexametha¬
sone ± IL-4 and IFN-y for 5 days. Adherent monocytes were
cultured for 5 days either in 10% autologous serum alone or
with combinations of dexamethasone, IL-4 and IFN-y .

MDM4> supernatants were collected after 5 days and ana¬
lyzed using an inflammation cytokine bead array kit (Becton
Dickinson). Cytokine levels were determined by extrapola¬
tion from standard curves using cytokine bead array analysis
software. Results shown are the cytokine levels (mean±S.E)
from three separate experiments using MDM<I> from three
different, normal donors.

J J 3 | 1 !
C088 (87.2| C

!: . - t n , -

C014 D

Q 0 * a 0 ■
i a a 2 1 £ 1 J J a | 1 {

CD163 (Hb SR) E

: a i * i...;

CD54 (ICAM-1) F

150

a i s | £ I a i 2 i t |

Fig. 3. Effects of dexamethasone, IL-4 and IFN-y on macro¬
phage cell surface receptor expression. Adherent mono¬
cytes were cultured for 5 days either in 10% autologous
serum or with combinations of dexamethasone, IL-4 and
IFN-y. The surface phenotype was assessed by indirect
immunofluorescence and flow cytometry using control lgG1
mAb, CD64 mAb (A), HLA-DR mAb (B), CD86 mAb (C),
CD14 mAb (D), CD163 mAb (E) and ICAM-1 mAb (F).
Results, corrected for the mean fluorescence intensity
recorded for the lgG1 control, are expressed as the average
mean fluorescence (±S.E.) recorded for each antibody from
a minimum of three separate donors.
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(Fig. 3B). IL-4-treated MDM<t> expressed approximately
3-times the levels of CD86 when compared with IFN-y-
treated or dexamethasone-treated MDM4> (Fig. 3C).
Expression of the adhesion molecule ICAM-1 on MDM4>
was increased following IFN-y treatment, consistent with
published data [19]. In contrast, both IL-4 and dexa-
methasone reduced ICAM-1 expression and IFN-y-
induced up-regulation of ICAM-1 was suppressed fol¬
lowing combined IFN-y and dexamethasone treatment
(Fig. 3F).

MDM4> expression of CD14 was not affected by dexa¬
methasone treatment alone. In contrast, IL-4-treated
macrophages exhibit markedly reduced CD14 expres¬
sion, consistent with the induction of an immature
"dendritic-like" cell phenotype (Fig. 3D). Reduced
expression of CD14 expression was also seen following
treatment with IL-4 and dexamethasone in combination,
suggesting that the effects of IL-4 predominate (Fig. 3D).
The divergent effects of IL-4 and dexamethasone were
also found when expression of the mannose receptor
was examined. Dexamethasone and IFN-y both down-
regulated expression of the mannose receptor, whereas
IL-4 up-regulated expression (mean fluorescence inten¬
sities: control=58.7, IL-4=85.8, dexamethasone=18.4,
IFN-y=4.7) (n=2). Expression of the GC-responsive
hemoglobin scavenger receptor CD163 [20] was down-
regulated following culture in the presence of IL-4 or IFN-
y alone, but increased in dexamethasone-treated
MDM4> (Fig. 3E). Increased CD163 expression levels
were also observed following combined treatment with
dexamethasone and IFN-y, again suggesting a dominant
effect of dexamethasone.

2.4 Effects of dexamethasone and cytokines on
MDM4> morphology

Our analysis suggests that suppression of dexa-
methasone-augmented phagocytosis by IFN-y is not
reflected by surface phenotype alterations, with dexa¬
methasone exerting a dominant effect. Morphological
examination demonstrated that a homogeneous popula¬
tion of smaller, less-well-spread MDM<t> was induced by
GC when compared with the heterogeneous untreated
MDM4> population (Fig. 4). When cultured in the pres¬
ence of IL-4 alone, MDM<t> exhibited a highly spread,
polarized morphology with pronounced cellular pro¬
cesses and evidence of the formation of homotypic cell
aggregates (Fig. 4). A heterogeneous MDMO population
comprising multinucleated "giant" cells together with
smaller macrophages was observed in the presence of
IFN-y (Fig. 4). Culture of MDM<P in the presence of IFN-y
plus dexamethasone, or IL-4 plus dexamethasone,
yielded a population of smaller "rounded" cells similar to

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 4. Dexamethasone is dominant over IFN-y and IL-4
cytokines in inducing cellular morphology. Adherent mono¬
cytes were cultured for 5 days on glass coverslips either in
10% autologous serum or with combinations of dexametha¬
sone, IL-4 and IFN-y. Representative photomicrographs
depict cellular morphology using phase-contrast micros¬
copy with a x63 objective. Control MDM<t> represent a het¬
erogeneous population of cells containing giant, multinucle¬
ated cells as well as smaller mononuclear cells.
Dexamethasone-differentiated MDM4> form a homoge¬
neous population of small, rounded cells. Combined treat¬
ment with either IL-4 or IFN-y plus dexamethasone also
yields a homogeneous population of small rounded cells,
similar to the dexamethasone-treated population, implying
that dexamethasone is dominant over both cytokines in
inducing cellular morphological changes.

those seen with dexamethasone alone. Together these
data suggest that dexamethasone exerts dominant
effects upon MDMc[> morphology.

2.5 Dexamethasone treatment alters adhesion
structures in MDMO

We next examined the characteristic "podosome-like"
adhesion signaling complexes consisting of a punctate
actin foci surrounded by a ring of paxillin, vinculin and
other cytoskeletal proteins [21] that are present in
MDM<1>. Untreated or IFN-y-treated MDM<1> contain
abundant podosomes, whereas these structures were
absent from dexamethasone-treated MDM<1> (Fig. 5).
IFN-y-treatment appears to drive differentiation towards

www.eji.de
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33E
Fig. 5. Dexamethasone is dominant over IFN-y and IL-4
cytokines in determining the adhesion status of the macro¬

phages. Adherent monocytes were cultured for 5 days on
glass coverslips either in 10% autologous serum or with
combinations of dexamethasone, IL-4 and IFN-y. Fixed and
permeabilized cells were stained for F-actin using rhoda-
mine phalloidan and paxillin (paxillin mAb and FITC-
conjugated anti-mouse-IgG), to visualize cytoskeletal orga¬
nization. In the representative photomicrographs shown,
podosomes are characterized by a foci of actin (red) which is
surrounded by a ring of paxillin (green). Untreated control
MDM<I> contain abundant podosomes (A). Podosomes are
also present in IFN-y-treated MDM<t> (B). By contrast,
MDM<J> differentiated in the presence of dexamethasone
alone or dexamethasone plus IFN-y (C and D, respectively)
do not contain podosomes. These data demonstrate the
dominance of dexamethasone over IFN-y in determining the
adherence status of the macrophages.

a multinucleated phenotype and the podosomes in these
"giant" cells were particularly striking, where a cortical
ring of podosomes were formed, similar to the resorption
zone described for osteoclasts (Fig. 5B) [22]. Interest¬
ingly, IL-4 induces a polarized morphology with podoso¬
mes localized at the leading edge of the cell (data not
shown). Podosomes were absent from MDM<t> cultured
in the presence of dexamethasone (Fig. 5C) or IFN-y plus
dexamethasone (Fig. 5D), in keeping with morphological
observations. Podosomes were also absent from
treated with IL-4 plus dexamethasone (data not shown).
These data confirm the dominant effect of dexametha¬
sone in terms of both morphology and cytoskeletal orga¬
nization in MDM<P.

2.6 The mechanism of IFN-y suppression of
phagocytosis

In view of the finding that the first 24 h of culture was crit¬
ical for GC-mediated augmentation of phagocy¬
tosis [18], we sought to investigate whether IFN-y could
over-ride the effects of dexamethasone after this initial
24-h culture period. MDM<t> were exposed to either
dexamethasone or IFN-y for the first 24 h of culture, fol¬
lowed by culture for 4 days in medium alone, dexameth¬
asone or IFN-y. MDM<1> phagocytosis of apoptotic cells
was augmented when monocytes were cultured in
medium for 24 h followed by the addition of dexametha¬
sone although less than when dexamethasone was pre¬
sent during the first 24 h (Fig. 6A). Addition of IFN-y
alone failed to alter the phagocytic capacity of MDMO
when compared to untreated control However, if
monocytes were incubated with IFN-y for 24 h prior to
the addition of dexamethasone, augmentation of MDM4>
phagocytosis of apoptotic cells was not observed. Sur¬
prisingly, if monocytes were incubated with dexametha¬
sone for the first 24 h of culture followed by addition of
IFN-y, the phagocytic capacity was also not augmented.

In view of the "switch off" of phagocytosis following IFN-
y treatment 24 h after dexamethasone treatment of
monocytes, we next sought to test whether engagement
of IFN-y signaling in GC-treated MDM<1> would also
inhibit phagocytosis. MDM<I> were treated with dexa¬
methasone at day 0 and then IFN-y was added on day 1,
day 3 or day 6 (on day 6, it was added either 1 h or 3 h
prior to the phagocytosis assay) (Fig. 6B). The results
show that treatment with IFN-y for a few hours prior to
phagocytosis did not inhibit phagocytic ability when
compared with MDM4> treated with dexamethasone
alone. Indeed, the suppressive effect of IFN-y upon GC-
augmented phagocytosis was less pronounced the lon¬
ger the macrophages were exposed to dexamethasone
before IFN-y was added. These results demonstrate that
the IFN-y-mediated suppression of augmented phago¬
cytosis most likely induces changes in MDM4> pheno¬
type rather than being a direct consequence of engage¬
ment of IFN-y-mediated signaling pathways.

3 Discussion

One of the most important observations in our study is
that IFN-y strongly suppressed the dexamethasone-
induced augmentation of apoptotic cell phagocytosis by
macrophages (Fig. 1, 6A and 6B). Indeed, IFN-y retained
the ability to inhibit GC-augmented phagocytosis even
when monocytes had been pre-treated with dexametha¬
sone for 24 h. Exposure of MDM<f> to IFN-y at later time
points following dexamethasone treatment failed to
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Fig. 6. IFN-y reverses and blocks dexamethasone augmen¬
tation of MDMO phagocytosis of apoptotic cells. (A) Adher¬
ent monocytes were cultured for the first 24 h in IDMEM
containing 10% autologous serum alone, dexamethasone or
IFN-y. Cells were washed and then treated for the remaining
4 days in IDMEM containing 10% autologous serum, dexa¬
methasone or IFN-y to give a checkerboard of combination
treatments (24 h / 4 days). The phagocytic ability of the
MDM<J> populations was then determined by flow cytometry
as described in Sect. 4.5. Results are shown as the mean

percentage of macrophage phagocytosis ± S.E. from at
least three separate experiments. Augmentation of MDMO
phagocytic ability was observed following exposure to
dexamethasone for the first 24 h only, or for the final 4 days
of culture when compared with untreated MDMO. In con¬
trast, exposure to dexamethasone followed by IFN-y, or to
IFN-y prior to dexamethasone, resulted in a significant
down-regulation in MDMO phagocytic ability, demonstrat¬
ing that IFN-y can both reverse and block the
dexamethasone-augmented phagocytosis of apoptotic
neutrophils. (B) Adherent monocytes were cultured in
IDMEM containing 10% autologous serum and dexametha¬
sone, with the subsequent addition of IFN-y on day 1, or
day 3, or 1 h or 3 h prior to the phagocytosis assay on day 6.
The phagocytic ability of the MDMO populations was then
determined by flow cytometry. Results are shown as mean
percentage of macrophage phagocytosis ± S.E. from at
least three separate experiments. MDMO that were cultured
in dexamethasone and exposed to IFN-y on day 1 showed a
suppression in phagocytic ability compared with MDMO
treated only with dexamethasone. The addition of IFN-y on
day 3 led to only a slight reduction in phagocytic ability and
MDMO exposed to IFN-y for 1 h or 3 h only showed no inhi¬
bition in phagocytic ability.

reverse the augmentation of phagocytosis, suggesting
that the inhibition was not due to a direct effect of IFN-y-
mediated signaling. Previous studies have also sug¬
gested that the cytokine environment may regulate mac¬
rophage phagocytosis of apoptotic cells. When human
MDM<j> were given a 4-h exposure of IFN-y after 4 days
of culture, they displayed augmented phagocytosis of
apoptotic cells [23]. In contrast, phagocytosis of apop¬
totic cells by rat bone-marrow-derived macrophages
was inhibited by treatment for 48 h with IFN-y [24]. Our
data suggest that although IFN-y-treated MDMO show
some augmentation of phagocytosis of apoptotic cells,
acquisition of a pro-phagocytic macrophage phenotype
in response to GC is lost in the presence of this cytokine.

One important implication of this work is that GC may fail
to stimulate macrophage phagocytosis in a Th1 environ¬
ment. Thus, one of the potential beneficial effects of GC-
treatment, i.e. facilitation of apoptotic cell clearance,
may be inhibited by IFN-y. Interestingly, a Th1 cytokine
environment has been suggested to contribute to corti¬
costeroid resistance in diseases like rheumatoid arthritis

[25]. This may also impact on the use of IFN-y to boost
host defense against infection via macrophage activa¬
tion following severe injury. Many trials of IFN-y therapy
have failed to show a clear improvement in patient out¬
come [26]. Whether IFN-y inhibits the ability of endoge¬
nous GC to regulate macrophage phagocytosis is not
known. Interestingly, expression of 11(3 hydroxysterone
dehydrogenase is rapidly induced during monocyte dif¬
ferentiation [27] concomitantly with acquisition of capac¬
ity for phagocytosis of apoptotic cells [28].

We have previously suggested that the altered adhesion
observed in dexamethasone-treated MDMO may be
linked to augmentation of phagocytic capacity. On the
basis of morphological appearance, we would have
predicted that co-incubation with either dexamethasone
plus IFN-y or dexamethasone plus IL-4 would give rise to
a highly phagocytic phenotype. However, our data pro¬
vide the first evidence for dissociation between morphol¬
ogy/adhesion status and phagocytic capacity. Thus,
although cells treated with IFN-y plus dexamethasone
exhibit a small and rounded cell morphology without dis¬
tinct podosome adhesion structures, the augmented
phagocytic capacity of dexamethasone-treated macro¬
phages is not shared by MDMO treated with IFN-y plus
dexamethasone.

For other characteristics of MDMO that we examined,
dexamethasone exerted dominant effects over IFN-y,
inhibiting IFN-y-driven pro-inflammatory cytokine pro¬
duction and morphological appearance. Expression of
CD163 was up-regulated by dexamethasone even in the
presence of IFN-y and the IFN-y-dependent up-

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji.de



1758 S. J. Heasman et al. Eur. J. Immunol. 2004. 34:1752-1761

regulation of ICAM-1 and HLA-DR was attenuated by
dexamethasone. Our phenotype analysis also revealed
that the expression levels of the mannose receptor and
CD14, both previously implicated as phagocytic recep¬
tors [29, 30], show no correlation with the increased
phagocytic ability of dexamethasone-treated MDM<E>.
The mannose receptor was down-regulated following
GC treatment and CD14 showed no change in expres¬
sion when compared with untreated MDM<t>, potentially
excluding the involvement of these receptors in the aug¬
mented phagocytosis seen following GC treatment of
MDM4>.

Our data support the suggestion that monocytes treated
with the GC differentiate to a phenotype distinct from the
classically activated IFN-y- treated MDM4> or an "alter¬
natively" activated IL-4-treated MDM4>. We found that
the mannose receptor, a well-defined marker of alterna¬
tive activation [13], was expressed at higher levels on IL-
4-treated MDM4>, but was reduced on MDM<J> cultured in
dexamethasone. Several other receptors exhibit differ¬
ential expression on IL-4- and GC-treated MDM<t>,
including HLA-DR, CD86 and CD163. MDM4> that have
differentiated in GC or IL-4 exhibit distinct phenotypes,
the latter inducing a polarized appearance with many
cellular processes that is very different from the
"rounded" appearance of dexamethasone-treated cells.
Most importantly in terms of capacity for clearance of
apoptotic cells, IL-4 fails to induce a MDM4> phenotype
that is capable of efficient phagocytosis of apoptotic
cells. IL-4-treated monocytes would have the potential
for antigen presentation and immunomodulation (high
HLA-DR and CD86), whereas dexamethasone-treated
MDM4> exhibit "anti-inflammatory" characteristics with
reduced capacity for immunostimulation because of
down-regulation of HLA-DR and CD86.

Although both IL-4 and GC may be involved in counter¬
ing pro-inflammatory factors, their impact on macro¬
phage function would have distinct consequences in the
outcome of an inflammatory response. For example, dis¬
cordant regulation of the capacity of macrophages for
antigen presentation and apoptotic cell clearance may
be critical for "safe" disposal of apoptotic and necrotic
cells without the potential for "cross-presentation" of
autoantigen and the induction of an autoimmune
response. Together, these data suggest that the func¬
tional repertoire of IL-4- or dexamethasone-treated
MDM<[> is distinct. GC promote a "tolerogenic" pheno¬
type similar to that reported to be induced by IL-10 [31,
32], Interestingly, like GC, IL-10 up-regulates expression
of CD163, although the mechanism appears to be dis¬
tinct [33]. Preliminary experiments indicate that treat¬
ment of monocytes with anti-IL-10 antibodies fails to
block the development of the phenotype we observe fol¬

lowing treatment with GC (S. J. Heasman, unpublished
observations). However, IL-10-cultured MDM4> show
some augmentation of phagocytic capacity for apoptotic
cells (data not shown), suggesting that there may be par¬
allels in the mechanism of action of GC and IL-10.

In summary, the role that particular cytokines, steroids
and lipid mediators play individually, and in concert, will
critically determine the balance between pathogen clear¬
ance, resolution of inflammation, tolerance induction and
wound healing. In particular, data presented here sug¬
gest that defining the interplay between GC and IFN-y in
the regulation of macrophage function may unveil novel
therapeutic targets for treatment of inflammatory dis¬
ease.

4 Materials and methods

4.1 Antibodies and other reagents

All chemicals were from Sigma (Poole, Dorset, GB) unless
otherwise stated. Antibodies were used at saturating con¬
centrations as determined by titration in indirect immunoas¬
says and flow cytometry as follows: HLA-DR (clone WR18,
lgG2a, used at 1/100, Serotec, Oxford, GB), CD14 (clone
UCHM1, lgG2a, provided by Dr. Peter Beverley, Edward
Jenner Institute for Vaccine Research, Compton, GB), C54
(clone 15.2, provided by Dr. Nancy Hogg, Cancer Research
UK, London, GB), CD64 (clone 10.1, lgG1, used at 1/100,
provided by Dr.Nancy Hogg), CD86 (clone BU63, lgG1, used
at 1/50, Caltag, B-D Biosciences, GB), CD163 (clone Ber-
mac, lgG1, used at 1/35, Dako, Oxford, GB), mannose
receptor (clone 19.2, lgG1, Serotec), and lgG1 control
(MOPC, mouse lgG1 plasmacytoma, obtained from ECACC,
GB).

4.2 Cell isolation and culture

Mononuclear cells (MNC) and polymorphonuclear cells were
isolated from human blood by dextran sedimentation and
centrifugation over discontinuous Percoll™ (Amersham
Pharmacia Biotech, Buckingham, GB) gradients as previ¬
ously described [34]. The MNC (typically 15-20% mono¬
cytes by morphological analysis of cytocentrifuge prepara¬
tions or flow cytometric determination on the basis of laser
scatter properties and CD14 reactivity) were resuspended at
4x106 /ml in Iscove's modification of Dulbecco's modified

Eagles medium (IDMEM; Life Technologies, Paisley, GB) and
enriched for monocytes by selective adherence to 48-well
(0.5 ml/well) or 6-well (4.0 ml/well) tissue culture plates for
1 h at 37°C in 5% C02. Adherent monocytes were washed
three times and then allowed to differentiate for 5 days in
IDMEM containing penicillin/streptomycin and 10% autolo¬
gous serum prepared by recalcification of platelet-rich
plasma. Washed adherent MDM<1> consisted of >90%
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CD14-positive cells at day 5 as assessed by flow cytometry.
In our hands GC did not induce monocyte apoptosis as
reported by Schmidt et al. [35]. Our unpublished data sug¬
gest that autologous serum over-rides the pro-apoptotic
effects of GC on monocytes. As detailed in the text, dexa-
methasone was added to a final concentration of up to
1 urn, whereas recombinant IL-4 and recombinant human
IFN-y (both obtained from R&D Systems, Minneapolis, USA)
were used at 10 ng/ml.

Isolated polymorphonuclear cells (typically 95-98% neutro¬
phils by morphological examination of cytocentrifuge prepa¬

rations) were resuspended at 20x106 cells/ml cells in IDMEM
and labeled with the fluorescent cell tracker dye carboxy-
methylfluorescein diacetate (CMFDA; Molecular Probes,
Leiden, The Netherlands), 2 ng/ml for 15 min at 37°C in 5%
C02. Cells were then washed and cultured in 75 mm tissue
culture flasks (Nunc, Fisher Scientific, Leicestershire, GB)for
18-24 h at 4x106/ml in IDMEM containing 10% autologous
serum to induce spontaneous apoptosis. Microscopic
examination of nuclear morphology of cytocentrifuge prepa¬
rations of cultured cells was used to assess levels of apop¬
tosis and neutrophils were typically 50-60% apoptotic with
15-20% necrotic cells present, as determined by dual
annexin V / propidium iodide staining and flow cytometry.

4.3 Flow cytometric determination of cytokine release

Supernatants from MDM<t> that had been cultured for 5 days
were analyzed for the presence of IL-8, IL-6, IL-1 fi, IL-10,
TNF-a and IL-12p70 using the Human Inflammation BD
Cytometric Bead Assay (Becton Dickinson, Oxford, GB) as
described by the manufacturer's assay protocol. Briefly,
50 |xl samples of cell supernatant were incubated with cap¬
ture beads to the six cytokines and a PE cytokine detection
reagent for 3 h at room temperature. Samples were then
washed once and 6000 events were acquired using a FACS-
Calibur flow cytometer (Becton Dickinson). Analysis of the
median FL-2 fluorescence associated with bead populations
defined by FL-3 labeling was made using Cellquest software
(Becton Dickinson).

4.4 Flow cytometric analysis of surface receptor
expression

MDM3> obtained after 5 days of culture were washed in
Hanks' balanced salt solution (HBSS) and incubated with
5 mM EDTA in Ca2+/Mg2+-free PBS on ice for 15 min to
detach the cells from the wells. The detached MDM<f> were

centrifuged at 220xg and washed in Ca2+/Mg2+-free PBS
containing 0.2% BSA and 0.1% sodium azide (flow buffer).
The pelleted cells were then incubated on ice for 30 min with
saturating concentrations of monoclonal antibodies to cell
surface determinants. The cells were then washed twice in

flow buffer and incubated for a further 30 min on ice with

FITC-labeled F(ab')2 fragments of goat anti-mouse-
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immunoglobulin (Dako; used at 1/50). Following two further
washes in flow buffer, the labeled cells were analyzed using
either an EPICS XL (Beckman Coulter, High Wycombe, GB)
or FACSCalibur flow cytometer (Becton Dickinson) after
acquiring 5000-8000 events per sample. Post-acquisition
analysis was performed either using Cellquest (Becton Dick¬
inson) or EXP032 (Beckman Coulter).

4.5 Quantitation of phagocytosis of apoptotic cells

Monocytes were cultured for 5 days in 48-well plates as
described above either in the presence of 10% autologous
serum alone (control), or in the presence of dexamethasone,
IL-4 or IFN-y, or combinatorial treatments at the concentra¬
tions detailed in the text. MDM<1> were gently washed in
Ca27Mg2+-free HBSS and phagocytosis of apoptotic neutro¬
phils was then performed as described previously [36].
Briefly, MDMO were co-incubated with 0.5 ml of CMFDA-
labeled apoptotic neutrophils at 4x106/ml for 1 h at 37°C in
5% C02 after which the neutrophils were gently aspirated
and 0.25 ml of trypsin/EDTA added. Following incubation at
37°C in 5% C02 for 15 min and then at 4°C for 15 min,
MDM<f> were detached by vigorous pipetting. Flow cytome¬
try was then used to determine the proportion of phagocytic
macrophages (gated on the basis of forward- and side-
scatter properties) and the percentage of FL-1-labeled
MDM<I> was determined.

4.6 Indirect immunofluorescence analysis of
macrophage cytoskeleton

Monocytes were plated on sterile coverslips in 24-well
plates at 4x106/ml. After 5 days of differentiation, adherent
MDMO were fixed in 2 ml of 3% (w/v) para-formaldehyde at
room temperature for 20 min. Coverslips were then washed
three times in Ca2+/Mg2+-free PBS and free aldehyde groups
were then quenched with 50 mM NH4CI/PBS at room tem¬
perature for 15 min. After three further washes in PBS, cells
were permeabilized using 0.1% Triton X-100 for 4 min. Fol¬
lowing a further three washes in PBS the coverslips were
incubated for 10 min in heat-inactivated AB serum (1/10) to
block non-specific antibody binding to Fc receptors. To
visualize podosomes within MDM<I> cells were then incu¬
bated on ice for 30 min with mAb specific for paxillin (BD
Transduction Labs, Belgium). The cells were washed and
then labeled by incubating for 30 min with an Alexa-488
goat anti-mouse-immunoglobulin antibody (1/400 in PBS;
Molecular Probes). After a further three washes cells were
incubated with rhodamine phalloidin (1/800 in PBS; Molecu¬
lar Probes). The coverslips were then mounted onto slides
using an antifadent mounting medium (Molecular Probes)
and examined under oil immersion microscopy using a x63
objective using an Axiovert S100 immunofluorescence
microscope with Coolsnap LCD camera and Openlab image
acquisition software.
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Heme Inhibits Human Neutrophil Apoptosis: Involvement of
Phosphoinositide 3-Kinase, MAPK, and NF-kB

Maria Augusta Arruda,* Adriano G. Rossi,1 Marta S. de Freitas,* Christina Barja-Fidalgo,'*
and Aurelio V. Gra^a-Souza1
High levels of free heme are found in pathological states of increased hemolysis, such as sickle cell disease, malaria, and ischemia
reperfusion. The hemolytic events are often associated with an inflammatory response that usually turns into chronic inflamma¬
tion. We recently reported that heme is a proinflammatory molecule, able to induce neutrophil migration, reactive oxygen species
generation, and IL-8 expression. In this study, we show that heme (1-50 /liM) delays human neutrophil spontaneous apoptosis in
vitro. This effect requires heme oxygenase activity, and depends on reactive oxygen species production and on de novo protein
synthesis. Inhibition of ERK and PI3K pathways abolished heme-protective effects upon human neutrophils, suggesting the
involvement of the Ras/Raf/MAPK and PI3K pathway on this effect. Confirming the involvement of these pathways in the
modulation of the antiapoptotic effect, heme induces Akt phosphorylation and ERK-2 nuclear translocation in neutrophils. Fu-
thermore, inhibition of NF-kB translocation reversed heme antiapoptotic effect. NF-kB (p65 subunit) nuclear translocation and
IkB degradation were also observed in heme-treated cells, indicating that free heme may regulate neutrophil life span modulating
signaling pathways involved in cell survival. Our data suggest that free heme associated with hemolytic episodes might play an

important role in the development of chronic inflammation by interfering with the longevity of neutrophils. The Journal of
Immunology, 2004, 173: 2023-2030.

Severe hemolysis occurring during pathological states suchas sickle cell disease, ischemia reperfusion, and malaria
results in high levels of free heme (up to 20 p.M). Under

these conditions, the physiological mechanisms of removing free
heme from the circulation, especially its binding to hemopexin,
collapse, allowing nonspecific heme uptake and heme-catalyzed
oxidation reactions (1, 2). We have recently reported that heme is
a proinflammatory molecule able to induce neutrophil migration in
vivo and in vitro (3). Interaction of free heme with human neu¬

trophils leads to actin cytoskeleton reorganization and reactive oxy¬
gen species (ROS)2 generation through the induction of protein
kinase C (PKC) activity, and also increases IL-8 expression (3).
These findings attested to a prominent role for free heme in the
development of inflammation associated with hemolytic diseases.
In agreement, it has been shown that increased levels of heme in
plasma are accompanied by a rise in cytokine and chemokine con¬
centrations, as well as enhanced leukocyte function (4-8), events
often associated with an inflammatory response that usually de¬
velops into chronic inflammation (9, 10).
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Neutrophil apoptosis and subsequent clearance by phagocytes
are critical to the resolution of acute inflammation (11, 12). These
terminally differentiated cells constitute the first line of host de¬
fense against invading microorganism, being promptly recruited to
inflamed loci in response to infection or tissue injury. Once acti¬
vated, neutrophils are able to phagocytose, to release granular lytic
enzymes and antimicrobial polypeptides into the phagolysosome,
and to generate large amounts of ROS as well as reactive nitrogen
species (13). Under normal conditions, neutrophils have a very
short t]/2, being committed to programmed cell death (apoptosis).
During this process, cell membrane integrity is maintained, avoid¬
ing the release ofproinflammatory and potentially cytotoxic agents
and the subsequent amplification of the inflammatory response.
Apoptotic neutrophils also express surface markers that allow their
recognition and nonphlogistic ingestion by professional phago¬
cytes such as macrophages, or potential phagocytes such as fibro¬
blasts and mesangial cells (14).
Culturing peripheral blood neutrophils in vitro reproducibly re¬

sults in spontaneous apoptosis of >50% of the cells within 24 h.
These apoptotic cells exhibit the classical features associated with
this phenomenon, such as cytoplasmic condensation, phosphati-
dylserine exposure on the outer leaflet of the plasma membrane,
and internucleosomal DNA cleavage, followed by chromatin con¬
densation. Ultimately, it is the activation of caspases, a family of
redox-sensitive cysteine proteases, that coordinates the structural
dismantling of the cell (15).
Agents that promote neutrophil responsiveness, such as IL-8,

GM-CSF, LPS, and leukotriene B4, also delay human neutrophil
apoptosis (16-19). These stimuli promote neutrophil survival by
modulating intracellular signaling pathways, including the MAPK,
especially ERK and PI3K/Akt pathways (20, 21). Evidence has
shown that activation of NF-kB pathway has a protective effect in
several cell types, regulating the expression of antiapoptotic genes
(22). In human neutrophils, NF-kB activation seems to regulate
spontaneous apoptosis and the antiapoptotic effect of TNF-ct, a

0022-1767/04/$02.00



2024 HEME DELAYS NEUTROPHIL APOPTOSIS

cytokine that exerts dual effects upon these cells. The modulation
of all those pathways most likely regulates the balance between
pro- and antiapoptotic proteins to influence neutrophil survival,
especially the members of Bcl-2 family, which comprises both
pro- and antiapoptotic members (23).
In the present study, we demonstrate that heme is able to pro¬

long neutrophil life span by inhibiting apoptosis by a mechanism
dependent on heme oxygenase (HO) activity and ROS generation.
This effect depends on de novo protein synthesis and seems to be
mediated by MAPK and PI3K/Akt pathways and involves NF-kB
activation, indicating that heme may control neutrophil apoptosis
through activation of these survival pathways. Our data support a
role for heme as a proinflammatory mediator during hemolytic
states, suggesting that this molecule is important in the develop¬
ment of chronic inflammation associated with hemolysis and
hemoglobinemia.

Materials and Methods
Reagents

Cycloheximide, diphenyleneiodonium (DPI), pyrrolidine dithiocarbamate
(PDTC), and apocynin (acetovanillone) were purchased from Sigma-
Aldrich (St. Louis, MO). LY294002, bis-indoylmaleimide IV (BIM), and
PD98059 were from Calbiochem (San Diego, CA). Biliverdin and bilirubin
were from Valeant Pharmaceuticals (Costa Mesa, CA). Tin protoporfirin
IX (SnPPIX) was from Porphyrin Products (Logan, UT). Human rlL-8 was
a gift from F. Cunha (Faculdade de Medicina de Ribeirao Preto-Univer-
sidade de Sao Paulo, Sao Paulo, Brazil), and anti-IL-8 mAb was donated
by P. Bozza (Fundafao Oswaldo Cruz, Rio de Janeiro, Brazil).

Heme

Hemin (cell culture grade; Sigma-Aldrich) stock solutions were made in
DMSO (culture grade; Sigma-Aldrich) and diluted in sterile PBS imme¬
diately before use. The final concentration of DMSO was kept lower than
0.01% for all assays.

Neutrophil isolation and culture
Neutrophils were isolated from EDTA (0.5%)-treated peripheral venous
blood of healthy human volunteers by a method of dextran sedimentation
and density gradient centrifugation, as previously described (24). Residual
erythrocytes were removed by hypotonic lysis. Isolated neutrophils (5 X
106/ml) were incubated in DMEM supplemented with 10% heat-inacti¬
vated FCS, 100 U/ml penicillin, and 100 mg/ml streptomycin at 37°C in a
humidified atmosphere containing 5% CO, for 20 h, unless otherwise in¬
dicated. Under all experimental conditions, >99% of cells were viable, as
assessed by trypan blue dye exclusion.

Assessment of neutrophil apoptosis
Morphology. Cells were cytocentrifuged, stained with Diff-Quik, and
counted under light microscopy (X1000) to determine the proportion of
cells showing characteristic apoptotic morphology. At least 400 cells were
counted per slide. The results were expressed as mean ± SD.

Annexin V-binding assay

To measure phosphatidylserine exposure on apoptotic cell surface, a flow
cytometric assay using annexin V binding (annexin V-FLUOS; Roche Mo¬
lecular Biochemicals, Mannheim, Germany) was performed. A working
solution of annexin V-FLUOS was made from stock annexin V-FLUOS

(0.1 pg/ml) diluted 1/3000 in HBSS supplemented with 2.5 mM CaCl2.
Neutrophils (20 pi of 5 X 106/ml) were added to 200 pi of a working
solution of annexin V before being assessed on a FACSCalibur flow cy-
tometer (BD Biosciences, San Jose, CA) and analyzed on associated
CellQuest (BD Biosciences) software. All experiments were performed at
least three times.

DNA electrophoresis
DNA fragmentation was analyzed, as previously described (25). Briefly,
neutrophils (5 X 106 cells/ml) were taken after 20 h and lysed with 500 pi
of lysing buffer (0.2% Triton X-100; 100 and 1 mM EDTA, pH 7.4). Cell
lysates were then centrifuged at 13,000 X g, and the supernatants (con¬
taining fragmented DNA) were separated from the pellet. The supernatants
obtained were treated with 50 pi of 5 M NaCl and 500 pi of isopropanol

and left for 12 h at —70°C. DNA pellets were washed with 70% ethanol,
air dried, and resuspended in TE buffer (10 mM Tris, 1 mM EDTA, pH
7.4). Fragmented DNA was separated on a 1% agarose gel electrophoresis
containing 1 pg/ml ethidium bromide. The products ofDNA fragmentation
were visualized and documented under UV light.

Subcellular localization

Cells were cytocentrifuged and fixed with paraformaldehyde (4%), and
then permeabilized with 0.5% Triton X-100 in PBS for 20 min. The slides
were incubated with rabbit polyclonal anti-ERK-2 Ab (Santa Cruz Bio¬
technology, Santa Cruz, CA; 1/200) at 4°C overnight, incubated at room
temperature for 1 h with biotin-conjugated goat anti-rabbit IgG (Santa Cruz
Biotechnology; 1/1000), and finally incubated with FITC-conjugated
streptavidin for 1 h at room temperature. Slides were then mounted using
A-propylgalate solution before examination under an Olympus BX40F4
microscope (Melville, NY) equipped for epifluorescence. Images were an¬
alyzed using Adobe Photoshop software (Adobe Systems, San Jose, CA).

Preparation of cell extracts
To obtain the whole cell extracts to analyze IxBa degradation, an indicator
of NF-kB pathway activation, neutrophils (5 X 106 cells/ml) were resus¬
pended in lysis buffer (50 mM HEPES, pH 6.4, 1 mM MgCl2, 10 mM
EDTA, 1% Triton X-100, 1 pg/ml DNase, 0.5 pg/ml RNase) containing
the following protease inhibitors: 1 mM PMSF, 1 mM benzamidine, 1 pM
leupeptin, and 1 pM soybean trypsin inhibitor (Sigma-Aldrich).

Preparation of nuclear extracts
For the analysis of NF-kB nuclear translocation, neutrophils (5 X lO6
cells/ml) were incubated with heme (3 pM) for 1 or 2 h at 37°C in a 5%
CO, atmosphere. Nuclear extracts were obtained, as described earlier (26).
Briefly, cells were lysed in ice-cold buffer A (10 mM HEPES, pH 7.9, 10
mM KC1, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, and 0.5 mM
PMSF), and after a 15-min incubation on ice, Nonidet P-40 was added to
a final concentration of 0.5% (v/v). Nuclei were collected by centrifugation
(1,810 X g; 5 min at 4°C). The nuclear pellet was suspended in ice-cold
buffer C (20 mM HEPES, pH 7.9, 400 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 1 mM DTT, 1 mM PMSF, 1 pg/ml pepstatin, 1 pg/ml leupeptin,
and 20% (v/v) glycerol) and incubated for 30 min. Nuclear proteins were
collected in the supernatant after centrifugation (12,000 X g; 10 min at
4°C), and the immunoblotting for nuclear NF-kB and histone (H3) content
was performed, as described below.

Immunoprecipitation

Neutrophils (5 X 106 cells/ml) were incubated with heme (3 pM) for 5, 15,
and 30 min at 37°C in a 5% CO, atmosphere in the absence or the presence
of LY290042 (3 pM) or BIM (10 nM). Cells were lysed in 50 mM Tris-
HC1, pH 7.4, 150 mM NaCl, 1.5 mM MgCl2, 1.5 mM EDTA, Triton X-100
(1%, v/v), glycerol (10%, v/v), aprotinin (10 pg/pl), leupeptin (10 pg/pl),
pepstatin (2 pg/pl), and 1 mM PMSF. Lysates (2 pg of protein/pl) were
incubated overnight at 4°C with polyclonal anti-Aktl (1/200; Santa Cruz
Biotechnology) Ab. After this time, protein A/G-agarose (20 pl/mg pro¬
tein; Santa Cruz Biotechnology) was added, and samples were incubated at
4°C in a rotatory shaker for 2 h. The content of total and phosphorylated
Akt on serine residues was analyzed by Western blot, as described below.

Western blot analysis
The total protein content in the cell extracts was determined by Bradford's
method (27). Cell lysates were denatured in sample buffer (50 mM Tris-
HC1, pH 6.8, 1% SDS, 5% 2-ME, 10% glycerol, and 0.001% bromphenol
blue) and heated in a boiling water bath for 3 min. Samples (30 pg of total
protein) were resolved by 12% SDS-PAGE, and proteins were transferred
to polyvinylidene difluoride membranes (Hybond-P; Amersham Bio¬
sciences). Rainbow markers (Amersham Biosciences, Uppsala, Sweden)
were run in parallel to estimate molecular weights. Membranes were
blocked with Tween TBS (20 mM Tris-HCl, pH 7.5, 500 mM NaCl, 0.1%
Tween 20) containing 1% BSA and probed with polyclonal anti-Bcl-x,
(Santa Cruz Biotechnology; 1/500), polyclonal anti-Bad (Santa Cruz Bio¬
technology; 1/500), monoclonal anti-phosphoserine (Sigma-Aldrich;
1/1000), polyclonal anti-Aktl Ab (Santa Cruz Biotechnology; 1/1000),
polyclonal anti-NF-f<B Ab (Santa Cruz Biotechnology; 1/1000), polyclonal
anti-IxB Ab (Santa Cruz Biotechnology; 1/1000), or monoclonal anti-
histone 113 Ab (Cell Signaling Technology, Beverly, MA; 1/1000). After
extensive washing in Tween TBS, polyvinylidene difluoride sheets were
incubated with biotin-conjugated anti-rabbit or anti-mice IgG (Santa Cruz
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Biotechnology; 1:1000) Ab for 1 h and then incubated with HRP-conju-
gated streptavidin (Caltag Laboratories, Burlingame, CA; 1/1000). Immu-
noreactive proteins were visualized by 3,3'-diaminobenzidine (Sigma-Al-
drich) staining. The bands were also quantified by densitometry using
Scion Image Software (Scion, Frederick, MD).

iStatistical analysis
Statistical significance was assessed by ANOVA, followed by Bonferroni's
t test, and p < 0.05 was taken as statistically significant.

Results
Heme delays human neutrophil apoptosis in vitro
The effect of heme in the modulation of spontaneous neutrophil
apoptosis was simultaneously assessed by morphology (Fig. \A),
annexin V binding (Fig. 1B), and DNA electrophoresis (Fig. 1C).
We have observed that incubation of human neutrophils with heme
(3 pM) significantly delayed the apoptotic rate of these cells.
Heme-mediated delay of apoptosis at 1-3 pM was similar to that
observed with IL-8 (100 nM), a cytokine with a known ability to
protect neutrophil from apoptosis. Heme was able to delay neu¬
trophil apoptosis in vitro at all concentrations studied (1-50 pM;
Fig. 2A), although its protective effects were less pronounced at the
highest concentration used (50 pM). Because heme is able to
evoke IL-8 synthesis in human neutrophils (3), we speculated
whether the effect of free heme on neutrophil apoptosis would be
mediated by an autocrine production of this antiapoptotic chemo-
kine. Pretreatment of neutrophils with anti-IL-8 Ab did not inhibit
the heme effect, indicating that heme inhibits human neutrophil
apoptosis per se (Fig. 2B).

%
3

3 k
"Mr

4

*>

Neutrophils

i l 2% I i

I... 'A
19,7% 20.2%

FIGURE 1. Inhibition of spontaneous apoptosis in human neutrophils
by heme. A, Morphological analysis of apoptotic neutrophils: 1) medium
alone, 0 h; 2) medium alone, 20 h; 3) 3 pM heme, 20 h; 4) 100 nM IL-8,
20 h. B, Flow cytometric analysis ofannexin V binding in fresh neutrophils
(/), neutrophils incubated for 20 h in the absence (2) or the presence of 3
pM heme (3), or 100 nM IL-8 (4). The percentage of annexin V-positive
cells in each sample is indicated. This representative experiment was re¬

peated three times, showing similar results each time. C, Agarose gel elec¬
trophoresis of DNA showing an increase in the formation of oligonucleo-
somal DNA fragments in spontaneous apoptosis after 20 h (lane /, 0 h;
lane 2, 20 h), which is inhibited by incubation with 3 pM heme (lane 3)
and 100 nM IL-8 (lane 4). Lane M represents the m.w. marker.
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FIGURE 2. Concentration-dependent effect of heme on neutrophil ap¬
optosis. A, Neutrophils (5 X 106/ml) were incubated in the absence or in
the presence of varying concentrations of heme (1-50 pM) or IL-8 (100
nM). After 20 h, cells were cytocentrifuged, and the number of apoptotic
cells was determined microscopically. B, The same protocol was per¬
formed with a single heme (3 pM) or IL-8 (100 nM) concentration in the
absence or the presence of anti-IL-8 mAb (7.2 pg/ml; II). Data shown are
the results (mean + SD) of three experiments, each performed in triplicate.
*, Indicates a significant difference (p < 0.001) between heme- or IL-8-
treated and control neutrophils. §, Indicates that this group is significantly
different from other treatments (p < 0.05).

SnPPIX reverses heme effects on neutrophil apoptosis
We have previously observed that heme enhances HO-1 protein
expression on neutrophils (A.V.G.-S., C.B.-F., and M.A.A., un¬

published data). To investigate the involvement of HO in the in¬
hibition induced by heme on neutrophil apoptosis, cells were co-
incubated with SnPPIX (50 pM), a competitive inhibitor of this
enzyme (Fig. 3). HO inhibition partially reversed heme effects on
neutrophil apoptosis, suggesting that heme metabolites may play
an important role on neutrophil survival under these conditions.
However, neither biliverdin nor bilirubin (3 pM) protected human
neutrophils from spontaneous apoptosis (51 and 53% of apoptotic
cells, repectively), suggesting that other HO metabolites might be
involved in heme effect.

Delaying ofneutrophil apoptosis by heme requires ROS
production
We have previously reported that heme evokes an oxidative burst
in human neutrophils (3), which may lead to profound changes in
the redox status of the cells. These alterations are known to mod¬
ulate the activity of redox-sensitive proteins, including caspases



2026 HEME DELAYS NEUTROPHIL APOPTOSIS

Control !

Heme (gM)
FIGURE 3. Inhibition of HO activity by SnPPIX reverses the antiapop-
totic effect of heme on human neutrophils. Neutrophils (5 X 106/ml) were
incubated with indicated concentrations of heme in the absence (■) or in
the presence of SnPPIX (50 pM; il). After 20 h, cells were cytocentri-
fuged, and the number of apoptotic cells was determined microscopically.
Data shown are the results (mean + SD) of three experiments, each per¬
formed in triplicate. *, Indicates a significant difference (p < 0.001) be¬
tween heme-treated and control neutrophils. #, Indicates that SnPPIX sig¬
nificantly inhibited the delay of apoptosis induced by heme (p < 0.05).

(28). In Fig. 4, we show that the incubation of cells with DPI and
apocynin, two different NADPH oxidase inhibitors, reversed the
inhibition of apoptosis in neutrophils treated with heme. These
results suggest that alterations in the redox potential of these cells,
mediated by NADPH oxidase activity, might be critical for the
heme-induced antiapoptotic effect.

Heme-induced delay ofneutrophil apoptosis requires protein
synthesis
The balance between levels of pro- and antiapoptotic proteins has
a pivotal role in the modulation of apoptosis. To determine the
requirement of de novo protein synthesis on the heme-induced
effect on neutrophil apoptosis, cells were pretreated with cyclo-

Control

Heme (pM)

FIGURE 4. Heme inhibition of neutrophil apoptosis requires NADPH
oxidase activity. Neutrophils (5 X 106/ml) were cultured with or without
heme (1-10 pM) in the absence (■) or in the presence ofDPI (10 pM; M)
or apocynin (10 pM; □). After 20 h, cells were cytocentrifuged, and the
number of apoptotic cells was determined microscopically. Data shown are
the results (mean + SD) of three experiments, each performed in triplicate.
*, Indicates a significant difference (p < 0.01) between heme-treated and
control neutrophils. #, Indicates that DPI and apocynin significantly inhib¬
ited the delay of apoptosis induced by heme (p < 0.05).
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FIGURE 5. Inhibition of neutrophil apoptosis by heme requires protein
synthesis. Neutrophils (5 X 106/ml) were incubated in the absence or in the
presence of heme (1-10 pM), with (^) or without (■) cycloheximide (3.6
pM). After 5 h, cells were cytocentrifuged, and the number of apoptotic
cells was determined microscopically. Data shown are the results (mean +
SD) of three experiments, each performed in triplicate. *, Indicates a sig¬
nificant difference (p < 0.05) between heme-treated and control neutro¬
phils. #, Indicates that cycloheximide significantly inhibited the delay of
apoptosis induced by heme (p < 0.05). The results are expressed as
mean ± SD.

heximide (3.6 pM) and incubated with heme (1-10 pM; Fig. 5).
As we have previously observed that cycloheximide is cytotoxic at
later time points (e.g., 20 h) (data not shown), we evaluated apo¬
ptosis after 5-h incubation in which there is no detectable cyto¬
toxicity. Cycloheximide completely abolished the survival effect
induced by heme on human neutrophil apoptosis, suggesting that
the effects of heme rely on newly synthesized antiapoptotic
proteins.

Heme induces Bad degradation and Bcl-x, expression on human
neutrophils
The balance between the expression of anti- and proapoptotic pro¬
teins of Bcl-2 family has been shown to be a prominent feature on
the control of apoptosis. As mature neutrophils exhibit a very short
life span, the expression of proapoptotic Bcl-2 members is consti-
tutively high, whereas antiapoptotic members' levels are very low
or not detectable (23). Fig. 6A shows that heme induced the deg¬
radation of Bad, a proapoptotic Bcl-2 member, which reached
lower levels 30 min after heme treatment. In contrast, heme in¬
duced the synthesis of the antiapoptotic protein Bcl-xL (Fig. 68),
reinforcing the regulation of prosurvival signaling by heme.

Heme delays neutrophil apoptosis via PI3K- and ERK-
dependent pathways
Because the Ras/Raf/MAPK and PI3K pathways have been re¬
ported to be actively involved in regulating the antiapoptotic effect
of other proinflammatory agents, we investigated the participation
of these signaling pathways in heme-mediated delay of neutrophil
apoptosis in vitro. Pretreatment of cells with the P13K inhibitor
LY294002 (3 pM) or the MEK1/2 inhibitor PD98059 (10 pM)
totally reversed the delay of apoptosis promoted by heme (3 pM)
and IL-8 (100 nM; Fig. 7), suggesting a pivotal role of these sig¬
naling pathways in the modulation of heme effect on neutrophils.

Heme activates ERK-2 nuclear translocation

The phosphorylation of ERK-1/2 regulatory sites can drive its
translocation to the nucleus, where ERK exerts part of its biolog¬
ical activity. Confirming the involvement of the ERK pathway in
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FIGURE 6. Heme induces Bad degradation and Bcl-xL synthesis. Neu¬
trophils (5 X 106/ml) were cultured in the absence or the presence of heme
(3 pM). At the indicated time points, Bad (A) or Bcl-xL (/J) protein ex¬

pression was accessed by Western blot analysis, as described in Materials
and Methods. Quantification of band OD is expressed in arbitrary units.

hemn antiapnptotic effects, Fig. 8 chowG that homo (3 pM), an well
as IL-8 (100 uM), promoted ERK-2 translocation to the nucleus in
human neutrophils, after 1 h of incubation, as detected by immu¬
nofluorescence microscopic analysis.

Heme induces Akt activation

Akt phosphorylation on serine residues is a key event in PI3K/Akt
signaling cascade. Once activated, Akt is able to promote cell sur¬
vival phosphorylating proapoptotic Bcl-2 family members, espe¬
cially Bad, inducing their degradation by the proteasome (20). Fig.
9 shows that heme (3 pM) induced Akt phosphorylation on serine
residues. This effect was highly significant after 5 min of incuba¬
tion, peaking after 15 min and decreasing thereafter. The time
course of Akt phosphorylation seems to be modulated hierarchi¬
cally by PI3K and PKC. Although LY294002 (3 pM; S) inhibited
only the early effect observed at 5 min after incubation with heme,
BIM, a PKC inhibitor (10 nM; □), exclusively inhibited heme-
induced Akt phosphorylation on later time points (15-30 min).
These results strongly suggest that heme triggers Akt signaling in
human neutrophils in a P13K-dependent manner, but requires PKC
activity to sustain this effect.

Heme induces a redox-sensitive NF-kB activation

It is well established that NF-kB modulates prosurvival signaling
pathways, inhibiting apoptosis of several cell types (29-31).
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FIGURE 7. Inhibition of PI3K. and ERK pathway abrogates the anti-
apoptotic effect of heme on neutrophils. Neutrophils (5 X 106/ml) were
cultured with heme (3 pM) or IL-8 (100 nM), in the absence (■) or in the
presence of LY294002 (3 pM; H) or PD98059 (10 pM; □). After 20 h,
cells were cytocentrifuged, and the number of apoptotic cells was deter¬
mined microscopically. Data shown are the results (mean + SD) of three
experiments, each performed in triplicate. *, Indicates a significant differ¬
ence (p < 0.01) between heme- or IL-8-treated and control neutrophils. #,
Indicates that PD98059 and LY294002 significantly inhibited the delay of
apoptosis induced by IL-8 and heme (p < 0.05). The results are expressed
as mean ± SD.

NF-kB activation requires IkB phosphorylation and degradation in
the cytoplasm and subsequent translocation of NF-kB to the nu¬
cleus. This process can be regulated by redox-sensitive mecha¬
nisms. In Fig. 10/1, we show that PDTC (100 nM), an antioxidant
able to inhibit NF-kB activation, abrogated the delay of neutrophil
apoptosis induced by heme, suggesting that NF-kB activation
modulates heme-mediated cell survival.
To confirm that NF-kB activation occurs in neutrophils stimu¬

lated with heme, we evaluated the degradation of cytoplasmic IkB
and the translocation ofNF-kB p65 subunit to the nucleus in these

IL-8 Heme

FIGURE 8. Heme induces ERK nuclear translocation. Neutrophils (5 X
106/ml) were incubated for 1 h with medium alone (control; A), IL-8 (100
nM; B), or heme (3 pM; C). Cytocentrifuge preparations were fixed, and
subcellular localization of endogenous ERK-2 was detected by staining
with anti-ERK-2 Ab. Quantification of nuclear fluorescence intensity (ar¬
rowheads) is shown in D. Experiments were performed three times with
similar results.
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FIGURE 9. Heme induces Akt phosphorylation via PI3K. and PKC.
Neutrophils (5 X 106/ml) were incubated with heme (3 pM) for the indi¬
cated time points in the absence or in the presence of LY294002 (3 p.M; H)
or BIM (10 nM; □). Cells were then harvested, cell extracts were imrau-
noprecipitated with anti-Akt, and Western blots were performed for phos-
phoserine detection. Quantification of band OD is expressed in arbitrary
units.
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cells. After 1 h of incubation with 3 /xM heme, the levels of IkB
significantly decreased in neutrophils treated with heme (Fig.
1 OB). This is followed by a significant increase of the NF-kB p65
subunit in nuclear extracts of neutrophils, which was more prom¬
inent after 2 h of incubation with heme and comparable to that
evoked by LPS (1 /u,g/ml; Fig. 10C). The translocation of NF-kB
evoked by heme and LPS was inhibited when cells were treated
with the NADPH oxidase inhibitor DPI, providing an additional
evidence for the role of ROS on NF-kB activation.

Discussion
Chronic inflammation, an important feature in hemolytic diseases,
involves an intense neutrophil activation accompanied by in¬
creased survival rate of these cells (12), events that may lead to an
undesirable persistence of inflammation. In this study, we show,
for the first time, that free heme increases neutrophil survival, pro¬
viding evidence that this effect may contribute to the inflammatory
process often associated with hemolytic episodes.
It was previously reported that erythrocytes are able to inhibit

apoptosis of human neutrophils even when these cells are physi¬
cally separated (32), suggesting the existence of a diffusible mol¬
ecule able to retard neutrophil apoptosis. Our findings strongly
suggest that the ability of erythrocytes to prevent neutrophil apo¬
ptosis may be directly linked to an increase in free heme concen¬
trations released by lysed RBC.
A putative mechanism by which the organism can control the

deleterious effect of large amounts of heme is through the HO
activity. HO are ubiquitous enzymes able to catalyze the initial and
rate-limiting step in the oxidative degradation ofheme to bilirubin,
producing equimolar amounts of biliverdin, free iron (Fe), and
carbon monoxide (CO) (33). The expression of the inducible HO
isoform (HO-1) is positively modulated by several inflammatory
mediators and oxidative stress and also by heme itself. HO-1 has
also been highlighted as one of the major inducible enzymes dur¬
ing the inflammatory response, especially during the resolution
phase of inflammation (34). Its expression is associated with the
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FIGURE 10. Heme-mediated delay of apoptosis requires NF-kB acti¬
vation. A, Neutrophils (5 x 106/ml) were incubated with heme (3 /xM) in
the absence (□) or in the presence (■) of PDTC (100 nM). After 20 h, cells
were cytocentrifuged, and the number of apoptotic cells was determined
microscopically. Data shown are the results (mean + SD) of three exper¬
iments, each performed in triplicate. *, Indicates a significant difference
(p < 0.01) between heme-treated and control neutrophils. #, Indicates that
PDTC significantly inhibited the delay of apoptosis induced by heme (p <
0.05). B, Western blot analysis of whole cell extracts prepared from non-
stimulated or heme-stimulated (3 /xMj neutrophils for the indicated time
points. C, Western blot analysis of nuclear extracts prepared from neutro¬
phils stimulated or not with heme (3 pM) or LPS (1 /xg/ml) for 1 or 2 h in
the absence (■) or the presence of DPI (H). Quantification of band OD is
expressed in arbitrary units.

inhibition of apoptosis of several cell types such as fibroblasts,
endothelial cells, pancreatic j8 cells, and hepatocytes (35), and
could be related to the action of one or more catalytic by-products
generated by HO-1 (36). Recent reports have shown that the in¬
duction of HO-1 activity inhibited TNF-a-induccd apoptosis in
endothelial cell, via CO generation (37), whereas E-selectin and
VCAM expression promoted by this stimulus is negatively mod¬
ulated by HO-1 activity via bilirubin and Fe (38). In agreement
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with these findings, we showed that HO activity is, at least in part,
required for heme effects upon human neutrophils because the de¬
lay of neutrophil apoptosis was partially reversed by a competitive
inhibitor of this enzyme. However, neither bilverdin nor its me¬
tabolite, bilirubin, was able to influence on neutrophil life span,
suggesting that probably CO and/or Fe might be the effector mol¬
ecules generated by HO-1. The role of heme and HO-1 in modu¬
lating neutrophil spontaneous apoptosis points to a new and in¬
triguing role of this system during the inflammatory response.
We have shown that heme is also able to trigger oxidative burst

in neutrophils (3). This effect appears to be closely related to the
antiapoptotic effect of heme because the inhibition of neutrophil
apoptosis is reversed by DPI and apocynin, two NADPH oxidase
inhibitors, providing evidence that alterations in redox potential
mediate heme effects on human neutrophils. Data concerning the
relationship between ROS generation, and the subsequent alter¬
ations in the redox potential, and the apoptotic process of different
cells have been conflicting. Several reports have shown that anti¬
oxidants could both elicit or delay apoptosis (39, 40). As neutro¬
phils can change their redox potential through their primary func¬
tion of killing invading microorganisms, ROS generation as well
as the presence of intracellular antioxidant molecules may interfere
with the regulation of apoptosis in these cells. Although ROS
and glutathione were shown to block caspase activity, both can in¬
hibit, as well as trigger, apoptosis in human neutrophils, depending on
the experimental conditions (41,42). These data indicate that the reg¬
ulation of neutrophil survival most likely involves a delicate balance
in the redox status of the cell rather than the prevalence of intracellular
oxidants or antioxidants. This may probably explain the reduced in¬
hibition ofneutrophil apoptosis when the cells were incubated with a

higher concentration of heme (50 p.M; Fig. 2), which was able to
generate higher superoxide anion production (3).

Evidence has shown that the antiapoptotic effect of some agents
require de novo protein synthesis, although it was recently reported
that cAMP inhibits neutrophil apoptosis via a novel, reversible,
and transcriptionally independent mechanism (43). Heme inhibi¬
tion of neutrophil apoptosis was blocked by cycloheximide, sug¬
gesting that newly synthesized antiapoptotic proteins are likely to
be involved in this effect. Neutrophils constitutively express pro-
apoptotic proteins, including Bax, Bid, Bak, and Bad, while the
expression of antiapoptotic Bel members (Bcl-xL, A,, and Mcl-1)
is very low or undetectable in resting cells (23). These antiapop¬
totic proteins are highly and transiently expressed when neutro¬
phils are exposed to survival factors, such as IL-8 and GM-CSF,
which act through the activation of MAPK, PI3K, NF-kB, and
other distinct signaling pathways (20, 21, 23). We have shown that
exposition of neutrophils to heme induced the degradation of Bad
reducing after to 30 min to very low levels. In contrast, heme
treatment increased the levels of Bcl-xL, corroborating to heme
antiapoptotic effects. In parallel, we have also shown that the in¬
hibition of ERK and PI3K pathways, which have been directly
correlated to the expression of those proteins, successfully re¬
versed heme-induced delay of neutrophil apoptosis. Involvement
of ERK activation in the heme-mediated antiapoptotic effects was
supported by the observation that heme induces ERK-2 nuclear
translocation, a prominent feature of ERK activation.
As an additional parameter to evaluate the involvement of PI3K

on heme antiapoptotic effect, we analyzed the phosphorylation of
Akt on serine residues. Akt is the main downstream target of PI3K,
which induce Akt translocation to the plasma membrane and sub¬
sequent phosphorylation by the P13K-dependent kinase. Heme-in-
duced Akt phosphorylation was dependent on PI3K and PKC ac¬
tivation. However, while PI3K activation is an essential and early
event for Akt phosphorylation induced by heme, PKC appears to

be involved in the late and sustained activation of Akt, which is
probably associated with the modulation of antiapoptotic effect. A
great deal of effort has been directed toward defining which PKC
isoforms are involved in the regulation of the apoptotic process. It
is now believed that classical (**» Pi* ftl» and y) and atypical (f, p.,
and A) isoforms are associated with cell survival, whereas novel
PKC isoenzymes (8, e, rj, and 0) are considered proapoptotic (44,
45). Although the precise participation of different PKC member
on heme antiapoptotic effect requires further investigation, our
data suggest a prominent role for PI3K/Akt pathway on heme an¬

tiapoptotic effect, which is probably up-regulated by PKC.
Many inflammatory mediators regulate gene expression in target

cells by influencing the activity of transcription factors, especially
NF-kB, to evoke their proinflammatory response (46). NF-kB
comprises a family of transcription factors that act to regulate
genes involved in a variety of events such as inflammatory and
immune responses, apoptosis, proliferation, and differentiation
(47-50). NF-kB regulation seems to be highly cell specific and
redox sensitive (51-53). Moreover, Asehnoune et al. (54) have
recently shown that the antioxidants A'-acetylcysteine and a-to-
copherol prevented LPS-induced nuclear translocation of NF-kB
on early events in TLR4 signaling. We have observed that heme
activates NF-kB in polymorphonuclear cells, inducing its translo¬
cation to the nucleus. The inhibition of the heme-induced anti¬

apoptotic effect by PDTC suggests that heme induces redox-sen-
sitive NF-kB activation. The evidence that the inhibitor DPI

impairs both heme- and LPS-induced NF-kB nuclear translocation
points to a prominent role of ROS generated by NADPH oxidase
on this phenomenon. Furthermore, this is the first report showing
the importance of NADPH oxidase-derived ROS in NF-kB acti¬
vation on human neutrophils. The involvement ofNF-kB on heme
cytoprotective effects reinforces the close relationship between ac¬
tivation status and enhanced granulocyte life span already ob¬
served for other antiapoptotic stimuli (52).
Taken together, our data strongly suggest that the protective

effect of heme on human neutrophil apoptosis is modulated by
PI3K and MAPK pathways and involves NF-kB activation in an
NADPH oxidase-dependent manner. The activation of those path¬
ways might lead to the transcription of HO-1 (55), whose activity
could modulate the heme-induced antiapoptotic effect, among
other antiapoptotic proteins, as previously discussed.
In summary, we are presenting novel data showing that free

heme is able to delay human neutrophil apoptosis in vitro at con¬
centrations found during hemolytic events in vivo. This effect is
dependent on HO activity and ROS generation, requires de novo
protein synthesis, and is modulated through PI3K, ERK, and
NF-kB pathways. Furthermore, the data suggest that heme may
contribute to the development of chronic inflammation associated
with hemolytic episodes by delaying apoptosis and promoting
functional longevity of neutrophils. The understanding of this pro¬
cess can lead to the establishment of new strategies to ameliorate
tissue damage associated with severe hemolysis.
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GEA 3162 decomposes to co-generate nitric oxide
and superoxide and induces apoptosis in human neutrophils
via a peroxynitrite-dependent mechanism
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1 GEA 3162 (1,2,3,4,-oxatriazolium, 5-amino-3-(3,4-dichlorophenyl)-chloride), has powerful effects
on neutrophil function and apoptosis, but the underlying mechanisms are unclear, particularly with
respect to the possible roles of nitric oxide (NO) and/or peroxynitrite (ONOO ).
2 Our hypothesis was that GEA 3162 is a generator of ONOO and that its biological effects on
neutrophil apoptosis differ from those of a conventional NO donor. The effects of GEA 3162 were
compared to those of the established ONOO- donor, 3-morpholinosydnonimine (SIN-1), and the NO
donor, diethylamine diazeniumdiolate (DEA/NO) in neutrophils from healthy volunteers. Electro¬
chemical detection and electron paramagnetic resonance were used to define the NO-related species
generated from these agents.
3 GEA 3162 and SIN-1 influence neutrophil apoptosis differently from DEA/NO. All three
compounds induced morphological neutrophil apoptosis. However, both GEA 3162 and SIN-1
paradoxically inhibited internucleosomal DNA fragmentation, whereas DEA/NO induced fragmenta¬
tion compared to control.
4 In contrast to DEA/NO, generation of free NO was not detectable in solutions of GEA 3162
or SIN-1 (100/iM). However, Cu/Zn superoxide dismutase (SOD; 50-750 U ml1) unmasked NO
generated from these compounds in a concentration-dependent manner. GEA 3162 and SIN-1
oxidised the 02 - and ONOO -sensitive dye, dihydrorhodamine 123 (DHR 123; 1 /im), suggesting that
ONOO released from these compounds is responsible for oxidation of DHR 123.
5 We conclude that GEA 3162 is an ONOO- donor with pro-apoptotic properties that more closely
resemble SIN-1 than the NO donor, DEA/NO. Moreover, unlike NO, ONOO- induces apoptosis in
neutrophils via a mechanism that does not require DNA fragmentation.
British Journal of Pharmacology (2004) 143, 179-185. doi: 10.1038/sj.bjp.0705909

Keywords: Nitric oxide; peroxynitrite; GEA 3162; neutrophil; apoptosis
Abbreviations: DEA/NO, diethylamine diazeniumdiolate; DHR 123, dihydrorhodamine 123; EPR, electron paramagnetic

resonance; GEA 3162, 1,2,3,4-oxatriazolium, 5-amino-3-(3,4-dichlorophenyl)-chloride; H202, hydrogen peroxide;
HOC1, hypochlorous acid; IMDM, Iscove's modified Dulbecco's medium; NO, nitric oxide; NOS, nitric oxide
synthase; Oj, superoxide anion; ONOO", peroxynitrite; PBS, phosphate-buffered saline; PI, propidium iodide;
PMA, phorbol 12-myristate 13-acetate; SIN-1, 3-morpholinosydnonimine; SOD, superoxide dismutase

Introduction

Nitric oxide (NO) is a free radical that was originally identified
as an endogenous endothelium-derived vasodilator (Furchgott
& Zawadzki, 1980; Palmer et al., 1987), but is now recognised
to have a role in a large number of other physiological and
pathophysiological processes, including haemostasis, neuro¬
transmission and inflammation (Quinn et ah, 1995). The role
of NO in inflammation is particularly complex, with macro¬
phages in particular capable of generating high levels of NO
through promotion of transcription factor activity and
consequent expression of the unregulated, inducible isoform
of NO synthase (iNOS) in response to inflammatory stimuli

*Author for correspondence; E-mail: a.g.rossi@ed.ac.uk
Advance online publication: 2 August 2004

(Hecker et al., 1996). The primary role of iNOS-derived NO is
accepted to be that of a powerful antipathogenic agent, but it
is also clear that NO has a complex impact on apoptosis
(Dimmeler & Zeiher, 1997; Kim et al., 1999; Taylor et al.,
2003), a physiological form of cell death which eliminates
effete or unhealthy cells. The issue is further complicated by
the rapid reaction of NO with superoxide anion (02) to form
the powerful oxidising agent, peroxynitrite (ONOO"; Kelm
et al., 1997).
Despite NO and ONOO- sharing several biological proper¬

ties (Ronson et al., 1999; Low et al., 2002), including an ability
to induce apoptosis (Taylor et al., 2003), key differences have
been noted in their biological effects and mechanisms of
action. For example, although both NO and ONOO- are
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capable of blocking mitochondrial respiration, they do so
through inhibition of different complexes in the respiratory
chain and their effects are differentially susceptible to reversal
by thiols and carbohydrates (Lizasoain et al., 1996). These
differences highlight the importance of the accurate identifica¬
tion of the nature of the species generated by the so-called
'NO donors'; ONOO" generated as a result of concomitant
release of NO and OT may exert effects that are similar but
mechanistically distinct from pure NO in biological
systems. To date, however, little is known about potential
differential effects of NO and ONOO on inflammatory cell
apoptosis.
GEA 3162 is an oxatriazole-5-imine derivative with

vasodilator (Nurminen & Vapaatalo, 1996) and pro-apoptotic
(Ward et al., 2000; Taylor et al., 2001) properties. However,
its identity as a 'pure' NO donor is controversial (Kankaan-
ranta et al., 1996; Holm et al., 1998; Schmidt et al., 2001).
In this study, we set out to establish the identity of the
NO-related species generated from GEA 3162, and to
compare its biological properties to an established NO donor
(diethylamine diazeniumdiolate; DEA/NO) and an ONOO
donor (SIN-1) with respect to neutrophil apoptosis. All
the three compounds have previously been shown to
accelerate the rate of programmed cell death in neutrophils
in vitro (Blaylock el al., 1998; Ward et al., 2000; Taylor et al.,
2001); however, the precise mechanisms have not been
elucidated.

Experimental procedures

Isolation of neutrophils

Neutrophils were isolated from the blood of healthy volunteers
as described previously (Ward et al., 1999a). Briefly, whole,
citrated blood was centrifuged (200 x g, 20min) and platelet-
rich plasma aspirated. Leukocytes were separated from
erythrocytes by dextran sedimentation, then further divided
into mononuclear cell and granulocyte populations by
centrifugation through a discontinuous Percoll gradient
(720 x g, 20min). Granulocytes were harvested from the
79:68% interface of the gradient, and only neutrophil
preparations of >95% purity were used. Neutrophil prepara¬
tions were tested for cellular homogeneity by preparation of a
cytospin slide (100/d of cell suspension, 300r.p.m., 3 min),
which was then stained and examined by oil-immersion light
microscopy, with at least 500 cells counted. The percentage
of contaminating leukocytes (eosinophils, monocytes and
lymphocytes) was then calculated and the cell preparation
was discarded if levels of contamination reached or exceeded
5% of the total cell population.

Apoptosis studies

Neutrophils (4.5 x 106 cellsml-1) were suspended in Iscove's
modified Dulbecco's medium (IMDM; Life Technologies,
Paisley, U.K.) containing penicillin (100 UmT1) and strepto¬
mycin (100/rgml '), and supplemented with 10% (vv ')
autologous serum. They were cultured in flat-bottomed 96-
well Falcon polypropylene plates (37°C, 5% CO,) for 1-20 h in
the presence of either phosphate-buffered saline (PBS) at pH
7.4 (controls) or NO donors (100^m-3uim). The concentra¬

tions of NO donors used in these studies were selected
on the basis of previously published data (Taylor et al.,
2001), which have been shown to modulate neutrophil
apoptosis.
Following incubation, 100/d of recovered cells were

cytocentrifuged in duplicate, fixed in methanol and stained
using Diff-Quik™ physiological stain, then observed by light
microscopy ( x 100 objective) to determine the proportion of
darkly stained cells with condensed nuclei. At least 500 cells
per slide were counted, with the observer blinded to the
experimental conditions.
A further 100/d of recovered cells were centrifuged (200 x g,

3 min), then fixed and permeabilised in 70% ethanol (4°C,
10 min). The cells were washed (x 3) in PBS without Ca2 + /
Mg2+ before addition of 60/d RNase A (0.5mgml ') and 60/d
propidium iodide (PI, 0.1 mgml"1), then assessed by flow
cytometry using an EPICS XL2 (Coulter Electronics, Luton,
U.K.), to measure DNA fragmentation.

Dihydrorhodamine 123 studies

Dihydrorhodamine 123 (DHR 123) is a fluorescent dye which
is activated by various reactive oxygen species, including
ONOO", OT, hydrogen peroxide (H202) and HOC1, but not
by NO (Crow, 1997). This compound can therefore be used to
discriminate between agents that release NO only and those
that generate NO and 02 simultaneously.
PBS (100/d), the neutrophil-activating agent, phorbol 12-

myristate 13-acetate (PMA; final concentration 10 nM), SIN-1
(1 mM), GEA 3162 (100 pM) or DEA/NO (1 mM) was added to
900/d PBS in 2ml Eppendorf tubes. DHR 123 was added to
each tube to a final concentration of 1 pM. Tubes were
incubated for 60 min (37°C, 5% C02). A volume of 450/d was
then transferred to a 0.5 ml cuvette, excited at 480 nm and the
fluorescence emitted at 500 nm was read using a spectro-
fluorimeter (Perkin Elmer, U.K.).

Electrochemical detection of NO

Free NO from GEA 3162 or SIN-1 (both \00pM) and DEA/
NO (5/im) was measured in Iscove's MDM cell culture
medium using an NO electrode (Iso-NO II, World Precision
Instruments) calibrated daily with DEA/NO (0.1-1.6/(m) in
pH 4 buffer. Superoxide dismutase (SOD; 50-750 U ml"1) was
added cumulatively in an effort to unmask NO generated from
these agents (Lizasoain et al., 1996), and the concentration of
NO was measured at plateau approx. 5 min following SOD
addition.

Electron paramagnetic detection of OJ and ONOO

Spin-trapping experiments were performed in Iscove's MDM
cell culture medium containing 100/(M SIN-1, GEA 3162 or
DEA/NO in the presence or absence of SOD (500 Uml"'), and
the spin trap Tempone-H (1 mM) (Dikalov et al., 1997)
prepared in water containing EDTA (10 mM). Reaction
mixtures were incubated at 37°C throughout the experiments
and the intensity of the electron paramagnetic resonance
(EPR) signal corresponding to the formation of 4-oxo-Tempo
(triplet centred at 3364 G) was measured (arbitrary units) at
timed intervals for each of the donor drugs (Magnettech®
miniscope MS 100 with the following parameter settings: field

British Journal of Pharmacology vol 143 (1)
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sweep 51.2G, microwave frequency 9.5 GHz, microwave
power 20 mW, modulation amplitude 1500mG). In control
experiments without any NO-generating compounds present,
there was a slow increase in EPR signal corresponding to the
auto-oxidation of Tempone-H to 4-Oxo-Tempo; these signals
have been subtracted from the data shown.

Statistical analysis

Data were assessed for statistical significance using two-way
analysis of variance (ANOVA) with a Student-Neuman-Keuls
post-test. Probability values of P<0.05 were considered
statistically significant.

Results

Electrochemical detection of DEA/NO-derived NO revealed
that this compound liberated free NO in a spontaneous and
predictable manner. A bolus addition of DEA/NO (5/rM)
to culture medium caused a rapid transient rise in NO
concentration, reaching a maximum of ~ 5 /xM, before subsid¬
ing over the subsequent 30min (Figure la). The signal was not
altered by incubation with SOD (150 Uml '), but the rate of
decay of the NO signal was markedly enhanced in the presence
of neutrophils (5xl06ml_1; Figure la). SOD (150UmF')
failed to increase the signal seen with neutrophils; instead,
it caused a significant and surprising inhibition of NO
generation.
In contrast to DEA/NO, NO was not detectable from GEA

3162 (100/xM) in medium. However, NO generation from this
agent was detected in the presence of SOD (150 U ml '), with
maximal NO concentrations reaching ~ 3 /xM after 30min
incubations (Figure lb). In the presence of neutrophils
(5xl06mr') and SOD (150Uml_1), NO generation was
markedly attenuated for incubation periods of >10min. NO
generation bore a nonlinear relationship to SOD concentration
for both GEA 3162 and SIN-1 (Figure lc), and there was no
significant difference between the two agents under these
conditions (P>0.05).
Results from EPR spectroscopy identified a signal

corresponding to 4-oxo-Tempo formation from the reduced
form of the spin-trap, Tempone-H, after incubation with
GEA 3162 or SIN-1 (Figure 2a). The intensity of the
signal obtained with both GEA-3162 and SIN-1 was

dependent on the incubation time and was severely attenuated
in the presence of SOD (500Uml '). DEA/NO failed to
generate a significant signal under the same conditions
(Figure 2b).
Assessment of the oxidation of DHR 123 to fluorescent

rhodamine 123 using a spectrofluorimeter showed that both
SIN-1 (1 mm) and GEA 3162 (IOO^m) produced high levels of
fluorescence (803 + 74 and 757+100U, respectively; /><0.05;
n = 3) compared to control (PBS alone, 23 + 5U; Figure 3). In
contrast, DEA/NO failed to significantly oxidise DHR 123
(53 + 9 U; n = 3). None of the compounds alone (in the absence
of DHR 123) produced a fluorescent signal that exceeded 1.0
arbitrary units (data not shown), thus excluding autofluores-
cence as a possible explanation for the differential fluorescence
observed.

High concentrations of DEA/NO (1 mM) and GEA 3162
(100 /iM) accelerated morphological changes characteristic of

a DEA/NO

Time (min)

b GEA 3162

Time (min)

C SIN1/GEA 3162 + SOD

[SOD] (U ml"1)

Figure 1 Measurement of NO release from DEA/NO, SIN-1 and
GEA 3162 in the absence and presence of neutrophils and/or SOD.
Mean NO electrode recordings for (a) DEA/NO (5/xM) and (b)
GEA-3162 (100/(M) in Iscove's medium, in the presence and absence
of human neutrophils (4.5 x 10fi cells ml '). NO release from GEA
3162 was not detectable in the absence of SOD (150LJml ').
Concentrations of NO were calculated using a calibration curve
generated using DEA/NO (100nMl.6;<M) in pH 4 buffer. Results
are mean + s.e.m. (n = 6). (c) Generation of NO by SIN-1 and GEA
3162 (both 100[iM) in the presence of SOD (50-750UmF'). Data
represent NO concentrations at plateau approx. 5 min following
addition of SOD. Results are mean+ s.e.m. (n = 6).

neutrophil apoptosis over a 20-h time course compared to
untreated controls (Figure 4a). Approximately 50-60% of
control cells underwent spontaneous apoptosis during the
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GEA 3162

\ \ \ GEA 3162 + SOD

\ \ \ SIN-1 + SOD

N N————A, DEA/NO

\ V- % DEA/NO + SOD

3348 3357 3366 3375 3384

Time (min)

GEA 3162 GEA 3162 + SOD SIN-1

-A— SIN-1 + SOD —▼— DEA/NO "V— DEA/NO + SOD

Figure 2 Generation of O2/ONOO by donor drugs, (a) Repre¬
sentative EPR spectra showing the signal generated through
oxidation of Tempone-H (1 mM) by Of/ONOO after incubation
(30 min, 37°C) with SIN-1, GEA 3162 and DEA/NO (all 100/(M) in
the presence or absence of SOD (500 U ml '). Control spectra of
Iscove's medium and 1 mM Tempone-H have been subtracted from
each trace, (b) Relative intensities (arbitrary units) for EPR signals
generated over time in the presence of SIN-1, GEA-3162 or DEA/
NO (100//M) in the presence or absence of SOD (500Uml_l).
Results are mcan+ s.c.m. (n = 6).

culture period, whereas those treated with either compound
were virtually all apoptotic. However, when internucleosomal
DNA fragmentation was assessed by flow cytometric measure¬
ment of PI intercalation, key differences were observed
between the two compounds. Whereas DEA/NO increased
DNA fragmentation compared to control, GEA 3162 pro¬
duced an unexpected inhibition of this process (Figure 4b).
The effects of 1-3 mM SIN-1 on morphology and DNA
fragmentation at 20 h were then studied in order to determine
how ONOO influences these apoptotic events in neutrophils.
This compound had effects similar to GEA 3162 but opposing
effects to DEA/NO, in that a concentration-dependent
inhibition of DNA fragmentation occurred alongside an
induction of apoptotic morphology (Figure 4c).

1000 -i

PBS SIN-1 DEANO GEA 3162

Figure 3 Spectrofluorimetric assessment of DHR 123 oxidation.
DHR 123 (1/iM) was added to solutions of PBS (control), SIN-1
(1 mM), DEA/NO (1 mM) or GEA 3162 (100 fiM) and incubated for
60min at 37°C. The extent of DHR 123 oxidation to rhodamine 123
was assessed using a spectrofluorimeter at an emission wavelength
of 500 nm. Results are mean + s.e.m. (n = 3). Asterisks represent
significant difference (P<0.05) from control fluorescence.

Discussion

Our results show that the oxatriazole-5-imine-derived com¬

pound, GEA 3162, generated an oxidising species that induced
apoptosis in human neutrophils via a mechanism that was
independent of DNA fragmentation. Similar results were
obtained with the known ONOO" generator, SIN-1, but the
NO donor, DEA/NO, failed to generate an oxidising species,
and apoptosis induction in response to this agent was
associated with increased DNA fragmentation. Further
experiments to determine the NO-related species generated
from these agents established that GEA 3162 and SIN-1
concomitantly generate NO with Of, resulting in rapid
formation of ONOO". The NO component was unmasked
by removal of 02 by high concentrations of the enzyme, SOD.
These results were in common with those of the recognised
ONOO" generator, SIN-1 (Hogg et al., 1992), but were at odds
with the NO donor drug, DEA/NO (Maragos el al., 1991),
which was found to generate NO in the absence of Of
scavenger systems, and did not oxidise Tempone-H to generate
an EPR signal.
Previous studies have suggested that GEA 3162 does not

liberate Of alongside NO; therefore it was suggested to be
a 'pure' NO donor (Holm et al., 1998). However, in contrast,
recent preliminary data have indicated that GEA 3162
resembles SIN-1, in that both compounds simultaneously
generate NO and Of and are therefore both ONOO" donors
(Schmidt et al., 2001). Given that SIN-1 is accepted to be an
ONOO" donor (Hogg et al., 1992), while DEA/NO generates
pure NO (Maragos et al., 1991), our results suggest that
ONOO" is a requirement for the inhibition of DNA frag¬
mentation and implies that GEA 3162 is also an ONOO -

generating agent. We therefore carried out a number of
experiments to determine the nature of the NO-related species
liberated from GEA 3162.
An NO-specific electrode detected NO release from DEA/

NO in culture medium, as has been shown previously (Crane
et al., 2002). Release of NO from this compound (5 /zM)
occurred spontaneously at physiological temperature and pH.
The signal was not significantly affected by SOD alone,
suggesting that there was no concurrent release of Of under
these conditions. In the presence of neutrophils, there was a
mild acceleration of the decay of NO signal from DEA/NO,
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O
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Figure 4 Differential effects of compounds on independent para¬
meters of neutrophil apoptosis. Human neutrophils were incubated
at 37°C for 1—20 h with PBS (control), DEA/NO (1 mM) or GEA
3162 (lOOjuM). Apoptosis was then assessed by (a) morphological
changes using oil-immersion light microscopy and (b) PI intercala¬
tion to show hypodiploid DNA content characteristic of apoptotic
cells. Results are mean+ s.e.m. (n = 3-6). (c) Neutrophils were
incubated for 20 h with SIN-1 (1-3 mM) and apoptosis was assessed
by morphology and PI intercalation. Results are mean + s.e.m.
(" = 5).

suggesting a scavenging effect of the cells. However, NO
detection in the presence of neutrophils and SOD was not
enhanced; indeed, it was surprisingly blunted, perhaps
indicating a scavenging effect of the enzyme under these
conditions. On the other hand, SIN-1 and GEA 3162 failed
to produce measurable free NO under the same conditions,
despite the relatively high concentrations of these drugs used
(100^M). The limit for NO detection of the electrode used
in these studies is ~ 50 nM. Rapid scavenging of NO Ihrough
reaction with Oj generated simultaneously might account for
the lack of detectable NO under these conditions. It is well
established that this is the case for SIN-1, which is recognised
to be an ONOO- donor rather than a pure NO donor (Hogg
et al., 1992), but it was a matter of debate whether NO release
from GEA 3162 also involves the concomitant liberation of

OT. In order to test this, the buffer into which the electrode
was immersed was preincubated with varying concentrations
of Cu/Zn SOD, which rapidly converts 02 to H202, in an
effort to 'unmask' NO by removal of Ot. If SIN-1 and GEA
3162 both liberate a combination of NO and Ot, then free NO
might be detectable in the presence of SOD, which would
prevent at least some of the NO being oxidised to ONOO
(Lizasoain et al., 1996). With reference to the rate constants,
the relative rates of reaction can be estimated as follows (for a
concentration of 1 /iM NO and assuming the amount of NO
generated is matched by OT):

20; + H+^ H202 + 02 k = 2xl09M-l°-'
Of + NO —> ONOO- k = 6x10 M-

s ' Rate = 2/rMs
1 Rate = 6/rMs-1

From these reaction rates, it is reasonable to predict that some
NO might be unmasked in the presence of SOD, but that the
amount observed would be a relatively small percentage of the
total amount generated, on account of the fact that the rate
of reaction of NO with 02 is three times faster than that
catalysed by SOD. In the event, NO was detected from both
SIN-1 and GEA 3162; indeed, the profile of NO release from
the two compounds in the presence of SOD was virtually
identical, and correlated well with previously published data
for SIN-1 (Lizasoain et al., 1996). The role of oxygen-derived
free radicals in quenching of NO was confirmed by EPR
experiments using the 02 and ONOO -specific spin-trap,
Tempone-H. A signal corresponding to 4-oxo-Tempo in¬
creased in intensity during incubations with both SIN-1 and
GEA-3162, but was not seen with DEA/NO. The 4-oxo-
Tempo signal was quenched by SOD, indicating that the
species responsible for oxidation of Tempone-H was OT, or
a downstream product of OT (e.g. ONOO ). Taken together,
these results indicate that GEA-3162 is indeed an ONOO-

generator, with characteristics that are very similar to SIN-1
and quite distinct from the NO donor, DEA/NO.
DHR 123 is oxidised to the fluorochrome, rhodamine 123,

by a number of oxidative and nitrosative species, including
ONOO-, OT, H202 and HOC1, and is widely used in flow
cytometric assessment of respiratory burst in neutrophils
(Smith & Weidemann, 1993; Ruchaud-Sparagano et a!.,
1997). However, it has been demonstrated that NO does not
have the capacity to oxidise this molecule (Crow, 1997). This
makes DHR 123 an ideal tool for discriminating between
agents that release NO and those that liberate ONOO-.
Addition of DHR 123 to solutions of SIN-1 (1 mM) and GEA
3162 (100/rM) led to the generation of fluorescent rhodamine
123, whereas with PBS and DEA/NO (1 mM), no fluorescence
could be detected. This suggests that both SIN-1 and GEA
3162 generate species distinct from NO, such as ONOO-,
which does react with DHR 123.

Functionally, SIN-1 and GEA 3162 share properties that
differ from DEA/NO. Apoptosis studies showed that all the
three compounds accelerated morphological neutrophil apop¬
tosis at high concentrations, as has previously been demon¬
strated by this group (Ward et al., 2000; Taylor et al., 2001).
Only extremely high concentrations of DEA/NO were able to
induce neutrophil apoptosis (Taylor et al., 2001), which are

likely to be suprapathophysiological, thereby suggesting that
even high concentrations of NO generated from iNOS during
excessive inflammation are unable to promote neutrophil
apoptosis by themselves. Therefore, endogenously formed NO,
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whatever its source, is unlikely to induce apoptosis in this cell
type if it is not converted to ONOCU.
Only DEA/NO produced the expected rise in the level

of internucleosomal DNA fragmentation that mirrored the
morphological changes observed. In the presence of both SIN-
1 and GEA 3162, this process was inhibited compared
to control, indicating an uncoupling of DNA fragmentation
from other apoptotic events with these two compounds, and
provides further evidence that the species generated by GEA
3162 more closely resembles that from S1N-1 than from DEA/
NO. Although this study did not investigate the potential
underlying mechanism, this phenomenon could potentially be
due to the inhibitory modification of tyrosine (nitration) or
reduced cysteine (S-nitrosation) residues (Kuo & Kocis, 2002)
in critical proteins of the DNA fragmentation pathway such as

caspase 3 (Kim et al., 1997) or DFF40 (Widlak, 2000), thus
affecting the activity of these proteins and therefore the DNA
fragmentation process.
Overall, we have demonstrated that GEA 3162 is an

ONOO- donor that induces neutrophil apoptosis via a

mechanism that is not dependent on DNA fragmentation.
Chemically and biologically, therefore, GEA 3162 resembles
SIN-1 and is clearly distinct from DEA/NO. The induction
of neutrophil apoptosis may be of therapeutic benefit in a
number of inflammatory conditions in which resolution of
inflammation is impaired (such as arthritis, pancreatitis,
pneumonia and asthma), which causes neutrophils to persist
in the tissue and then potentially subsequently die by necrosis
(Ward el al., 1999b; Taylor et al., 2003). ONOO is an
important molecule in inflammation as iNOS-derived NO and
Ot are both produced by inflammatory cells and the resulting
ONOO may contribute to the pathophysiology of a number
of chronic inflammatory conditions (Szabo, 1996).
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Abstract

An 11 amino acid HIV-TAT peptide can deliver target proteins into a variety of cells in a receptor-independent manner. To gen¬
erate a highly specific inhibitor of the transcription factor NF-kB, we have fused the TAT-peptide to a version of IicBot that is resis¬
tant to signal-induced degradation. TAT-IkBcx(S32A, S36A) inhibited NF-tcB-dependent transcription in HeLa and A549 cells by
retaining NF-kB p65 in the cytoplasm. Introduction of TAT-IkBoi(S32A, S36A) into human eosinophils inhibited the nuclear trans¬
location of NF-kB and induced apoptosis. Thus, continuous NF-KB-dependent transcription is important for eosinophil survival.
While eosinophils are normally refractive to standard methods of gene delivery, the ability ofTAT fusion proteins to be taken up by
these cells should enable a detailed molecular analysis of survival pathways in these cells.
© 2004 Elsevier Inc. All rights reserved.
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Excessive eosinophil recruitment and activation at
inflammatory sites are likely to cause surrounding tissue
damage by liberation of their toxic granule contents.
Toxic granule proteins are important for defence against
parasites, but if they are released in the host tissue when
eosinophils are inappropriately activated, they will con¬
tribute to the progression of inflammatory diseases such
as asthma. Thus, levels of eosinophilic toxic granule
components such as major basic protein, eosinophil cat-
ionic protein, eosinophil peroxidase, and cysteinyl leu-
kotrienes have been found in significantly increased
amounts in the airways of asthmatic patients and animal
models, suggesting that they may be responsible for the
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airway tissue damage and remodelling [1-3]. An
additional function of eosinophils is the production of
pro-inflammatory cytokines including IL-1, IL-4, IL-6,
IL-8, TNFtx, GM-CSF, and IL-5 [4], Synthesis of these
proteins in eosinophils is dependent on the activation
of intracellular signalling cascades and key transcription
factors. Some of these proteins trigger the activation of
inflammatory cells, including eosinophils, thereby con¬

tributing to an amplification of the inflammatory re¬
sponse and disease progression. Therefore, effective
removal of eosinophils from inflammatory sites may
be a key factor for successful resolution of the inflamma¬
tory process. As previously shown from our study [5,6]
and others [7,8] NF-kB is a key regulator of eosinophil
activation and survival.

NF-kB is a family of transcription factors that regu¬
lates survival and inflammatory responses [9,10], The
NF-kB family contains the proteins p65/Rel A, c-Rel,

0006-291X/S - see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2004.11.090
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Rel B, p50/NF-KBl, and p52/NF-KB2 in various combi¬
nations to form the active transcriptional dimer. NF-kB
transcriptional activity is controlled by the IkB family of
inhibitory proteins which contain ankyrin repeat do¬
mains (ARD) and share the function of retaining NF-
kB in the cytoplasm. IkBoc is a 37 kDa protein that binds
to NF-kB, retaining it in the cytoplasm and inhibiting
DNA binding. The pro-inflammatory cytokines TNFa
and IL-1 (3 initiate a signalling cascade via their receptors
on the cell surface and activate the IkB kinases consist¬

ing of subunits, IKK-1 (or IKK-a) and IKK-2 (or
IKK-(3), and a structural subunit IKK-y or NEMO.
The activated kinase phosphorylates IkBcx on serines
32 and 36, and phosphorylated IkB(x is selectively ubiq-
uitinated on lysine 21 and 22 by an SCF E3 ubiquitin li-
gase containing pTrCP. Poly-ubiquitinated IkBcx is
degraded by the 26S proteasome [11] and the released
NF-kB translocates to the nucleus where it activates

transcriptionally responsive genes. The pro-inflamma¬
tory cytokine TNFa can trigger at least two antagonistic
pathways: a survival pathway via NF-kB transcriptional
activation and a pro-apoptotic pathway via activation of
caspase cascades. Thus, inhibition of NF-kB unmasks
the caspase-dependent pro-apoptotic properties of
TNFa in many cells [12-14] including granulocytes [6],

The study of specific intracellular signalling pathways
in eosinophils is technically challenging because they are
refractory to many methods of direct molecular manip¬
ulation such as transfection, viral infection or microin¬
jection. Recently, an 11 amino acid HIV-TAT has
been highlighted for its ability to deliver target proteins
into a variety of cells in a receptor-independent manner.
It has been demonstrated that the arginine rich motif
(ARM), corresponding to amino acids 47-57 of HIV-1
TAT (YGRKKRRQRRR), could transduce materials
such as antibodies and enzymes, nucleic acids, and beads
into cells in a receptor- and transporter-independent
manner [15]. Furthermore, linkage of TAT to proteins
such as p27 [15], caspase3 [16], GTPase [17], and (3-ga-
lactosidase [18] resulted in almost 100% transduction
efficiency in 30 min of many cell types including granu¬
locytes [19-22],

Here, we generated a TAT-lKBa fusion protein that is
resistant to signal-induced degradation and demonstrate
that it is capable of inhibiting NF-KB-dependent tran¬
scription in a variety of cell types. Introduction of
TAT-lKBa(S32A, S36A) into human eosinophils inhib¬
ited the nuclear translocation of NF-kB and induced

apoptosis, thus demonstrating the utility of this
approach.

Materials and methods

Cloning TAT-IkBy. and GST-TAT. pcDNA IkBcxWT (wild type,
full length) and pcDNA S32A, S36AIkB<x were described [23], The

sequence encoding an 11 amino acid TAT peptide (YGRKKRR
QRRR) [15] inserted into pGEX2T (Pharmacia, New Jersey, USA).
GST-TAT-IkB<x and GST-TAT-lKBa(S32A, S36A) and GST-TAT
were purified essentially as described [24],

Labelling TAT with FITC. Fluorescein 5-isothiocyanate (FITC)
was incubated with TAT-IkBcx, recombinant IkBoi or GST-TAT (40—
80 pg/mg protein) for 1 h at room temperature then, overnight at 4 °C
in the dark. After coupling, protein was dialysed against buffer (10 mM
Tris, 150 mM NaCl, pH 8.2), at 4 °C with four changes of the same
buffer and the protein concentration was determined as described [24).

Luciferase assay. HeLa cells, 57A [25] containing an integrated NF-
KB-dependent luciferase reporter, were maintained in 10% FCS in
DMEM. Following treatment with TAT-IkBcx or GST-TAT cells were
exposed to TNFa to activate NF-kB and 6h later luciferase specific
activity (RLU/mg) was determined as described [25].

Other experimental methods. Human eosinophil isolation, assess¬
ment of eosinophil apoptosis, statistical analysis, isolation of cyto¬
plasmic, and nuclear extracts for Western blotting, and fluorescence
microscopy were as described [5], with the following modifications.
The images of fluorescence microscopy were captured using Open Lab
software (Improvision, Coventry, UK) and CoolSnap digital camera
(Media Cybernetics, Silver Spring, MD, USA). To prepare cytoplas¬
mic and nuclear extracts for Western blotting, 5 x 106 eosinophils and
1 x 106 A549 cells were used for each condition, and were analysed
with anti-IxBa (Cell Signalling Technology, Manchester, UK) and
anti-p65 antibodies (Santa Cruz Biotechnology, California, USA).

Results

Inhibition ofNF-kB activation by TA T-IkBv.

The 11 amino acid TAT peptide (YGRKKRRQ
RRR) can mediate uptake of coupled molecules into
cells. Therefore, to generate a cell permeable molecule
capable of specifically inhibiting NF-kB the TAT pep¬
tide was fused to iKBa, the natural inhibitor of NF-
kB, and lKBa(S32A, S36A) (Fig. 1A) that is resistant
to signal-induced degradation [26], As a negative control
the TAT peptide was also fused to GST. These proteins
and recombinant IKBa lacking the TAT peptide were
expressed in bacteria and purified as described [24],
MALDI-TOF mass spectrometry confirmed that
the proteins were of the predicted molecular mass
(TAT-lKBa(S32A, S36A); 37,570 a.m.u. and recombi¬
nant IKBa (rlKBa); 35,471 a.m.u.) and SDS-PAGE fol¬
lowed by Coomassie blue staining indicated that they
were essentially homogeneous (Fig. IB).

To determine the ability of the TAT-lKBa fusion to
block NF-kB activation, recombinant proteins were ap¬
plied to a HeLa cell line (57A) containing an integrated
NF-kB luciferase reporter gene [25] and preincubated
for 30 min prior to addition of TNFa. After a further
6 h cells were harvested and luciferase activity was deter¬
mined. TNFa alone induces a large (approximately 100-
fold) activation of NF-KB-dependent reporter activity
and this was substantially inhibited by addition of
TAT-lKBa(S32A, S36A), but not by GST-TAT or
rlKBa (Fig. 1C). To compare the efficiency with which
TAT-lKBa(S32A, S36A) and TAT-lKBa(WT) inhibit
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Fig. 1. (A) Schematic diagram representing the structure of TAT-IkBo(S32A, S36A). (B) The indicated purified proteins were analysed by SDS
PAGE followed by Coomassie blue staining. (C) HeLa 57A cells containing an NF-icB-dependent luciferase reporter were incubated with
recombinant IkBcx (rlicBot), GST-TAT or TAT-IkBo(S32A, S36A) at 30 pg/ml for 30 min prior to treatment with TNFa (5 ng/ml). After a further 6 h
luciferase activity was determined and expressed as fold activation relative to the activity in cells that were not exposed to TNFa. (D) The effect of
TAT-IkBo(S32A, S36A) and TAT-IicBa(WT) on NF-xB-dependent reporter activation. HeLa 57A cells were incubated with the indicated TAT-
lKBa(S32A, S36A) or TAT-IkBo(WT) for 30 min at 37 °C and exposed to TNFa (5 ng/ml) for further 30 min. Errors were not shown as they were
within the range of the symbols.

NF-kB activation, a range of concentrations of the pro¬
teins were preincubated with HeLa 57A prior to addi¬
tion of TNFot and reporter activities were determined.

While TAT-IicBot(WT) displays some inhibitory poten¬
tial, it is clear that TAT-IkBo((S32A, S36A) is consider¬
ably more efficient at inhibiting NF-icB-dependent
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transcription (Fig. ID). Even at a low dose (0.03 pg/ml)
TAT-IkBcx(S32A, S36A) reduces TNFa-activated lucif-
erase activity by 61%. Therefore, TAT-IicBa(S32A,
S36A) was chosen for further study.

Mechanism of inhibition ofNF-kB by TAT-IkBcl

To investigate the mechanism by which TAT-lKBa
inhibits signal-induced activation of NF-kB, the
alveolar epithelial cell line A549 was preincubated with
TAT-lKBa(S32A, S36A) prior to addition of TNFa,
cells were lysed, and IicBa levels were determined by
Western blotting (WB) analysis. In the absence of
TAT-IicBa(S32A, S36A), TNFa induces the degrada¬
tion of endogenous IicBa (Fig. 2A, lanes 1 and 2).
Exogenous TAT-lKBa(S32A, S36A) is resistant to
TNFa-induced degradation, but does not protect
endogenous TicBa from signal-induced degradation
(Fig. 2A, lanes 3 and 4). GST-TAT does not influence
TNFa-induced degradation of IxBa (Fig. 2A, lanes 5
and 6).

To determine the influence of TAT-lKBa(S32A,
S36A) on TNFa-induced nuclear translocation of NF-
kB, cells were pretreated with TAT fusion protein and
the subcellular localisation of NF-kB was determined

by immunofluorescence microscopy.
In untreated cells, p65 is predominantly cytoplasmic

but after treatment with TNFa translocates to the nu¬

cleus (Fig. 2B, left panels). However, pre-treatment of
cells with TAT-lKBa(S32A, S36A) blocks TNFa-
induced nuclear translocation of NF-kB p65.
Pre-treatment of cells with GST-TAT did not influence
TNFa-induced nuclear translocation of NF-kB p65
(Fig. 2B, right panels). Thus, TAT-lKBa(S32A, S36A)
does not inhibit TNFa-induced degradation of endoge¬
nous iKBa but blocks nuclear translocation of the
released NF-kB.

TAT-IkBo. transduction into eosinophils

Unlike established cell lines, eosinophils are refrac¬
tory to most forms of transfection or viral infection.

3 4 5 6

TAT-licBtt GST-TAT
(S32AS36A)

^ TAT-IkBo,**(S32A S36A)
-4ihcBa

Irig. 2. Inhibition of NF-kB by TAT-IkBc* in A549 cells. A549 cells were incubated with TAT-1kB<x(S32A, S36A) (30 ng/ml) and GST-TAT (30 pg/
ml) for 30 min at 37 °C and then treated with TNFct (5 ng/ml) for 30 min. (A) Cytoplasmic extract was analysed by WB with anti-IxBa antibody. (B)
Cells were stained with anti-p65 antibody and viewed by fluorescence microscopy as indicated in Materials and methods.

B - TAT-IicBa. GST-TAT

(S32A S36A)

TNFa.
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cytoplasm -<TAT-l<cBa(S32A. S36A)
"4 HcBa.

no tat

Fig. 3. (A) TAT-IkBcx transduction into eosinophils. FITC conjugated
TAT-lKBa or rlicBoi (both at 30 pg/ml) was incubated with purified
human eosinophils for 30 min at 37 °C in the dark. After extensive
washing to remove unbound material, FITC conjugated proteins were
visualised by fluorescence microscopy. (B) Eosinophils were incubated
with TAT-IkBo(S32A, S36A) (30pg/ml) for 30 min at 37 °C and
further treated with TNFa (5 ng/ml) for 30 min, prior to preparation
of nuclear and cytoplasmic extracts. IicBot levels in cytoplasmic extracts
and p65 levels in nuclear extracts were determined by WB. (C)
Eosinophils were treated with TAT-IkBoi(S32A, S36A) (30 pg/ml) and
GST-TAT (30 pg/ml) for 30 min at 37 °C and further treated with
TNFa (10 ng/ml) as indicated. At 24 h, apoptosis was determined
morphologically. All values represent means ± SE of n = 3 experi¬
ments. 'Represents significant difference from appropriate controls
(p < 0.05).

To investigate the possibility that eosinophils could take
up exogenously added protein TAT-IkB(x(S32A, S36A)
and tIkBck were conjugated to FITC to allow their direct
visualisation. TAT-IkBoi(S32A, S36A)-FTTC was effi¬
ciently taken up by eosinophils whereas rlxBa-FITC
showed no evidence of uptake into eosinophils. To
establish the ability of TAT-ItcBa to inhibit NF-kB in
eosinophils, TAT-IkBoc(S32A, S36A) was preincubated
with eosinophils prior to treatment with TNFa. Cells
were fractionated into nucleus and cytoplasm, and
analysed by WB with IxBa and p65 antibodies, respec¬
tively. As in A549 cells, TNFa induced degradation of
endogenous IicBa in eosinophils, irrespective of the pres¬
ence ofTAT-lKBa(S32A, S36A) (Fig. 3B, upper panel).

In the absence of TAT-lKBa(S32A, S36A) a signifi¬
cant amount of NF-kB p65 is detected in the nuclei of
eosinophils, suggesting that a fraction of NF-kB is con-
stitutively active in these cells. However, the nuclear
content of NF-kB p65 is dramatically increased after
treatment with TNFa (Fig. 3B, lower panel). In the pres¬
ence of exogenous TAT-lKBa(S32A, S36A), the eosino¬
phil nuclear extract is cleared of constitutively active
NF-kB p65 and TNFa induced nuclear accumulation
of NF-kB p65 is substantially reduced (Fig. 3B, lower
panel).

To establish the biological consequence of inhibiting
NF-kB in human eosinophils TAT-lKBa(S32A, S36A)
was transduced into these cells and half of the cells were

treated with TNFa. After 24 h the proportion of
cells exhibiting characteristic apoptotic morphology
was determined. In untreated or GST-TAT treated

eosinophils 20% of cells became apoptotic after 24 h,
regardless of the presence of TNFa. In the presence of
TAT-lKBa(S32A, S36A), there is a dramatic increase
in the proportion of apoptotic cells (78%) that is inde¬
pendent ofTNFa treatment (Fig. 3C). These results sug¬
gest that the presence of constitutively active NF-kB is
required for eosinophil survival.

Discussion

Eosinophils are notoriously difficult cells in which to
carry out molecular analysis as they are refractive to
transfection and viral infection. Here, we establish the
principle of HIV TAT arginine rich motif peptide
(YGRKKRRQRRR) mediated uptake of proteins into
eosinophils and demonstrate that TAT fused to the
complete iKBa protein is efficiently internalised in these
cells. TAT-lKBa(S32A, S36A) efficiently enters HeLa
cells and blocks signal-induced activation of NF-kB-
dependent transcription. In A549 cells exogenous
TAT-lKBa(S32A, S36A) does not stop TNFa-induced
degradation of endogenous IxBa, but it does inhibit nu¬
clear translocation of NF-kB p65. Thus, it is likely that
NF-kB heterodimers released from endogenous IKBa
are bound by TAT-lKBa(S32A, S36A) and retained in
a transcriptionally inert state in the cytoplasm. This is
coincident with recently published studies employing
various versions of TAT-lKBa carried out in HeLa cells,
Jurkat cells, and bone marrow macrophages [27,28]. The
biological consequences of introducing TAT-lKBa
(S32A, S36A) into eosinophils are striking and a dra¬
matic increase in apoptosis is observed, even in the ab¬
sence of TNFa (Fig. 3C) although this is somewhat
donor dependent. This suggests that in eosinophils
constitutively active NF-kB is required to maintain
a survival response and inhibition of NF-kB by
TAT-lKBa(S32A, S36A) unmasks a potent pro-apopto-
tic signal. This is consistent with the observation that
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NF-kB p65 is detected in the nuclei of unstimulated
eosinophils and this nuclear p65 is cleared by exoge-
nously added TAT-IkBcx(S32A, S36A) (Fig. 3B). Given
that free IkBoc has the ability to translocate to the nu¬
cleus, disengage bound NF-kB from DNA, and export
the NF-kB/IkBoc complex back to the cytoplasm [29],
it is likely that exogenously added TAT-IkBo<(S32A,
S36A) inhibits NF-kb-dependent transcription in eosin¬
ophils by this mechanism. A requirement for constitutive
activation of NF-kB to provide a survival response was
also evident from previous studies in eosinophils where
pharmacological inhibitors of NF-kB activity such as
gliotoxin and Mgl32-induced apoptosis [5],
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Abstract: The phosphatidylinositol-3 kinase (PI3K)
family of signaling enzymes plays a crucial role in
leukocyte recruitment and activation and hence,
likely regulates the induction and propagation
phases of inflammation. However, little data have
emerged showing a role for these processes in the
resolution phase in models of in vivo inflammation.
Here, we have evaluated the role of PI3K for the
migration and survival of eosinophils in a model of
allergic pleurisy in mice. Eosinophil accumulation
in PI3Ky-deficient mice was inhibited at 48 h, as

compared with wild-type mice but not at earlier
time-points (6 and 24 h). Experiments with adop¬
tive transfer of bone marrow showed that PI3Ky in
eosinophils but not in non-bone marrow-derived
cells was required for their accumulation. Systemic
treatment with PI3K inhibitors before antigen
challenge prevented the recruitment of eosino¬
phils. This was associated with decreased Akt phos¬
phorylation, interleukin-5 production, and eosino¬
phil release from the bonemarrow. Treatment with
PI3K inhibitors 24 h after antigen challenge mark¬
edly cleared the accumulated eosinophils, an effect
associated with inhibition of Akt phosphorylation
and an increased number of apoptotic events. Al¬
together, our data demonstrate an important role
of PI3Ky for the maintenance of eosinophilic in¬
flammation in vivo, whereas other isoforms of
PI3K may be relevant for the recruitment process.
J. Leukoc. Biol. 77: 800—810; 2005.
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INTRODUCTION

Phosphatidylinositol-3 kinases (P13Ks) are a family of proteins
that catalyze the phosphorylation of the 3'-0H position of the
inositol ring of Pis, resulting in the formation of PI(3)P,
P1(3,4)P2, and PI(3,4,5)P3, collectively termed 3'-PI lipids [1,
2J. These molecules work as second messengers and are im-

800 Journal of Leukocyte Biology Volume 77, May 2005

portant in receptor signaling by growth factors, cytokines, and
hormones [1—4]. There are different isoforms of P13Ks, which
can be divided in three main classes. The class I PI3Ks are

heterodimers consisting of a catalytic subunit and an adaptor/
regulatory subunit present mainly in the cytosol of cells and
can be subdivided in two subclasses. Class 1A enzymes may
have one of three catalytic isoforms (pi 10a, pi 10(1, or pi 108)
associated to five regulatory isoforms and signal downstream of
tyrosine kinases. Class IB enzymes are constituted of a unique
catalytic subunit (pllOy) associated with a regulatory subunit
plOl and signal downstream of heterotrimeric G-protein-cou-
pled receptors (GPCRs). There is also a class II PI3K, char¬
acterized by the presence of a C2 domain, and a class 111 PI3K,
which uses only PI as a substrate [1, 2].
Recently, several studies have demonstrated the importance

of P13K in cellular migration in vitro and in vivo [5—9J. Early
evidence for the role of P13K in chemotaxis was the demon¬
stration that human T cell migration induced by regulated on

activation, normal T expressed and secreted was PI3K activa¬
tion-dependent 110J. In the immune system, P13K may also be
activated by antigen receptors, such as the B cell, the T cell,
and Fc receptors (FcRs)—receptors for mitogenic and inflam¬
matory cytokines—and chemokine receptors [11].
Eosinophils are effector cells that play an important role in

the pathophysiology of allergic disease [12—14]. In allergic
diseases, such as asthma, eosinophils are a crucial source of
cytotoxic proteins, lipid mediators, oxygen metabolites, and
cytokines, which may contribute to the severity of disease [15].
Thus, there is a great interest in the understanding of mecha¬
nisms involved in the recruitment, activation, and survival of
eosinophils in inflammatory sites. Eosinophil recruitment to
sites of allergic inflammation depends on the concerted action
of a variety of molecules, including chemokines, which act
through GPCRs, and may result in the activation of P13K

1 Correspondence: Imunofarmacologia, Departamento de Bioqufmica e Imu¬
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isoforms, especially PI3Ky [4, 11, 16J. Several studies have
now shown that the deficiency of PI3K.7 impairs the migration
of neutrophils and macrophages in vitro and in a septic peri¬
tonitis model [6, 8]. P13K activation may also be important for
the induction of survival in cells via the phosphorylation of
Akt/protein kinase B (PKB) [2, 11, 17, 18]. However, little is
known about the role of P13K in the recruitment and/or clear¬
ance of eosinophils in sites of allergic reactions. Moreover, the
role of PI3K7 isoforms for eosinophil migration has not been
determined.
In this study, we have investigated the role of P13K for the

recruitment and survival of eosinophils into the pleural cavity
of antigen-challenged and -sensitized mice. Initial experiments
investigated the role of the PI3Ky isoform by using
PlSK^-dcficient mice (PT.'IKy 7 ). In addition, we investigated
the role of PI3K in the recruitment and survival of eosinophils
in the allergic pleurisy model by using wortmannin and
LY294002, inhibitors of all isoforms of PI3K [19].

MATERIALS AND METHODS

Animals

PI3K7-'- male C57B1/6 X sv!29 mice and their wild-type (WT) littermate
control mice (+/+; 18-22 g) were used throughout these experiments, and
those with drugs were conducted in BALB/c mice (18-22 g). PI3K7~/_ mice
(in a C57Bl/6Xsvl29 background) were generated as described previously [8].
The mice were a kind gift of Dr. Josef M. Penninger and supplied by Taconic
Farms, Inc. (Germatown, NY). PI3K7 gene deletion was confirmed by poly¬
merase chain reaction using specific primers (WT primers: sense, 5-TCAG-
GCTCGGAGATTAGGTA-3; antisense, 5-GCCCAATCGGTGGTAGAACT-3;
P73/^7~/_ primers: sense, 5-GGACACGGCT1TGATTACAATC-3; antisense,
5-GGGGTGGGATTAGATAAATG-3, as described previously; ref. [8]). Ani¬
mals were bred and housed in a temperature-controlled room with free access
to water and food. All experimental protocols have been subjected to evalua¬
tion and were approved by the local animal ethics committee.

Drugs and reagents
Recombinant murine eotaxin was purchased from Peprotech (Ixindon, UK).
Eotaxin was dissolved in water, diluted further in phosphate-buffered saline
(PBS; pH 7.4) containing 0.01% bovine serum albumin (BSA), and stored at
-20°C until use. Wortmannin was purchased from Calbiochem (San Diego,
CA). Wortmannin was diluted in dimethyl sulfoxide (DMSO) and stored at
-70°C until use. LY294002 was purchased from Alamone Laboratories
(Jerusalem, Israel), diluted in DMSO, and stored at -70°C until use. Ovalbu¬
min (OVA) was purchased from Sigma Chemical Co. (St. Ix>uis, MO). An-
nexin-V was a gift of Dr. Gustavo Amarantes-Mendcs (Universidade de Sao
Paulo, Brazil).

Sensitization

Animals were immunized with OVA, adsorbed to an aluminium hydroxide gel,
as described previously |20], Briefly, mice were injected subcutaneously on

days 1 and 8 with 0.2 ml solution containing 100 fxg OVA and 70 p,g
aluminum hydroxide (Reheiss, Dublin, Ireland).

Leukocyte migration into the pleural cavity
induced by antigen
Sensitized WT or PI3K"y~~/_ mice were challenged by intrapleural (i.pl.)
administration of antigen (OVA) or PBS. The cells present in the pleural cavity
were harvested 6, 24, or 48 h after antigen challenge by injecting 2 ml PBS and
total cell counts performed in a modified INeubauer chamber using Turk's stain.
For the experiments evaluating leukocyte apoptosis, infiltrating leukocytes
were examined 2, 6, and 48 h after antigen challenge. Differential cell counts

were performed on cytospin preparations (Shandon III) stained with May-
Grumwald-Giemsa using standard morphologic criteria to identify cell types.
The results are presented as the number of cells per cavity.

Production of chimeric mice

Chimeric mice, which lacked PI3K7 on bone marrow-derived or on non-bone
marrow-derived cells, were produced by transplanting bone marrow cells into
irradiated recipient animals. Femurs and tibias of WT or PI3K7~/_ donor mice
were dissected and flushed with 2 ml incomplete RPM1 medium. The resultant
cell suspension was washed twice and resuspended in PBS. Recipient WT or

PI3K7~/_ mice were irradiated with 900 rad and then injected intravenously
with 3 X 10' bone marrow cells in 0.2 ml PBS from WT or PI3K7_/~ donor
mice. Blood of bone marrow-chimeric mice was tested for the total number of

circulating leukocytes at 7, 14, and 21 days after reconstitution. All mice were
treated intraperitoneally (i.p.) with antibiotic (ciprofloxacin, 100 (JLg/animal/
day) for 10 days. After 21 days, the total and differential number of leukocytes
had normalized (data not shown), and mice were submitted to protocols of
sensitization and challenge with OVA or PBS.

Collection of bone marrow and peripheral
blood cells

Bone marrow cells were isolated from the left femur. The femoral head and

condyles were removed, and the displaceable cells were recovered by flushing
the marrow cavity of the femur shaft with 1 mL PBS containing heparin (10
U/ml). Blood samples were collected from the brachial plexus. Total cell counts
were performed in a modified Neubauer chamber using Turk's stain. Differ¬
ential cell counts were performed on cytospin preparations (Shandon III)
stained with May-Grumwald-Giemsa using standard morphologic criteria to
identify cell types. The results arc presented as the number of cells/femur or
cells/ml blood.

Treatment with inhibitors of PI3K

The role of PI3K on eosinophil recruitment in the allergic pleurisy was also
investigated by using selective inhibitors of PI3K, wortmannin, and
LY294002. Wortmannin was administered systemically (i.p.) or locally (i.pl.
injection) at the dose of 1.0 mg/kg, 60 min prior to or 24 h after the i.pl.
administration of OVA. This dose was shown to be effective in other experi¬
mental systems [21]. Moreover, preliminary experiments showed the dose of
1.0 mg/kg to be maximally effective at inhibiting eosinophil recruitment in the
model (data not shown). LY294002 was administered systemically or locally at
the dose of 1.0 mg/kg, 60 min prior to or 24 h after antigen challenge. Drugs
were dissolved in DMSO and further diluted in PBS. Control animals received

drug vehicle.

Assessment of eosinophil apoptosis

Morphology

Apoptosis was assessed as described previously |22|. Briefly, cells (5X104)
collected 48 h after antigen challenge were cyloeentrifuged, fixed, and stained
with May-Grunwald-Giemsa and counted using oil immersion microscopy
(X 100 objective) to determine the proportion of cells with distinctive apoptotic
morphology. Twenty-five fields were counted per slide, and results are ex¬

pressed as the mean ± SEM of the number of apoptotic cells in 25 fields.

Annexin-V binding and propidium staining

Assessment of apoptosis was also performed by flow cytometry using fluores¬
cein isothiocyanate (FITC)-labeled annexin-V, which binds to phosphatidyl-
serine exposed on the surface of apoptotic cells and propidium iodide as an
index of loss of cell membrane integrity. Stock annexin-V was diluted 1:1000
with binding buffer and then added to 100 fxl 2.5 X 10-> cells collected after
2 and 6 h after wortmannin treatment. Following 10 min incubation at room
temperature, these samples were treated with 5 fxl propidium iodide (concen¬
tration, 50 fxg/ml) and analyzed using Becton Dickinson (San Jose, CA)
FACScan and CELLQuest software. Results are expressed as cells undergoing
the early stage of apoptosis, quantified by staining with annexin-V but not
propidium iodide.
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Measurement of eotaxin and interleukin (IL)-5
Frozen supernatants obtained from pleural cavity washes after 6 h of the
challenge with OVA (1 p.g/cavity) were used for eotaxin and IL-5 detection.
The concentration of eotaxin and IL-5 prolein in pleural effluents was mea¬
sured by enzyme-linked immunosorbent assay (ELISA), using commercially
available antibody pairs and as specified by the supplier (R&D Systems,
Minneapolis, MN).

Measurement of anti-OVA serum antibodies

Ninety-six-well ELISA plates (Nunc, Roshilde, Denmark) were coated over¬

night at 4°C with 2 |Jig per well OVA in coating buffer. Plates were blocked
with 200 pf/well PBS containing 0.25% casein for 1 h at room temperature.
After washing with PBS containing 0.1% Tween-20, serum samples were
diluted in PBS/0.25% casein (starting at 1:100). Plates were incubated for 1 h
at 37°C, washed six times, and incubated with peroxidase-conjugated goat
anti-mouse antibody for 1 h at 37°C. After six washes, the reaction was

developed at room temperature with 100 pf/well o-phenylenediamine (1 mg/
ml), 0.04% H202 in sodium citrate buffer. The reaction was interrupted by the
addition of 20 pil per well of 2N H2S04. Absorbance was measured at 492 nm

by an ELISA reader (Bio-Rad, Hercules, CA). ELISA was computed by optical
densities between 1:100 and 1:6400 of serum dilutions in individual mice.

Immunoprecipitation
Cells (5X10^ cells/ml) obtained from the pleural cavity of challenged mice
were lysed in 50 mM Tris-HCl, pH 7.4,150 mM NaCl, 1.5 mM MgCl2, 1.5 mM
EDTA, 1% Triton X-100, 10% glycerol, 10 p-g/pil aprotinin, 10 p-g/pf leu-
peptin, 2 pg/pl pepstatin. and 1 mM phenylmethylsulfonyl fluoride. Lysates (2
p.g/pl) were incubated overnight at 4°C with anti-Akt antibody (1:200, Santa
Cruz Biotechnology, CA). Blocking peptide (Santa Cruz Biotechnology) was
used as a negative control for anti-Akt antibody. Then, protein A/G-agarose (20
pj/mg protein, Santa Cruz Biotechnology) was added, and samples were
incubated at 4°C under rotation for 2 h. The contents of Akt and phosphory-
lated Akt were analyzed by Western blotting, as described subsequently.

Immunoblotting analysis for Akt
Lysates (30 fxg) were resolved by 12% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, and proteins were transferred to polyvinylidene difluoride
(PVDF) filters (Hybond-P, Amersham Biosciences, Little Chalfont, UK). Rain¬
bow markers (Amersham Biosciences) were run in parallel to estimate molec¬

ular weights. Membranes were blocked with Tween-Tris-buffered saline (TBS;
20 mM Tris-HCl, pH 7.5, 500 mM NaCl, 0.1% Tween-20) containing 1% BSA.
Primary antibodies used in Western analysis were monoclonal antiphospho-
serine (1:1000, Sigma Chemical Co.) and polyclonal anti-Akt (1:1000, Santa
Cruz Biotechnology). The PVDF fillers were next washed three times with
Tween-TBS, followed by 1 h incubation with appropriate secondary antibody
conjugated to biotin (Santa Cruz Biotechnology). Then, the filters were incu¬
bated with streptavidin-conjugated horseradish peroxidase (1:1000, Caltag
Laboratories, South San Francisco, CA). Immunoreactive proteins were visu¬
alized by 3,3'-diaminobenzidine (Sigma Chemical Co.) staining. The bands
were quantified by densitometry, using Scion image software (Scion Co.,
Frederick, MD).

Statistical analysis
All results are presented as the mean ± SEM. Normalized data were analyzed
by one-way ANOVA, and differences between groups were assessed using the
Student-Newman-Keuls post-test. A P value <0.05 was considered significant.

RESULTS

Role of PI3K7 for eosinophil accumulation in a
model allergic pleurisy
To investigate the importance of PI3K for eosinophil recruit¬
ment, sensitized WT and PI3K"y mice were challenged
(i.pl.) with OVA. The i.pl. injection of OVA in sensitized WT
and PISKy/ ' mice (1 pig/cavity) induced a significant recruit¬
ment of eosinophils at 6 and 24 h after antigen challenge (Fig.
1A). However, the number of eosinophils in PI3K"y ' mice
was diminished by 82% after 48 h, as compared with WT mice.
At this time-point, a significant accumulation of mononuclear
cells was also observed in WT but not in PI3K"y ' mice
(Table 1). The accumulation of macrophages and neutrophils
at 6 and 24 h after challenge was not altered in PI3Ky ' mice
when compared with WT mice (data not shown). The baseline
levels of leukocytes in blood and bone marrow of WT and
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Fig. 1. Eosinophil accumulation induced by antigen challenge of sensitized PI3Ky-/~ and WT mice. (A) Immunized WT or PI3Ky_/~ mice or (B) immunized
chimeric mice were challenged with an i.pl. injection of the OVA (1 p,g/cavity) or PBS and eosinophil accumulation assessed at Lhe time-point described in the
figure. Chimeric mice, which lacked P13Ky on bone marrow-derived or on non-bone marrow-derived cells, were produced by transplanting bone marrow cells into
irradiated recipient animals. Results arc expressed as the means ± SEM of five mice in each group. *, P < 0.01, when compared with PBS-injected mice and #,
P < 0.01, when compared with OVA-injecled WT mice.

802 Journal of Leukocyte Biology Volume 77, May 2005 http://www.jleukbio.org



TABLE 1. Recruitment of Leukocytes (X103 Cells/Cavity)
Induced by Antigen Challenge of Sensitized

PI3Ky_/~ and WT Mice

WT PI3Ky -/-

PBS OVA PBS OVA

Total 5.3 ± 1.2 25.6 ± 2.4* 8.3 ± 1.7 13.8 ± 0.9"
Mononuclear 5.2 ± 1.2 23.9 ± 2.1* 8.2 ± 1.7 f3.5 ± 0.8"
Neutrophils 0 0 0 0

Eosinophils 0.07 ± 0.03 1.8 ± 0.4* 0.03 ± 0.02 0.3 ± 0.1"

Immunized WT or PI3K7-/~ mice were challenged with an i.pl. injection of
OVA (I |xg/cavity) or PBS, and eosinophil recruitment was assessed after 48 h.
Results are expressed as the means ± SEM of five mice in each group. *P <
0.01 when compared with PBS-injecled mice and #P < 0.01 when compared
with OVA-infected WT mice.

P13Ky-/~ mice were not different (Table 2). Furthermore,
analysis of the cellular infiltrate in bone marrow of WT and
PI3Ky ' mice at 6, 24, and 48 h after antigen challenge
demonstrated that there were no differences in the number of

eosinophils between the two groups in the various time-points
(Table 2). There were no morphological figures typical of
apoptosis in the pleural cavity of immunized and challenged
WT and P13Ky~/_ mice at 24, 36, and 48 h (data not shown).
There were few apoptotic figures of eosinophils in bone marrow
of WT or PI3K*y mice (data not shown).
Although PI3Ky is mainly expressed in leukocytes, studies

have demonstrated that this PI3K isoform may also be ex¬

pressed by endothelial cell (23]. Thus, to verify the relevance
of P13K"y expressed on leukocytes and on non-bone marrow-
derived cells for the process of eosinophil accumulation in the
pleural cavity, we made use of bone marrow transplantation.
PI3Ky mice were reconstituted with bone marrow from
PI3Ky 11! (WT mice) donors so that they had PI3Ky-positive
leukocytes but PI3Ky-negative non-bone marrow cells, and
irradiated WT mice were reconstituted with bone marrow from

PI3K7 ' donors so that they had P13K7-positive non-bone
marrow cells but P13K-7-negative leukocytes. In control groups,
irradiated PI3K7 ' mice were reconstituted with bone mar¬

row from PI3K7 1 donors, and irradiated WT mice were

reconstituted with bone marrow from WT donors. The i.pl.
injection of OVA in sensitized WT and PI3Ky-/~ mice whose
bone marrow had been reconstituted with WT bone marrow

induced a significant recruitment of eosinophils after 48 h (Fig.
IB). In contrast, the eosinophil accumulation induced by i.pl.
injection of OVA in sensitized WT and PI3K7~/_ mice whose
bone marrow had been reconstituted with PI3K.7~/_ bone
marrow was significantly reduced, suggesting that PI3Ky on
bone marrow-derived cells was required for eosinophil accu¬
mulation into the pleural cavity 48 h after antigen challenge
(Fig. IB). After bone marrow transfer, the number of circulat¬
ing leukocytes in blood was analyzed every 7 days, and we
failed to observe any differences between the groups (data not
shown).

Previous studies have shown that POK7 ' mice exhibited
low titers of immunoglobulin G, (IgG,) antibodies to hapten-
conjugated OVA, suggesting that PI3K7 is required to generate
functional T helper cell-dependent responses to antigen in vivo

[8]. In our model, the titers of total anti-OVA lg and IgG, are
shown in Figure 2, A and B, respectively. Thus, whereas WT
mice exhibited high, total anti-OVA-specific Ig and IgGx titers,
these antibodies were reduced in PI3Ky ' mice.

Next, we evaluated the production of eotaxin and IL-5,
important mediators of eosinophil accumulation, in the allergic
pleurisy model (24, 25], At 6 h after antigen challenge, there
was no difference in the production of eotaxin (OVA-WT mice,
252±40 pg/pleural cavity; OVA-P13K7~/_, 247±58 pg/pleu-
ral cavity; n=5) or IL-5 (OVA-WT mice, 27.9±10.2 pg/pleural
cavity; OVA-P13Ky_/~, 38.0±14.6 pg/pleural cavity; n=5) in
the pleural cavity of WT and PI3K7 ' mice. There was no
difference in basal production of eotaxin or IL-5 between WT
or PI3K.7 ' mice (data not shown).

Effects of treatment with PI3K inhibitors
(wortmannin and LY294002) on recruitment
of eosinophils
The next experiments were designed to investigate whether a
pharmacological strategy, i.e., inhibitor of P13Ks, could mimic
the phenotype observed in PI3Ky mice. Preliminary dose-
response studies demonstrated that the best dose of systemi-
cally administered wortmannin to affect eosinophil accumula¬
tion was 1 mg/kg (0VA+vehicle, 4.5±0.2X105 eosinophil/
cavity; 0VA+wortmannin, 0.1 mg/kg: 4.9±0.9X 10seosinophil/
cavity;OVA+wortmannin, 0.3mg/kg: 4.2 ±0.6X 10seosinophil/
cavity; OVA+wortmannin, 1 mg/kg: 1.4±0.3X105 eosinophil/
cavity). Thus, as seen in Figure 3A, sensitized mice that had
been treated systemically with the PI3K inhibitor wortmannin
(1 mg/kg). 1 h before OVA challenge, had a significant reduc¬
tion in the recruitment of eosinophils into the pleural cavity
when compared with vehicle-treated controls. A significant
reduction in the recruitment of total cells, mononuclear cells,
and neutrophils was also observed with the wortmannin treat¬
ment (Table 3). In contrast to its effects when given system¬
ically, wortmannin failed to affect the allergen-induced recruit¬
ment of eosinophils when given into the pleural cavity (locally)
1 h before the challenge (Fig. 3B). The reduction in the number
of eosinophils was also seen when LY294002 (1.0 mg/kg),
which is a structurally distinct PI3K inhibitor, was injected
systemically but not when injected locally 1 h before challenge
in sensitized mice (Fig. 3).

TABLE 2. Number of Eosinophils in Bone Marrow and Blood
at 6, 24, and 48 h after Antigen Challenge of Sensitized

PI3Ky_/~ and WT Mice

Bone marrow Blood

WT PI3Ky"'- WT PI3Ky"/_

PBS 5.5 ± 0.7 5.1 ± 1.3 0.4 ± 0.3 1.5 ± 0.7
OVA 6 h 4.9 ± 1.1 5.8 ± 1.1 2.2 ± 0.7 2.0 ± 0.7

24 h 7.8 ± 2.5 5.4 ± 1.6 1.2 ± 0.4 2.6 ± 1.9
48 h 3.2 ± 1.5 4.5 ± 0.9 0.3 ± 0.1 1.2 ± 0.5

Immunized WT or PtilKy"'" mice were challenged with an i.pl. injection of
OVA (1 |xg/cavity) or PBS, and number of eosinophils in bone marrow and
blood was assessed aller 6, 24, and 48 h. Results arc expressed as the number
of cells X 10 ' per femur (bone marrow) or ml (blood) and are the means ± SEM
of five mice in each group. P < 0.01 when compared with WT mice.
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As eosinophil accumulation in PI3Ky mice was inhib¬
ited at 48 h as compared with WT mice but not at earlier
time-points (6 and 24 h), we evaluated whether administra¬
tion of wortmannin 1 h before antigen challenge could also
affect responses in P13K"y ' mice. The recruitment of
eosinophils into the pleural cavity 24 h after antigen chal¬
lenge was reduced significantly in sensitized PI3K/y '
mice that had been pretreated systemically with the PI3K
inhibitor wortmannin (vehicle +OVA: 2.5±0.4X105 eosin-
ophil/cavity; wortamannin +OVA: 0.2±0.2X10 ' eosinophil/
cavity; n=4).

The serine-threonine PKB/Akt is a major target of PI3K
activation [2, 11, 17, 18J. Thus, a series of experiments ana¬

lyzing Akt phosphorylation was carried out to verify whether
OVA challenge was accompanied by PI3K activation and

whether the dose of wortmannin had been effective for enzyme
inhibition. When compared with PBS controls, OVA challenge
of sensitized mice triggered significant Akt phosphorylation in
pleural cell extracts at 2 h after challenge (Fig. 4). Systemic
treatment with wortmannin 1 h before OVA challenge inhibited
Akt phosphorylation to baseline levels (Fig. 4).
We then evaluated whether systemic treatment with wort¬

mannin 1 h before OVA challenge could affect the antigen-
associated increase of eosinophils in the bone marrow. Sensi¬
tized mice were challenged with OVA, and the number of
eosinophils in bone marrow was examined. Antigen challenge
resulted in a decrease in the number of eosinophils in the bone
marrow that was first noticed at 6 h and was marked at 24 h
after challenge when compared with sensitized mice chal¬
lenged with PBS (Fig. 5). Systemic treatment with wortmannin
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TABLE 3. Effects of the Systemic Pretreatment with the PI3K
Inhibitor, Wortmannin, on the Recruitment of Leukocytes Induced

by Antigen Challenge of Sensitized Mice

Total Mononuclear Neutrophils Eosinophils

PBS 12.8 ± 1.6 12.2 ± 1.5 0.05 ± 0.03 0.6 ± 0.2
OVA 26.2 ± 4.4* 22.8 ± 8.5* 0.15 ± 0.03* 3.2 ± 0.9*
OVA +

wortmannin 11.4 ± 1.9* 10.3 ± 1.8" 0.05 ± 0.03# 1.1 ± 0.2#

Wortmannin was administered syslemically (i.p.) at the dose of 30 p.g/mouse
(1.0 mg/kg), 60 min prior to the challenge with OVA (I pg/cavity) or PBS.
Leukocyte recruitment was assessed 48 h after antigen challenge. Results are

expressed as the means ± SEM of five mice in each group. *P < 0.01 when
compared with PBS-injected mice and *P < 0.01 when compared with
vehicle-treated, OVA-challenged mice.

prevented the full in bone marrow eosinophil numbers at 6 h
after antigen challenge but had uo significant effects at 24 (Fig.
5) or 48 h (data not shown). Consistently, a lower number of
circulating eosinophils was detected 24 h after antigen chal¬
lenge in wortmannin-treated mice (OVA, 2.1 ±0.3X10° eosin-
ophils/ml blood; wortmannin+OVA, 1.2±0.2X105 eosino-
phils/ml blood; n= 5, P<0.001). It is interesting that the
antigen-induced increase in concentrations of 1L-5 in the pleu¬
ral cavity at 6 h after challenge was prevented by systemic
treatment with wortmannin (Fig. 6).

Effects of treatment with PI3K inhibitors
(wortmannin and LY294002) on survival of
eosinophils

Next, we examined whether in addition to suppressing eosin¬
ophil recruitment, wortmannin could affect eosinophil survival
in the allergic pleurisy model. As seen in Figure 4, there was

significant Akt phosphorylation (and hence, PI3K activation) at
26 h after challenge. To this end, wortmannin or drug vehicle
was administered 24 h after challenge, and the number of
eosinophils accumulated in the cavity was examined after a
further 24 h. Our previous studies have shown that the number
of eosinophils in the pleural cavity of allergen-challenged,
sensitized mice is stable between 24 and 48 h after challenge
[26J. As seen in Figure 7, systemic treatment with wortmannin
24 h after OVA challenge failed to affect the accumulation of
eosinophils in the pleural cavity observed after a further 24 h
(Fig. 7A). In contrast, local treatment with the drug markedly
diminished the accumulation of these cells (Fig. 7B). Again,
the reduction in the number of eosinophils was also seen when
LY294002 (1.0 mg/kg) was injected only locally 24 h after
challenge in sensitized mice (OVA, 6.9±1.1X10° eosinophils/
cavity; OVA+LY294002, 2.8±0.3X105 eosinophils/cavity;
n=5, P<0.05). In addition, local treatment with wortmannin
24 h after the challenge inhibited the late antigen-associated
Akt phosphorylation to background levels (Fig. 4).
As few eosinophils were recruited from 24 to 48 h after

antigen challenge, and local wortmannin treatment markedly
inhibited the accumulation of these cells and Akt phosphory¬
lation in the pleural cavity, we tested whether wortmannin-
induced apoptosis could account for the observed results. The
number of apoptotic eosinophils, as assessed by morphologic
criteria, was markedly elevated in the pleural cavity of antigen-

challenged and then wortmannin-treated mice (Fig. 8A). Sim¬
ilarly, local administration of LY294002 24 h after antigen
challenge significantly increased the number of apoptotic cells
(Fig. 8A). In both cases, the majority of apoptotic cells had
typical eosinophil granules and was located within macro¬

phages, presumably having been engulfed by the latter cells
(data not shown). To confirm the morphological findings, we

performed additional experiments in which surface changes
associated with apoptosis were assessed at earlier time-points,
as the exposure of phosphatidylserine precedes the recognition
of the apoptotic cells by phagocytes [27J. To this end, we used
FITC-labeled annexin-V binding in the presence of Ca+2 to
label phosphatidylserine molecules exposed on the outer mem¬
brane of apoptotic cells [27, 28J. In agreement with the mor¬

phological assessment, there was a rapid increase in the num¬
ber of apoptotic events 2 h after treatment with wortmannin
when compared with untreated mice (Fig. 8B).

2h after OVA 26h after OVA

Blocking
_ Wortmannin Wortmannin

jeptide b " Systemic " Local

2 h after challenge 24 h after challenge

OVA

Fig. 4. Effects of pre- and post-treatment with worlmannin on OVA-induced
Akl phosphorylation. Wortmannin or drug vehicle was administered systemi-
cally (i.p.), 60 min prior to or locally (i.pl.), 24 h after the challenge with OVA
(1 pg/cavity) in sensitized mice. Controls received PBS in challenge. Cell
lysates harvested from the pleural cavity 2 or 26 h after the challenge were then
immunoprecipilated with anli-Akt antibody and immunoblolled with anli-Akt
and antiphosphoserine antibodies. The bands were quanlified by densitometry,
using Scion image software. Negative control is shown by using blocking
peptide. The position to which the molecular mass standards migrated is
marked: BSA (66 kDa); OVA (45 kDa). Results are expressed as the means ±
SEM of three mice in each group.
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DISCUSSION

In allergic diseases, such as asthma and atopic dermatitis,
there is a characteristic, T cell-mediated recruitment of eosin¬
ophils into the affected tissues [12]. Although the role of
eosinophils in asthma and other allergic diseases is not com¬
pletely understood, it is thought that the recruitment and action
of eosinophils may underlie several of the pathophysiological
manifestations of allergic diseases [12, 13, 15]. Thus, an un¬

derstanding of the mechanisms involved in eosinophil recruit-
menl, activation, and survival in sites of allergic inflammation
may be useful for the development of novel pharmacological
therapies to control allergic diseases. More recently, there has
been a great interest in the understanding of the signal trans¬
duction pathways following activation of serpentine receptors
and especially following activation of chemokine receptors,
which appear to play a major role in the recruitment of leuko¬
cytes in vivo |29|. In the present study, we have used pharma¬
cological and genetic approaches to evaluate the role of PI3K
for the migration of eosinophils in allergic reactions in the
pleural cavity of mice. In addition, we investigated the impor¬
tance of signaling through the PI3K pathway for eosinophil
survival in these inflammatory sites.

Recent studies have demonstrated the importance of the
class IB of P13K (PI3Ky) for leukocyte recruitment during
acute inflammation [6, 8]. Indeed, the recruitment of neutro¬
phils and macrophages was reduced in P13K"y ' mice after
stimulation with various chemoattractants and in a septic peri¬
tonitis model [6, 8, 30J. Here, we demonstrate that eosinophil
accumulation was similar in P13Ky~/_ and WT mice in an

allergic pleurisy model when evaluated 6 and 24 h after
antigen challenge. However, at 48 h, the accumulation of
eosinophils at sites of allergic inflammation was markedly
reduced in I'l.'IKy ' mice when compared with their WT
counterparts. We made chimerical mice lacking PI3Ky on
bone marrow-derived cells or on non-hone marrow-derived

cells. Our results demonstrate that the lack of I'l.'lKy in bone
marrow-derived leukocytes hut not on non-bone marrow cells is
responsible for the reduction in the accumulation of eosino¬
phils at 48 h after antigen challenge. Thus, it is clear from the
data above that the expression of P13Ky by bone marrow-
derived leukocytes, presumably by the eosinophil itself, is not
essential for the early recruitment (arrival) of eosinophils but is
necessary for their persistence in the pleural cavity 48 h after
allergen challenge of sensitized mice. Although we failed to
detect enhanced numbers of apoptotic figures in P13Ky 1
mice, the clearance of eosinophils observed at 48 h after
challenge in PI3Ky ' mice may be related to the relevance of
this enzyme in preventing eosinophil apoptosis and the reso¬
lution of the inflammatory process.
It is interesting that PI3K"y ' mice had lower titers of total

serum Ig and IgG, These results are consistent with studies
demonstrating that PI3Ky 1 ' mice exhibited high titers of
nitroiodophenylacetic acid conjugated to OVA-specific IgGj
antibodies but lower levels of these antibodies in PI3Ky
mice [8j. Initial events during an allergic reaction involve the
release of proinflammatory mediators by mast cells triggered by
the binding of the allergen to IgE antibodies bound to mast
cells FceRI. Murine lgGt is also capable of sensitizing murine
mast cells [31]. In addition, it has recently been demonstrated
that mast cells from PI3Ky_/~ mice had defective degranula-
tion in vitro and responded poorly to adenosine or a passive
systemic anaphylaxis in vivo [32]. Thus, although the differ¬
ences in titers between WT and PI3K7 ' mice were small,
the diminished eosinophil accumulation observed in our stud¬
ies could he secondary not only to a deficient production of Ig
and insufficient mast cell sensitization but also to deficient
mast cell function. Nevertheless, it is worth noting that the
production of eotaxin and 1L-5 in the pleural cavity was similar
in PI3K7~/_ and WT mice. We have previously shown that
eotaxin is released in the allergic pleurisy model and contrib-

100

PBS vehicle wortmannin

OVA (1 gg per cavity)

Fig. 6. F,ffects of the pretreatment with the PI3K inhibitor worlmannin on the
production of IL-5 in the pleural cavity after antigen challenge of sensitized
mice. Wortmannin was administered systemically (i.p.) at the dose of 30
|xg/mouse (1.0 mg/kg), 60 min prior to the challenge with OVA (1 ^ug/cavity)
or PBS. IL-5 concentrations were assessed 6 h after antigen challenge. Results
are expressed as the means — SEM of five mice in each group. *, P < 0.01,
when compared with PBS-injected mice and #, P < 0.01, when compared with
vehicle-treated, OVA-challenged mice.
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OVA (1 pg per cavity) OVA (1 pg per cavity)

Fig. 7. Effects of therapeutic treatment with the PI3K inhibitor wortmannin on the accumulation of eosinophils in the pleural cavity of allergic mice. Immunized
animals were challenged with OVA (1 pg/cavity) or PBS and 24 h later, received a (A) systemic (i.p.) or (B) local (i.pl.) injection of wortmannin at the dose of 30
pg/mouse (1.0 mg/kg). The number of eosinophils accumulating in the pleural cavity was assessed after a further 24 h. Results are expressed as the means ± SEM
of five mice in each group. *, P < 0.01, when compared with PBS-injected mice and #, P < 0.01, when compared with vehicle-treated, OVA-challenged mice.

utes markedly to eosinophil recruitment in response to antigen
challenge [25J. Similarly, many studies have demonstrated an

important role of IL-5 for the recruitment of eosinophils in vivo
[33, 34J. Although IL-5 and eotaxin appear to be produced by
T cells [35] and macrophages [25], respectively, the results
suggest that the initial mast cell-triggered events occur ade¬
quately in P13K"y ' mice. Thus, it appears that diminished
sensitization (as seen by the decrease in Ig titers) and defective
mast cell function may not be functionally relevant phenomena
suppressed in PI3K-y mice, as the most relevant mediators
of eosinophil recruitment were being produced in adequate
concentrations. This is consistent with the findings that the
number of eosinophils that were recruited into the pleural
cavity in the initial phase (6—24 h) of the allergic response was
similar in PI3K~y 1 and WT mice.

Next, we evaluated whether modulation of eosinophil re¬
cruitment was also observed when a pharmacological strategy
was used to prevent PI3K function. As selective PI3K/y inhib¬
itors are not commercially available, we tested the effects of the
isoform-nonselective PI3K inhibitors wortmannin and
LY294002 in the allergic pleurisy reaction. In our experi¬
ments, no inhibition of eosinophil recruitment was observed
when wortmannin or LY294002 was administrated locally 1 h
before antigen challenge. This is in agreement with another
study demonstrating that intranasal-administered wortmannin
could inhibit allergen-induced airway hyper-responsiveness in
vivo, probably by inhibiting eosinophil degranulation, but not
their accumulation in bronchoalveolar lavage fluid [21]. How¬
ever, the intrapulmonary administration of wortmannin before
allergen challenge was an efficient inhibitor of the immediate-
type allergic response and the late-phase pulmonary inflam¬
mation in a model of experimental asthma in Brown Norway
rats [36]. Why shouldn't the drug then function when given
locally? Two major possibilities may be raised to explain these
apparent contradictory results. First, wortmannin may have
already been cleared when the relevant chemoattractant mol¬
ecules are produced. For example, eotaxin production peaks
6 h after antigen challenge 125] and hence, at least 6 h after

local administration of wortmannin. Second, the main site of
action of the drug may be the eosinophil itself. The latter
possibility entails that the leukocyte has to be inhibited by the
drag before it is recruited to the site of allergic inflammation.
However, as discussed above, the lack of PI3K7 on eosinophils
was not associated with defective recruitment (arrival) but only
with defective late accumulation of these cells.
In contrast to its lack of effect when administered locally,

wortmannin markedly prevented eosinophil migration in the
pleurisy model when given systemically. These results were
confirmed by use of LY294002, which is a structurally distinct
PI3K inhibitor [37]. The inhibition of PI3K on circulating
eosinophils or at a site relevant for the recruitment of eosino¬
phils but distinct from the site of allergic inflammation could
provide an alternative possibility to explain the latter results.
The bone marrow is a possible site for the action of the P13K
inhibitors, as several studies have pointed to the major role of
this organ for the recruitment of eosinophils in vivo [38, 39]. In
allergen-challenged mice, wortmannin prevented the antigen-
induced fall in bone marrow eosinophils at 6 h after challenge.
The effect of systemic wortmannin on bone marrow eosinophils
was consistent with the finding that antigen-induced IL-5 pro¬
duction and a circulating number of eosinophils were also
prevented by the drug. It has been shown previously that the
mobilization of bone marrow eosinophils stimulated by IL-5
involves signaling through PI3K [40]. It is worth noting the
contrasting effects of wortmannin treatment (inhibition) and the
genetic strategy (no effect) on the concentrations of IL-5 after
allergen challenge, suggesting that a P13K isoform other than
PI3K7 is involved in the inhibitory effects of wortmannin on
IL-5 production. This result supports previous reports in which
production of IL-4 and IL-5 by mesenteric lymphocyte from
P13K/p85 mice (deficient in class IA PI3K isoforms) in¬
fected with Strongyloses venezuelensis was reduced [41J.
Therefore, one possibility to explain the effects of systemic but
not local treatment with the P13K inhibitors on the recruitment

of eosinophils in the allergic pleurisy model could be that the
inhibitors are preventing eosinophil release from bone marrow
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Fig. 8. Effects of therapeutic treatment with the PI3K inhibitors wortmannin or LY294002 on the number of apoptotic cells in the pleural cavity of allergic mice.
Immunized animals were challenged with OVA (1 p,g/cavity) or PBS and 24 h later, received a local (i.pl.) injection of wortmannin or LY294002 at the dose of
30 pig/mouse (1.0 mg/kg). The number of cells undergoing apoptosis was defined (A) morphologically or (B and C) by flow cytometry at the indicated times. (A)
Cells (5X10 ) were collected 48 h after antigen challenge and were cytocentrifuged, fixed, and stained with May-Grunwald-Giemsa. The proportion of cells with
distinctive apoptotic morphology was evaluated in 25 fields. Results are expressed as the mean ± SEM of the number of apoptotic cells in 25 fields. (B and C) Cells
(2.5X10>) were collected 2 h (B and C) and 6 h (B) after wortmannin or vehicle treatment and incubated with FITC-labeled annexin-V and propidium iodide.
Results are expressed as the mean ± SEM of the percentage of cells staining with annexin-V-FITC alone. There were at least five mice in each group. #, P < 0.01,
when compared with vehicle-treated, OVA-challenged mice.

when given systemically. Alternatively (or in addition to the
mechanism proposed above), it is possible that the released
eosinophils could have their P13K enzymes inhibited by the
systemic treatment with the inhibitors in blood, thus, prior to
being stimulated to migrate to tissue. As systemic P13K inhib¬
itors prevented eosinophil recruitment, and no difference was
found in eosinophil recruitment into the pleural cavity 6 and
24 h after antigen challenge in PI3K"y mice, we suggest that
a PI3K isoform other than P13K"y may be contributing to
eosinophil recruitment in our model. In keeping with the latter
suggestion, the migration of neutrophils and macrophage in
response to some chemokines was only partially reduced in
PI3Ky mice, although these cells were unable to produce
P1(3,4,5)P3 and activate Akt/PKB [6, 8J. Furthermore, this
hypothesis is supported by the observation that the pretreat-
ment of PI3K7 ' mice with wortmannin, 1 h before OVA
challenge, prevented the recruitment of eosinophils to the
pleural cavity of drug-treated mice. Moreover, it has recently
been demonstrated that antigen-challenged mice treated with a

dominant-negative form of the class IA PI3K regulatory sub-
unit had reduced airway eosinophilia and airway hyper-reac¬
tivity [42]. In this regard, a role for P13K8 to polymorphonu¬
clear cell polarization and directional migration has been doc¬
umented previously [43J. Therefore, in future studies, it will be
important to verify the role of other classes of P13K in our
model.
The eosinophil possesses a considerable variety of histotoxic

molecules, which contribute to the initiation and maintenance
of the allergic inflammatory response [12, 13, 44]. Thus, the
clearance of eosinophils from inflammatory sites may have
therapeutic implications [45J. In addition to their central role
in cell proliferation and migration, class I PI3K has also been
implicated in the prevention of apoptotic cell death 146, 47].
Thus, studies have demonstrated that the P13K/Akt pathway is
constitutively activated in the majority of human pancreatic
cancer cell lines [48]. Moreover, use of selective inhibitors of
PI3K could inhibit growth and survival of tumors [49]. Other
studies have shown that P13K is an important factor of survival
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in monocytes [50], neutrophils [51, 52], and eosinophils [53]
when stimulated with growth factors in vitro. In our study, we
demonstrate that when wortmannin or LY294002 was injected
locally 24 h after challenge, there was a decrease of the number
of eosinophils in the pleural cavity. It is interesting that intra¬
tracheal wortmannin also suppressed pulmonary eosinophil
influx when administered before and after antigen challenge in
mice [54]. The inhibition of eosinophil influx alter post-treat¬
ment with wortmannin correlated with inhibition of Akt

phophorylation and an increase in the number of apoptotic
cells. Thus, local inhibition of P13K after antigen challenge
may be blocking an important signaling pathway induced by
eosinophil survival factors. The nature of these
PI3K-dependent eosinophil survival factors needs to be inves¬
tigated. The increase of apoptotic cells and consequent de¬
crease in number of eosinophils in the pleural cavity were not
seen when wortmannin was administrated systemically, possi¬
bly as a result of limited access of the drug into the pleural
cavity. Together, these results demonstrate that wortmannin
may prevent the accumulation of eosinophils in an allergic
pleurisy model by inhibiting eosinophil recruitment when
given systemically before antigen challenge and by inducing
eosinophil apoptosis when given locally after antigen chal¬
lenge. The ability of PI3K inhibitors to induce eosinophil
apoptosis may provide a good explanation for the absence of
eosinophils 48 h after antigen challenge of immunized
PI3Ky~~/_ mice.
In conclusion, our data demonstrate an important role of

PI3K for the recruitment and survival of eosinophils in a model
of allergic pleurisy. Eosinophil accumulation in the allergic
pleurisy model is sensitive to wortmannin and LY294002, thus
suggesting a role of PI3K enzymes. However, the PI3K7 iso-
form appears not to be the most relevant for the recruitment
process, and other PI3K isoforms could be involved. Con¬
versely, eosinophil persistence in the pleural cavity is wort¬
mannin- and LY294002-sensitive and depends on the expres¬
sion of PI3K7 by bone marrow-derived cells, presumably by
eosinophils themselves. Strategies modulating the resolution of
the inflammatory process may yield novel therapies for the
treatment of inflammatory and autoimmune diseases [45, 55,
56]. In this regard, manipulation of PI3K activation might be
useful therapeutically, not only for the prevention but also for
the resolution (by influencing apoptosis of eosinophils) of al¬
lergic inflammation.
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Interleukin-10 inhibits lipopolysaccharide-induced
survival and extracellular signal-regulated kinase
activation in human neutrophils
Carol Ward, Joanna Murray, April Clugston, Ian Dransfield,
Christopher Haslett and Adriano G. Rossi

MRC Centre for Inflammation Research, Queen's Medical Research Institute,
University of Edinburgh, Edinburgh, UK

Lipopolysaccharide (LPS) induces a marked delay in human neutrophil apoptosis that is
reversed by the anti-inflammatory cytokine IL-10. The effect of IL-10 is specific since
other agents that delay neutrophil apoptosis are not affected. To investigate mechanisms
underlying the actions of IL-10, we examined signaling pathways activated by LPS per se
and in response to IL-10. The MAPK kinase (MEK) 1 inhibitor PD098059, the protein
kinase C (PKC) inhibitor Ro31,8220, and the phosphatidylinositol-3 kinase (PI3-K)
inhibitor LY294002 all partially reversed LPS-mediated retardation of neutrophil
apoptosis, but the p38 MAPK inhibitor SB203850 did not. LPS activates the
transcription factor NF-kB, however, IL-10 did not affect the ability of LPS to activate
NF-kB as assessed by IkB-u proteolysis. Although IL-10 did not alter activation of ERK by
GM-CSF or TNF-a, it did inhibit activation induced by LPS. Thus our data illustrate that
LPS-induced neutrophil survival is regulated by the MAPK, PKC and PI3-K pathways as
well as NF-kB, and can be reversed by IL-10, through a mechanism involving inhibition
of ERK activation. Because of the specific nature of this inhibition, we conclude that IL-
10 interfereswith an ERK activation pathway, which is not involved in GM-CSF or TNF-a
signaling.
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Introduction

Although neutrophils play a crucial role in innate
immune defenses, dysregulated recruitment, activation,
or clearance of these cells contributes to the develop¬
ment and persistence of many chronic inflammatory
diseases. During resolution of inflammation, apoptosis
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Abbreviations: db-cAMP: Dibutyryl-cAMP ERK: Extracellular
signal-regulated kinase IkB-«: Inhibitor of nuclear factor-x
B-a JNK: c-Jun N-terminal kinase LBP: LPS-binding protein ■

MEK: MAPK/ERK kinase DMEM: Dulbecco's modified Eagle's
medium • PI3-K: Phosphatidylinositol 3-kinase

of neutrophils results in their functional down-regula¬
tion and non-inflammatory removal by phagocytes
[1-3]. Many factors encountered by neutrophils in the
inflammatory milieu influence their activation status
and life-span by altering the onset of apoptosis. For
example, certain lipids (e.g., platelet-activating factor,
leukotrienes, prostaglandins), cytokines (e.g., GM-CSF,
IL-8), and hormones (e.g., glucocorticoids) can delay
neutrophil apoptosis whereas other mediators promote
apoptosis (e.g., TNF-a and nitric oxide) [4—7].

One powerful inhibitor of neutrophil apoptosis is LPS
[8], the principle component of the outer membrane of
Gram-negative bacteria, which activates innate immune
responses. LPS affects inflammatory cell recruitment
and activation and also influences the physiological cell
death program. Inflammatory cells respond to LPS using
a complex system involving the interaction of LPS-
binding protein (LBP)/CD14/MD-2 and TLR. Neutro-
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phils expressmRNAfor CD14, MD-2 and TLR2 and 4 [9].
These receptors trigger inter-related signal transduction
pathways, including MAPK [extracellular signal-regu¬
lated kinase (ERK)l/2, c-Jun N-terminal kinase (JNK)
and p38 MAPK], phosphatidylinositol-3 kinase (PI3-K),
PKC and NF-kB to orchestrate the innate immune

response to this bacterial product. However, the precise
pathway(s) responsible for prolongation of neutrophil
survival and functional activity by LPS remain to be
established. An inappropriate or over-reaction to LPS
can lead to sepsis, septic shock, or acute respiratory
distress syndrome [10] affecting over 18million people a

year. Understanding LPS signaling and elucidating
possible inhibitory mechanisms are required for devel¬
opment of therapeutic strategies. IL-10 is reported as a

powerful physiological inhibitor of LPS actions in
various cell types.

IL-10 is synthesized by T cells, macrophages,
monocytes and B cells and dampens many inflammatory
responses [11], e.g., attenuating TNF-a production from
LPS-activated monocytes and macrophages [12]. There
is minimal understanding of how IL-10 achieves its
effects and several signaling pathways have been
implicated. IL-10 has been reported to inhibit activation
of NF-kB [13], to activate Stat 3 [11], to induce
expression of suppressor of cytokine signaling 3 (SOCS-
3) protein [14], to down-regulate expression of TLR4
[15] and to activate PI3-K [16]. However the data are
controversial since IL-10 actions appear to be cell-type
and/or species-specific and mainly deal with the effect
of IL-10 on proliferation/activation rather than apop-
tosis.

There are small numbers of IL-10 receptors on the
surface of freshly isolated neutrophils, which increase
with exposure to LPS [14]. Human neutrophils store IL-
10 receptors in specific granules which are mobilized to
the cell surface by pro-inflammatory mediators such as
LPS, GM-CSF and TNF-a [17]. IL-10 suppresses the
oxidative burst induced by various mediators [18] and
inhibits secretion of TNF-a, IL-1(3 and IL-8 from LPS-
stimulated neutrophils [19]. We therefore examined the
effect of IL-10 on LPS-mediated retardation of neutro¬

phil apoptosis.
We show that IL-10, despite not influencing neu¬

trophil apoptosis per se, inhibits LPS-induced neutrophil
longevity in a concentration-dependent and specific
manner, having no effect on the delay of neutrophil
apoptosis induced by other agents [namely, glucocorti¬
coids, GM-CSF, TNF-a and dibutyryl-cAMP (db-cAMP)].
We investigated the role of NF-kB activation and the
effects of specific pharmacological inhibitors of relevant
kinase pathways to determine a possible mechanism for
the actions of IL-10 on LPS-induced survival. This
revealed that ERK, PI3-K, PKC and NF-kB all are involved
in LPS mediated delay of neutrophil apoptosis. However,

p38 was not involved in the regulation of constitutive
apoptosis or the prolongation of functional longevity by
LPS. Importantly our data indicate that ERK signaling is
a likely target of IL-10 action, and further study
determined that IL-10 inhibited ERK activation by LPS
in a specific manner, suggesting that IL-10 inhibits LPS
induced neutrophil survival by influencing a component
of the signaling pathway between TLR4 and MAPK [42,
44].

Results

IL-10 (1-300 ng/mL; equivalent to 14.5^-350 U/mL or
0.056-16.7 nM) did not affect constitutive neutrophil
apoptosis after 6 or 20 h of culture (Fig. 1), in agreement
with our preliminary work [20]. To ensure that the
cytokine was biologically active, ELISA were performed
to determine the effect of IL-10 on inhibition of TNF-a

production from LPS-treated monocytes [i.e., LPS
(1 pg/mL) stimulated 555.1 ± 27.1 pg/mL TNF-a
release; LPS + IL-10 (1 ng/mL) 222.8 ± 1.4; LPS +
IL-10 (10 ng/mL) 127.3±5.9; LPS + IL-10 (100 ng/mL)
132.1±3.2; all control and IL-10 alone samples produced
negligible levels ofTNF-a; n = 3 ] and macrophages [i.e.,
LPS (1 pg/mL)-stimulated 210.2 ± 4.8 pg/mL TNF-a
release; LPS + IL-10 (1 ng/mL) 98.2 ± 2.1; LPS + IL-10
(10 ng/mL) 76.3 ± 3.0; LPS + IL-10 (100 ng/mL) 31.0
± 2.1; all control and IL-10 alone samples produced
negligible levels of TNF-a; n = 3].

Interestingly, however, further experimentation de¬
monstrated that IL-10 could inhibit the retardation of

neutrophil apoptosis by LPS at 20 h (Fig. IB and C). This
effect was concentration dependent with significant
effects seen at concentrations as low as 3 ng/mL and
maximal effects observed at 100 ng/mL. We therefore
assessed whether IL-10 could directly interfere with
pivotal neutrophil survival pathways using a concentra¬
tion of 100 ng/mL. A similar approach has been taken by
Clarke et al. [21], who investigated the signaling
pathways responsible for IL-10-mediated suppression
of TNF-a production. In this study the authors demon¬
strated concentration-dependent effects of IL-10 on
functional responsiveness, and subsequendy success¬

fully used the concentration of 100 ng/mL for investiga¬
tions of signaling mechanisms [21]. Thus, neutrophils
were cultured with factors known to delay apoptosis
using different signaling pathways, with or without IL-
10 (100 ng/mL). Dexamethasone [4], db-cAMP [22,
23], and GM-CSF [8] significantly increased neutrophil
survival, but only LPS-induced survival was significantly
reversed by IL-10 (Fig. 2A). TNF-a is pro-apoptotic at
early culture periods (6 h) while enhancing survival at
20 h [5]; IL-10 did not influence either the pro- or anti-
apoptotic effect (Fig. 2B). These data demonstrate that
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4 Fig. 1. (A) Effect of IL-10 on constitutive neutrophil apoptosis.
Neutrophils (5 x 106/mL) were cultured in Iscove's DMEM
containing 10% autologous serum and cultured with the
indicated concentrations of IL-10 for 6 or 20 h. Apoptosis
was assessedmorphologically. All values representmean ± S.E.
of n = 3 experiments; each performed in triplicate. (B) Effect of
IL-10 on LPS-mediated inhibition of constitutive neutrophil
apoptosis. Neutrophils (5 x 106/mL) were cultured in Iscove's
DMEM and treated with the indicated concentrations of IL-10
for 1 h before the addition of LPS (1 ng/mL) or control medium
in the presence of autologous serum (10%), and harvested at
20 h. Apoptosis was assessed both morphologically and by
FITC-annexin V binding. All values represent mean ± S.E of n =
4 experiments; each performed in triplicate. *< 0.05 compared
with control values, # < 0.05 compared with LPS treatment
alone. Similar results were obtained when 10% autologous
serumwas present at the beginningof the experiment. (C) Flow
cytometric profiles ofFITC-annexinVbinding. Neutrophils (5 x
106/mL) were cultured as indicated in the legend to (B) and
treated with control buffer (CONT), 100 ng/mL IL-10 (IL-10),
1 pg/mL LPS (LPS) or IL-10 plus LPS (IL-10/LPS). Cells were
harvested at 20 h. Percentages of annexin V-high neutrophils
are indicated on the profiles. Data shown are representative of
four different experiments. Similar resultswere obtainedwhen
10% autologous serum was present at the beginning of the
experiment.
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with regard to apoptosis, IL-10 appears to act on a
mechanism that is particular to LPS signaling in
neutrophils. Because IL-10 selectively reversed neutro¬
phil survival induced by LPS, we examined LPS-
activated signaling pathways to determine the possible
mechanisms involved.

NF-kB is critically involved in neutrophil survival by a
mechanism that involves the de novo synthesis of
survival factors [24]. LPS activates NF-kB in neutrophils
and protein synthesis inhibitors block the survival effect
of LPS ([24] and our unpublished data), suggesting that
LPS enhances neutrophil survival by a mechanism that
in part involves synthesis of NF-tcB-dependent survival

proteins. In monocytes, IL-10 inhibits NF-kB activation
by blocking IkB kinase (IKK) activity [13] and in both
70Z/3 pre-B cells and RAW 264.7 macrophages IL-10
(100 ng/mL) was found to inhibit NF-kB activity by
approximately 70% [21]. We examined whether IL-10
could inhibit LPS-induced activation of NF-kB using
Western Blotting to detect the breakdown of IkB-oi and
IkB-P, the inhibitory subunits that prevent NF-kB
nuclear translocation. LPS caused a rapid and almost
total disappearance of IkB-u from cytoplasmic extracts
within 15 min. Despite a 1-h pre-incubation with IL-10
(100 ng/mL) before the addition of LPS (1 pg/mL),
there was no inhibitory effect on LPS-mediated IkB-h
proteolysis (Fig. 3), even with pre-incubations of up to
3 h (data not shown). Breakdown of IkB-P was not
observed using LPS as a stimulus (data not shown)
although this IkB isoform has been implicated in LPS
signaling in other cells [25]. Since IL-10 had no effect on
LPS-induced IkB-ci proteolysis we examined other
pathways activated by this bacterial component.

Because human neutrophils have a short lifespan and
transfection methods have been largely unsuccessful, we
examined pathways activated by LPS using pharmaco¬
logical inhibitors to determine possible mechanisms for
the effect of IL-10. Neutrophils were pre-incubated with
the p38 inhibitor SB203580 [26, 27] before the addition
of LPS or other cytokines for comparison. SB203580 did
not affect the rate of constitutive neutrophil apoptosis or
levels of apoptosis in cells treated with either LPS or
TNF-a (Fig. 4A) or GM-CSF (data not shown). Several
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Fig. 2. (A) Effect of IL-10 on stimulus induced inhibition of
neutrophil apoptosis. Neutrophils (5 x 106/mL) were cultured in
Iscove's DMEM containing 10% autologous serum and treated
with control medium, dexamethasone (1 pM), LPS (1 fig/mL),
db-cAMP (0.2 mM) or GM-CSF (50 U/mL) in the absence or
presence of IL-10 (100 ng/mL). Apoptosis was assessed mor¬
phologically after 20 h. Filled bars represent treatment, open
bars represent IL-10 plus treatment. All values represent mean
± SE of n = 3 experiments; each performed in triplicate. *< 0.05
compared with control values, #< 0.05 compared with
treatment alone. Similar results were obtained when neutro¬

phils were cultured for 1 h with IL-10 prior to addition of the
survival factors. (B) Effect of IL-10 on TNF-a induced neutrophil
apoptosis and survival. Neutrophils (5 x 10s/mL) were cultured
in Iscove's DMEM containing 10% autologous serum and
treated with control medium, TNF-a (10 nghnL), IL-10
(100 ng/mL) or a combination ofboth cytokines before harvest¬
ing at 6 or 20 h. Apoptosis was assessed morphologically at 6 h
(filled bars) and 20 h (open bars). All values represent mean ±
SE of n = 3 experiments; each performed in triplicate. *< 0.05
compared with control values. Similar results were obtained
when neutrophils were cultured for 1 h with IL-10 prior to
addition of TNF-a.

groups suggest that 20 pM SB203580 is not specific for
inhibition of p38, but can also inhibit JNK. Therefore
these experiments were repeated using 5 pM SB203580,
a concentration shown to be specific for p38 [26], but
results were similar (data not shown), suggesting that
neither JNK nor p38 activation is required for the
inhibitory action of LPS.

Control LPS IL-10 LPS IL-10 LPS
(10 rig/ml) IL-10 (100 ng/ml) IL-10

(10 ng/ml) (100 tig/ml)

Fig. 3. Effect of IL-10 on IicB-a breakdown in response to LPS.
Neutrophils (5 x 106/mL) were pre-incubated with IL-10 (10 or
100 ng/mL) for 1 h before the addition of LPS (1 n^mL) or
control medium in the presence of 10% autologous serum for
15 min. Blot was probed for IxB-a. Data shown are representa¬
tive of four different experiments.

Inhibition of PKC signaling pathways using the broad
spectrum PKC inhibitor Ro31,8220 [28] determined that
PKC is involved in the inhibition of neutrophil apoptosis
by both LPS and TNF-a. The data suggest that while PKC
is important in LPS-mediated survival, it may also be
part of common survival pathways rather than specific
to LPS (Fig. 4B). This is further supported by the small,
significant increase in constitutive apoptotic rates in
control cells treated with Ro31,8220 alone.

The PI3-K inhibitor LY294002 [29] did not signifi¬
cantly affect rates of constitutive neutrophil apoptosis at
20 h, but successfully reversed the delay of neutrophil
apoptosis induced by GM-CSF, TNF-a and LPS (Fig. 4C).
These data demonstrate that PI3-K is activated by many
survival stimuli in neutrophils; therefore its effects are

unlikely to be specific to LPS.
The MEK inhibitor PD098059 [30] had no effect on

constitutive neutrophil apoptosis, nor did it significantly
alter the decrease in neutrophil apoptosis by TNF-a,
dexamethasone, or dbcAMP (Fig. 4D). However, this
compound almost completely reversed the delay of
neutrophil apoptosis induced by LPS and GM-CSF,
suggesting that the ERK kinases are involved in
neutrophil survival mediated by both LPS and GM-
CSF (Fig. 4D).

Because we previously determined that inactivation
of NF-kB [24, 31] reverses the survival effect of LPS, we
examined whether PD098059 or LY294002 could block
activation ofNF-kB by LPS, indicating a secondary mode
of activation. Fig. 5A and B demonstrates that these
inhibitors did not block IkB-u proteolysis indicating that
a link between these kinases and NF-kB translocation is
not involved in LPS-or TNF-a-mediated survival.

ERK activation is clearly involved in the enhance¬
ment of neutrophil survival by LPS and GM-CSF
(Fig. 4D), however IL-10 alone did not alter ERK
activation regardless of time point examined (Fig. 6 and
data not shown). Maximal activation of ERK occurred
after 15 min of LPS treatment. GM-CSF demonstrated

high ERK activity between 5 and 15 min, while TNF-a

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji.de



Ik 2732 Carol Ward et al.

Eur. J. Immunol. 2005. 35: 2728-2737

C
* 100

90

.2 80
M

2 70
O GO
el
< 50
S? 40

30

JO

10

0

I,J
*

1

Fig. 4. (A) Effect of the p38 inhibitor SB203580 on stimulus-induced neutrophil survival. Neutrophils (5 x 106/mL) were cultured in
Iscove's DMEM for 30 min with SB203580 (20 pM) before the addition of control medium, LPS (1 pghnL) or TNF-a (10 ng/mL) in the
presence of 10% autologous serum. Apoptosiswas assessed by flow cytometry after 20 h. Open bars represent stimulus alone and
filled bars indicate stimulus plus SB203580. All values represent mean ± SE of n = 4 experiments; each performed in triplicate. *<
0.05 comparedwith control values. (B) Effect of the PKC inhibitor Ro31,8220 on stimulus-induced neutrophil survival. Neutrophils
(5 x 106/mL) were cultured in Iscove's DMEM for 30 min with Ro31,8220 (1 pM) before the addition ofcontrol medium, LPS (1 pg/mL)
or TNF-a (10 ng/mL) in the presence of 10% autologous serum. Apoptosis was assessed by flow cytometry after 20 h. Open bars
represent stimulus alone and filled bars indicate stimulus plus Ro31,8220. All values represent mean ± SE of n = 3 experiments;
each performed in triplicate. * <0.05 compared with control values. (C) Effect of the PI3-K inhibitor LY294002 on stimulus-induced
neutrophil survival. Neutrophils (5 x 105/mL) were cultured in Iscove's DMEM for 30 minwith LY294002 (10 pM) before the addition
ofcontrolmedium, LPS (1 pg/mL), TNF-a (10 ng/mL) orGM-CSF (50 U/mL) in the presence of 10% autologous serum. Apoptosis was
assessed morphologically after 20 h. Open bars represent stimulus alone and filled bars indicate stimulus plus LY294002. All
values represent mean ± SE of n = 3 experiments; each performed in triplicate. * <0.05 compared with control values. (D) Effect of
PD098059 on stimulus induced inhibition of neutrophil apoptosis. Neutrophils (5 x 105/mL) were cultured in Iscove's DMEM for
30 min with PD098059 (50 pM) before the addition of control medium, LPS (1 pg/mL), TNF-a (10 ng'mL), GM-CSF (50 U/mL),
dexamethasone (1 pM), or db-cAMP (0.2 mM) in the presence of 10% autologous serum. Apoptosiswas assessed by flow cytometry
after 20 h. Open bars represent stimulus alone and filled bars indicate stimulus plus PD098059. All values representmean ± S.E of n
= 4 experiments; each performed in triplicate. *< 0.05 compared with control values.

stimulation was maximal at 5 min. Fig. 6A clearly
demonstrates that IL-10 inhibits activation of ERK by
LPS, suggesting that this mechanism could account for
the reversal of LPS-mediated neutrophil survival by this
cytokine. However, there is no significant difference in
the activity of ERK between cells treated with both IL-10
and GM-CSF or GM-CSF alone (Fig. 6A and B). IL-10 did
not decrease ERK activation by TNF-a (Fig. 6C); there
was either no effect or in some experiments a slight
increase in ERK phosphorylation was observed. These
data demonstrate that IL-10 specifically inhibited LPS-
induced ERK activation and suggests that this effect is

not due to a nonspecific mechanism such as activation of
phosphatases. Further, these data indicate that regula¬
tion of ERK activation by LPS and GM-CSF or TNF-a
involves different mechanisms.

Discussion

We have demonstrated that IL-10 specifically inhibits
LPS-induced neutrophil survival, having no effect on
survival induced by GM-CSF, dexamethasone, dbcAMP
or TNF-u (Fig. 2A and B). However no reported actions
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Fig. 5. (A) Effect of MAPK inhibitors on LPS-mediated
proteolysis of IxB-a . Neutrophils (5 x 106) were pre-incubated
with SB203580 (20 (iM), LY294002 (10 pM), or PD098059 (50 pM)
for 1 h before the addition of control medium or LPS (1 pg/mL)
in the presence of 10% autologous serum for 15 min. Western
blot was probed for IkB-ci. Figure is a representative of three
similar experiments. (B) Effect of MAPK inhibitors on TNF-a-
mediated proteolysis of IxB-a. Neutrophils (5 x 106) were pre-
incubated with SB203580 (20 pM), LY294002 (10 pM), or
PD098059 (50 pM) for 1 h before the addition ofcontrolmedium
or TNF-a (10 ng/ml) in the presence of 10% autologous serum
for 15 min. Western blot was probed for IxB-a. Figure is a
representative of three similar experiments.

of IL-10 account for this specificity. IL-10 inhibits
tyrosine phosphorylation in LPS-stimulated neutrophils
[32], but had no effect on GM-CSF-induced neutrophil
or eosinophil survival [33] (and our unpublished
observations), although tyrosine phosphorylation has
a crucial role in granulocyte survival [34]. IL-10 also
blocks the increase inTLR4 expression induced by LPS in
neutrophils [15]. However, IL-10 mediated suppression
of the LPS effect was similar whether both mediators
were cocultured or if IL-10 was added 1 h before LPS

addition, suggesting that the suppressive effect of IL-10
is unlikely to be due to changes in TLR4 expression. IL-10
signals via Jakl and Tyk2 that activate Statl, Stat3 and
in some cells Stat5, and also induces suppressor of
cytokine signaling 3 (SOCS-3) protein. GM-CSF is
another powerful inducer of SOCS-3 in neutrophils
[14] and also activates Stat3 [35], Since GM-CSF is a

neutrophil survival factor, such a mechanism is unlikely
to account for the specific decrease in LPS-induced
survival by IL-10.

Because these actions could not account for the

specific effects in our studies, we examined LPS-
activated signaling pathways. NF-kB plays an important
role in LPS-mediated neutrophil survival [24, 31].
Although LPS induced the proteolytic breakdown of
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Fig. 6. (A and B) IL-10 inhibits ERK activation in response to LPS
stimulation. Neutrophils (5 x 106) were pre-incubated with IL-
10 (100 ng/mL) for 1 h before the addition of control medium,
LPS (1 pg/ml) or GM-CSF (50 U/ml) in the presence of 10%
autologous serum for 15 min. Western blot was probed for
phosphorylated ERK. Figure is a representative of five similar
experiments. Equal protein loading was determined by
Western blotting for total ERK. (C) IL-10 does not inhibit ERK
activation in response to GM-CSF or TNF-a stimulation.
Neutrophils (5 x 106) were pre-incubated with IL-10 (100 ng/
ml) for 1 h before the addition of control medium, TNF-a
(10 ng/ml) for 5 min or GM-CSF (50 U/ml) for 10 min in the
presence of 10% autologous serum. Western blot was probed
for phosphorylated ERK. Figure is a representative of five
similar experiments.

IkB-u, this was not prevented by IL-10 even with
incubation periods of up to 3 h before LPS addition
(Fig. 3). Inactivation of NF-kB causes massive cell death
in TNF-a-treated neutrophils within 2 h of culture [24].
IL-10 had no effect on TNF-a-induced cell death, again
suggesting that IL-10 does not direcdy interfere with NF-
kB activation in neutrophils, in agreement with other
studies [14, 36]. Further, our data indicate that the
inhibitors used in these studies did not block LPS-

activation of NF-kB.
Inhibition of p38 or p38/JNK pathways using

SB203580 at concentrations known to inhibit either
one or both kinases simultaneously [27] did not
influence either constitutive neutrophil apoptosis or
survival induced by any of the factors examined. This
makes it unlikely that IL-10 is affecting these signaling
pathways or that p38 is involved in constitutive
neutrophil apoptosis or involved in LPS or TNF-a-
induced survival. This is in agreement with other work
[37, 38]. In contrast, LY 294002, an inhibitor of PI3-K
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[29] reversed the inhibition of neutrophil apoptosis by
GM-CSF, TNF-a and LPS. This suggests that PI3-K, forms
part of a pivotal survival pathway in neutrophils, since
inactivation of this kinase can also reverse the effects of
other survival factors such as C5a [39]. Because IL-10
had no effect on GM-CSF- or TNF-a-induced survival, it
is doubtful that PI3-K activity is directly influenced by
IL-10. The broad spectrum PKC inhibitor Ro31,8220
[28] reversed both LPS- and TNF-a-induced survival.
Interestingly, Ro31,8220 significantly induced neutro¬
phil apoptosis, suggesting that PKC activation is an

important pro-survival pathway in neutrophils, and is
therefore unlikely to be the site of action of a specific
inhibitor. The MAPK [42, 44] inhibitor PD098059 [30]
blocked the inhibition of neutrophil apoptosis by GM-
CSF and LPS, in accordance with results of Klein et al.
[40]. Because IL-10 did not affect GM-CSF-induced
survival, these data at first appeared to rule out this
paLhway. Therefore, the inhibitor data gave no clear
explanation for the action of IL-10. However, the most
attractive target appeared to be ERK since there was no
effect on constitutive apoptosis and only LPS and GM-
CSF induced survival was significantly reversed by the
inhibitor.

Studies of the LPS signaling pathways in neutrophils
reveal controversial results. For example one group
found no effect of IL-10 on LPS induced neutrophil
survival [41] whereas others [32,42], in agreementwith
our study, found that IL-10 reverses LPS-mediated
neutrophil apoptosis. The reasons for these differences
are unclear but it is possible that differences in
neutrophil isolation techniques, cell density, culture
medium and tissue culture, serum concentration and
type, and LPS serotype and concentration may account
for the discrepancies (see [43] for a discussion on

problems encountered when working with neutrophils).
Previous reports [44, 45] suggest that LPS does not
activate ERK in neutrophils, however, other studies
support our results [46]. It has also been suggested that
some, but not all, of the observed effects of LPS on

neutrophil apoptosis are due to monocyte contamina¬
tion [47]. However, other studies have shown direct LPS
effects in these cells, even at the level of gene expression,
when factors such as this are controlled for [48-50]. We
show clear activation of ERK by LPS (Fig. 6). However,
phosphorylation only occurred in the presence of serum,
indicating that this effect is CD 14 dependent, in
agreement with Bonner et al. [51], implying that LPS
activates ERK via TLR4-signaling pathways. However,
IL-10 did not reverse GM-CSF- or TNF-a-induced ERK

activation, inferring that there is no direct interference
with activation of this kinase by IL-10.

GM-CSF and LPS may activate ERK using different
pathways. For example, GM-CSF has been shown to
activate ERK via p21ras [52] and Swantek et al. [53] have

demonstrated a link between IRAK activation by LPS and
subsequent ERK stimulation in murine peritoneal
macrophages, indicating that LPS can indeed signal
ERK activation through a non-classical pathway. Our
data strongly support the hypothesis that IL-10 can
reverse LPS-mediated neutrophil survival by inhibiting a
component of the ERK-signaling pathway, which is not
involved in that used by TNF-a or GM-CSF. Inhibition of
ERK activation by IL-10 is not confined to neutrophils;
e.g., it has also been demonstrated in monocytes that IL-
10 can inhibit CD40 [54] and LPS [55] mediated ERK
activation. The precise mechanism that IL-10 targets in
the LPS signaling pathways is unknown; however, it is
possible that the recently described adaptor protein
ECSIT (evolutionary conserved signaling intermediate
in Toll pathway) [56] may be targeted. Other negative
regulators of LPS signaling, Dok-1 and Dok-2 have been
demonstrated to inhibit ERK activation [57], but
whether IL-10 can affect these proteins is currently
unknown.

Interestingly, phagocytic ingestion of apoptotic cells
is accompanied by the release of IL-10 [58] and IL-10
itself has recently been shown to up-regulate phagocy¬
tosis of apoptotic cells [59]. Our studies demonstrate IL-
10 could also prevent the increased functional longevity
of neutrophils in response to LPS, allowing apoptosis
and clearance of effete cells to occur and inflammation
to resolve. Further, in an in vivo rat model of pulmonary
inflammation induced by LPS, IL-10 has been shown to
enhance resolution [42] and it may also dampen
inflammation by generating uncoupled decoy receptors
on activated human cells which can scavenge inflam¬
matory chemokines [60], Therefore the specific me¬
chanisms involved in IL-10 inhibition of LPS-induced

neutrophil survival may reveal possible targets for anti¬
inflammatory therapies especially since modulation of
resolution mechanisms controlling inflammation offers
new opportunities for drug discovery [61].

Materials and methods

Materials

rhTNF-a and hIL-10 were obtained from R&D Systems
(Abingdon, UK), rhGM-CSF from Genzyme Diagnostics (Kent,
UK), dexamethasone from David Bull Laboratories (Warwick,
UK), Ro31,8220, PD098059, SB203850, and LY294002 from
Calbiochem, and IkB-u, and phosphor-ERK antibodies from
New England BioLabs. All other reagents were obtained from
Sigma Co, Poole, UK, including LPS (£. Coli 0127:B8). Note
that IL-10 at 100 ng/mL is equivalent to 1450 x 103 U/mL or
5. 6 nM.
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Cell isolation and culture

Neutrophils, monocytes and macrophages were prepared as

previously detailed [23, 62]. Purified cells were suspended in
Iscove's DMEM (Life Technologies, Paisley, UK) supplemented
with 10% autologous serum (unless otherwise stated) at 5 x
106/mL before culturing in flat-bottom Falcon flexible well
plates (Becton Dickinson, Oxford, UK) at 37°C in a 5% C02
atmosphere; or in Eppendorf tubes in a shaking water bath.

Assessment of granulocyte apoptosis

Morphology

Cells (100 pL/sample) were cyto-centrifuged, fixed in metha¬
nol, stained with Diff-Quik™, and eounLed using oil immer¬
sion microscopy (xlOO objective) to determine the proportion
of cells with distinctive apoptotic morphology [24]. At least
500 cells were counted per slide, three slides per treatment.

Annexin V binding

Apoptosis was also assessed by flow cytometry using FITC-
labeled rh-annexin V (Bender MedSystems, Vienna, Austria)
diluted 1:2500with binding buffer and then added (180 pL) to
20 pL of the recovered cell samples. Following 10-min
incubation at 4°C, the samples were analyzed using a
FACSCaliber (Becton Dickenson).

Assessment of membrane integrity and cell recovery

The membrane integrity of both treated and untreated cells
was assessed using the vital dye trypan blue or alternatively
determined by adding propidium iodide at a final concentra¬
tion of 10 pg/mL to annexin V samples and assessing necrosis
by flow cytometry.

Western blotting

Cell samples (5 x 106/mL) were incubated in a shaking water
bath at 37"C with the agents of interest and for times as
described in figure legends. After treatment, cells were
immediately placed on ice and all lysates were prepared at 4°C.

Cytoplasmic extracts

Samples were centrifuged and 100 pL of hypotonic buffer
[10 mM Tris-HCl, pH 7.8,1.5 mM NaEDTA, 10 mM KC1,10 pg/
mL aprotinin, leupeptin and pepstatin A, 10 pM 4-(2-
aminoethyl)benzenesulfonyl fluoride, 10 mM sodium ortho-
vanadate, 5 mM benzamidine and 20 mM levamisole] added
and incubated on ice for 10 min. Following the addition of 0.1
volumes of 10% NP-40 (v/v) the cells were vortexed briefly and
centrifuged at 12 000 x g for 2 min at 4°C. The supernatant
was added to loading buffer, boiled for 5 min and stored at 4°C
until use.

Whole-cell extracts

Whole-cell extracts were prepared by adding 100 pL of buffer
(Sigma Protease Cocktail 1:100 dilution in 1 X Tris-buffered
saline solution, containing protease inhibitors as detailed
above, and 0.1% NP-40) to pelleted cell samples. Cells were
incubated on ice for 15 min before centrifugation at 12 000 x
g for 20 min at 4°C. The supernatant was added to loading
buffer, boiled for 5 min and stored at 4°C until use.

Lysates were run on a 9% SDS gel and after transfer, blocked
by 5% milk protein before an overnight incubation with
primary antibody at 4°C diluted 1:500. After washing, blots
were incubated with HRP-conjugated anti-biotin secondary
antibody diluted at 1:2500 and developed using standard ECL
reagents (Amersham). Ponceau S staining was used to
determine equal protein loading on each gel run.

TNF-a measurement

Monocytes and macrophages were cultured (2 x 10f>/mL in
Iscove's containing 10% autologous serum) plus or minus LPS
(lpg/mL) and IL-10 (1-100 ng/mL). Supernatants were
harvested after 4-h culture and TNF-a was measured by
ELISA using paired monoclonal antibodies from Boehringer
Mannheim.

Statistical analysis

Results are expressed as mean ± SE of the number (n) of
independent experiments each using cells from separate
donors with each treatment performed in triplicate. Statistical
analysis was performed by ANOVA with comparisons between
groups made using the Newman-Kuels procedure. Differences
were considered significant with p < 0.05.
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Inflammatory cell recruitment, activation, and apo-

ptosis are highly regulated processes involving
several checkpoints controlling the resolution of in¬
flammation. We investigated the role of the mitogen-
activated protein kinase (MAPK) signaling pathway
(ie, ERK1/2) and apoptosis-regulating Bcl-2 family
members (ie, Bcl-x, and Bax) in the resolution of a rat
carrageenan-lnduced pleurisy model. The specific
ERK1/2 inhibitor PD98059 enhanced the resolution of
inflammation, whereas the MEK1/2 inhibitor U0126
had no effect and the flavonoid apigenln, a nonspe¬
cific inhibitor of ERK1/2 and COX-2, augmented
inflammation. Specifically, PD98059 significantly
decreased the total number ofmacrophages and neu¬

trophils in the pleural cavity, mainly by increasing
the rate of neutrophil apoptosis, as measured by An-
nexin V labeling and morphological analysis. Con¬
versely, a specific Inhibitor of proapoptotic Bax (V5)
increased inflammation, indicating that by prevent¬
ing apoptosis in vivo, resolution of inflammation is
delayed. This was associated with a decrease in neu¬

trophil apoptosis and an increase in macrophage and
neutrophil numbers perpetuating the inflammatory
response. In conclusion, this study shows that
ERK1/2, Bax, and Bcl-x, play important functional
roles in the resolution phase of the acute inflamma¬
tory response in vivo by influencing apoptosis. Im¬
portantly, these data may provide novel therapeutic
targets for the treatment of inflammatory diseases.
(Am J Pathol 2006, 168:33-41; IXil: 10.2353/ajpath.2006.
050058)

The inflammatory response is a highly regulated process
in which the balance between cell survival and apoptosis
is orchestrated to ultimately drive and resolve inflamma¬
tion. In addition, inflammation is controlled by a series of
checkpoints, in which an array of endogenous mediators
act to either elicit and/or to suppress the inflammatory
response, depending on chronology and circumstance.1
Classically, the onset of acute inflammation is character¬
ized by the recruitment of neutrophils and eosinophils
from the bone marrow to the local site of inflammation,
regulated by several chemokines and cell adhesion mol¬
ecules.2 Here, they are activated by various cytokines
[for example, tumor necrosis factor-a, interleukin (IL)-1j3,
and IL-8], growth factors (GM-CSF), and several other
endogenous mediators (for example, PAF and LTBJ.
Resultant degranulation of cytotoxic granules and gener¬
ation of toxic oxygen radicals contribute to surrounding
tissue damage. At the peak of the inflammatory response,
with regard to leukocyte recruitment, there is an influx of
monocytes that differentiate into macrophages in situ. It is
thought that these professional phagocytes clear apopto-
tic cells and contribute to resolution by generation of
anti-inflammatory cytokines, such as transforming growth
factor (TGF)-/3, and IL-10. On the contrary, phagocytosis
of necrotic cells leads to the generation of proinflamma¬
tory signals that fuels persistent inflammation and tissue
damage.3 It is therefore thought that the promotion of
apoptosis of inflammatory cells, hence efficient clearance
by phagocytes, would be a beneficial therapeutic strat-
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egy for inflammatory diseases such as asthma, rheuma¬
toid arthritis, and inflammatory bowel disease.

Recently, we have shown the cellular profile of apopto-
sis in an acute pleurisy model of inflammation in vivo.4
One of the key events that initiate the resolution of inflam¬
mation (24 to 36 hours) is the induction of neutrophil
apoptosis, which allows for safe clearance by phago¬
cytes, such as macrophages. During resolution the ma¬
jority of macrophages migrate to the local lymph node,5
however we have shown that some macrophages un¬
dergo apoptosis in situ at 72 hours, when inflammation
has almost fully resolved. The signaling molecules and
mechanisms that govern inflammatory cell survival and
apoptosis have not yet been fully elucidated and more
importantly, whether modulating these molecules can
prevent or promote the resolution of the inflammatory
response in an in vivo scenario has not been evaluated.
There are numerous signal transduction molecules that
play a role in determining the fate of the cell, which are
triggered by extracellular signals before committing to
caspase-dependent or -independent cell death.6 The
Bcl-2 and mitogen-activated protein kinase (MAPK) path¬
ways have been well characterized in terms of cell apo¬
ptosis and cell survival regulation in vitro, however their
effects on the resolution of inflammation in vivo is still
unclear. Bax and Bcl-xL, proapoptotic and anti-apoptotic
Bcl-2 family members, respectively, play key roles in the
regulation of apoptosis.7 For example, it has been shown
that eosinophils isolated from children with acute asthma
had an increased expression of Bcl-2, which was in¬
versely correlated with the expiratory flow rate.8 In addi¬
tion, Bax expression is attenuated and Bcl-xL expression
is increased in T cells isolated from the lamina propria
from patients with Crohn's disease.9 This shows that in¬
flammatory cell survival, by means of prosurvival and
anti-apoptotic signaling mechanisms are important in the
pathogenesis of inflammatory diseases. It has yet to be
determined if modifying proteins from the Bcl-2 family
can modulate inflammation per se.
The three main cascades by which MAPK homologues

are released via MAPK kinase (MEK 1-7) are the extra¬
cellular signal-regulated kinase (ERK) (p42, p44, MAPK),
c-Jun amino-terminal kinases (JNKs), and p38 MAPK
pathways.10 The endogenous homologues of MAPK all
play roles in cell differentiation, apoptosis, stress re¬
sponses, and inflammation.11 In inflammatory diseases,
such as asthma and rheumatoid arthritis, MAPK expres¬
sion is increased.12 ERK1/2 can be activated for a rela¬
tively prolonged period of time under certain inflamma¬
tory conditions, in which it has been shown that
macrophage inhibitory factor (MIF) induces ERK1/2 via
cPLA2-induced arachidonic acid generation for a period
of 24 hours in culture, which may partially account for the
mechanism of ERK-induced cellular proliferation.13 In ad¬
dition, macrophage ingestion of apoptotic cells liberate
mediators3 that can influence inflammatory cell survival
via MAPK pathways.
Studies have also shown that inhibitors of p38 MAPK,

such as RWJ-67657, SB203580, and SB242235, are ef¬
fective anti-inflammatory agents in suppressing cytokine
release in human clinical trials ex vivo14 and also in the

rat adjuvant-induced arthritis and in murine collagen-
induced arthritis models in vivo.15'16 Inhibitors of ERK 1/2,
such as PD98059, have also been shown to inhibit eo¬
sinophilic proinflammatory cytokine release, differentia¬
tion, and degranulation in vitro.17 Interestingly, flavonoids,
such as apigenin, also possess anti-inflammatory prop¬
erties in vitro through antioxidant mechanisms;18 inhibi¬
tion of cell adhesion molecule expression, such as ICAM-
1,19.20 anc| j-jy attenuating the release of inflammatory
mediators such as IL-1 /3-induced PGE2 via the inhibition
of MAPK.21 In vivo studies have shown that flavonoids
attenuate the onset of acute inflammation in murine mod¬
els of carrageenan-induced paw edema and peritonitis,
which is attributable to PGE2 and LTB4 inhibition.22 Al¬
though flavonoids, such as apigenin, are effective at
preventing the onset of inflammation, it is unclear whether
flavonoids exert anti-inflammatory effects once inflamma¬
tion is established and whether they can promote the
resolution of inflammation. We therefore hypothesize that
inhibiting prosurvival factors, such as ERK 1/2 and Bcl-x,,
or inducing proapoptotic proteins, such as Bax, may lead
to the safe clearance of inflammatory cells and aid the
resolution of acute inflammation. In this study, we exam¬
ined the expression profile of apoptosis-modulating pro¬
teins during the inflammatory response and investigated
whether inhibition of these specific proteins can result
in the advancement or delay of the resolution of
inflammation.

Materials and Methods

All materials were purchased from Sigma-Aldrich Ltd.
(Poole, UK) unless otherwise stated. Bax-inhibiting pep¬
tide (V5), PD98059, and U0126 were purchased from
Calbiochem (Nottingham, UK). Viscarin (A-carrageenan)
was a kind gift from Marine Colloids Inc. (Philadelphia,
PA). Antibodies to Bax, Bcl-xL, and pERK 1/2 were pur¬
chased from Autogen Bioclear (Wiltshire, UK).

Carrageenan-induced Pleurisy
Male Lewis rats (250 to 300 g) (Tuck and Sons, Battle-
bridge, UK) were housed in the University of Edinburgh
animal facilities in accordance with local guidelines. An¬
imals were fed on a normal diet with tap water ad libitum
and were housed in a 12-hour light/dark cycle, at 20 to
21°C and with 50% humidity levels. The first described
model of carrageenan-induced inflammation was by Win¬
ter and co-workers23 in the paw edema model. Since
then, the carrageenan-induced pleurisy model has been
further developed and widely used as an acute resolving
model of inflammation.24 Briefly, the animals were anes¬
thetized with halothane, a small incision was made to
expose the musculature and 0.15 ml of 1% viscarin (A-
carrageenan) was injected intrapleurally with a blunted
21-gauge needle. Animals were killed by a rising con¬
centration of C02 at various time points after carra-
geenan administration, from the onset (6 hours), the peak
(24 hours), and during the resolution of inflammation (36,
48, and 72 hours). Pleural cavities were washed with 1 ml
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of 3.15% (w/v) sodium citrate in physiological saline.
Total inflammatory cell pellets were harvested for analysis
by Western blotting.

In Vivo Treatment with 2'-Amino-3'-

Methoxyflavone (PD98059), 1,4-Diamino-2,3-
Dicyano-1,4-Bis(0-Aminophenylmercapto)
Butadiene (U0126), or Bax-lnhibiting Peptide V5
Rats were treated with 0.15 ml of saline control, 0.15 ml of
0.1% or 0.8% dimethyl sulfoxide vehicle control, or with
300 p.mol/L PD98059, 300 nmol/L U0126, or 200 |u.mol/L
Rax-inhibiting peptide (V5) intrapleurally 36 hours after
injection with 1% carrageenan. Animals were culled by a
rising concentration of C02 48 hours after injection with
carrageenan (12 hours after drug treatment). Pleural cav¬
ities were washed with 1 ml of 3.15% (w/v) sodium citrate
in physiological saline. Edema formation was measured
by weighing the total pleural exudates, and total cell
counts were measured with a Coulter Counter (model
DN; Coulter Electronics, Luton, UK). An aliquot of 1 x 10®
inflammatory cells were washed in PBS three times and
labeled with fluorescein isothiocyanate-conjugated An-
nexin V according to the manufacturer's instructions. To¬
tal cell apoptosis was measured by Annexin V labeling
according to the manufacturer's instructions and ana¬
lyzed by the BD FacsCalibur (Becton-Dickinson, Moun¬
tain View, CA). Lymphocyte, polymorphonuclear leuko¬
cyte (PMNs), and monocyte/macrophage total numbers
were counted by light microscopy from hematoxylin and
eosin (H&E)-stained cytospin preparations and con¬
firmed by flow cytometry as described.4 Total neutrophil
apoptosis was also measured by morphological analysis
by light microscopy from H&E-stained cytospin prepara¬
tions of pleural inflammatory cells with data presented as
the percentage of apoptotic neutrophils from the total
number of neutrophils present.

Western Blot Analysis
Inflammatory cell pellets were lysed in the presence of
protease inhibitory buffer containing 1 ju,mol/L phenyl-
methyl sulfonyl fluoride, 1.5 /xmol/L pepstatin A, and 0.2
^mol/L leupeptin. Protein concentrations were deter¬
mined by the Bradford assay, and equal protein loading
was confirmed by 0-actin blotting (data not shown). Sam¬
ples were boiled for 5 minutes with equal volumes of
Laemmli gel loading buffer (5 mmol/L Tris, 10% sodium
dodecyl sulfate, 10% glycerol, 10% jB-mercaptoethanol,
and 2 mg/ml bromophenol blue). Total protein equiva¬
lents of 10 /j,g for each sample were run on 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and
were transferred to nitrocellulose paper (Amersham, UK)
using the Bio-Rad minigel system (Bio-Rad, Hemel
Hempstead, UK). Nonspecific antibody binding was
blocked with 5% dried milk protein, and blots were incu¬
bated with either polyclonal goat or rabbit antibodies
against pERK 1/2 (1:1000 dilution), Bax (1:500 dilution),
or Bcl-x, (1:1000 dilution).

6 24 36 48 72
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Figure 1. Expression of the prosurvival proteins, pERK 1/2 and Bcl-xL, and
the proapoptotic signaling protein, Bax, during the onset and resolving phase
of inflammation. Male Lewis rats were injected intrapleurally with 1% carra¬
geenan and inflammatory cells were harvested at various time points during
the onset (6 to 24 hours) and revolving phase of acute inflammation (36 to /2
hours). Equal protein equivalent was determined by Bradford assay and 10
jag was loaded for each sample. Protein expression of pERKl/2, Bcl-x1, and
Bax were measured by electrophoresis and Western blotting. Data are rep¬
resentative of three separate experiments.

Statistics

All experiments were performed with six to eight rats per
group, with experiments repeated to verify the original
findings. Statistical analysis was performed by a one-way
analysis of variance with Bonferroni multiple comparison
post hoc test with a 95% confidence interval or by a
Student's f-test as appropriate. Data are expressed as
mean ± SEM.

Results

Expression Profiles ofSignaling Molecules
Involved in Apoptosis
Inflammatory cells from the onset of inflammation in a rat
carrageenan-induced pleurisy model (6 to 36 hours after
carrageenan) expressed the prosurvival molecules
pERK1/2 and Bcl-xL with very low levels of Bax expres¬
sion found (Figure 1). Conversely during the resolution of
inflammation (48 hours after carrageenan), Bax protein
expression was increased with negligible levels of
pERK1/2 and Bcl-xL expression.

Modulation ofProapoptotic or Prosurvival
Proteins Can Enhance or Prevent the Resolution
of Inflammation in Vivo

Functional studies were conducted to assess whether
inhibition of the prosurvival ERK1/2 could alter the reso¬
lution of inflammation in the carrageenan-induced pleu¬
risy model. Once inflammation was established in the
pleural cavity 36 hours after carrageenan, the flavonoid
apigenin, a nonspecific ERK1/2 inhibitor, was given lo¬
cally by intrapleural injection. Although apigenin did not
affect edema, it was found to exacerbate inflammation
with an increased total amount of pleural cell numbers of
112.6 x 106± 6.4 cells compared with vehicle-treated
control of 71.7 x 106± 7.3 cells (*P < 0.05; Figure 2).

The specific ERK1/2 inhibitor PD98059 augmented the
resolution of inflammation by reducing cell numbers in
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Figure 2. Apigenin, a nonspecific inhibitor of ERK1/2 and COX-2, inhibited
the resolution of inflammation. Male Lewis rats were injected intrapleurally
with 1% carrageenan and after 36 hours were treated intrapleurally with
saline, vehicle-treated control, or 30 /xmol/L apigenin. Twelve hours later
edema formation (A) and total inflammatory cell numbers (B) were mea¬
sured (48 hours after the onset of the carrageenan-induced pleurisy). Data
are the mean of six animals per group ± SEM, *P < 0.05.

the pleural cavity to 50 x 10e± 5.2 x 10s cells (n = 8;
Figure 3B) compared with vehicle control of 81 x 106±
5.6 x 106 cells (**P < 0.01) when given 36 hours after
carrageenan. PD98059 pretreatment halved the total cell
number of PMNs (*P < 0.05) and also monocytes/mac¬
rophages (***P < 0.001) compared with vehicle-treated
control (Figure 5A). Edema formation decreased with
PD98059 treatment by 30% when compared with saline
control; however, PD98059 treatment was not signifi¬
cantly different from vehicle-treated control (Figure 3A).
Inflammatory cell apoptosis, measured by Annexin V
binding and analyzed by flow cytometry, was significantly
enhanced with PD98059 resulting in a 25% increase in
binding when compared with vehicle control (n = 8,*P<
0.05; Figure 3C). Specifically, there was as increase of
apoptotic neutrophils with PD98059 pretreatment by
50 ± 6% (n = 6, **P < 0.01; Figure 5B), which was
approximately double the amount of constitutive apopto¬
sis found in the saline and vehicle-treated control groups.
Neutrophil apoptosis was further illustrated with H&E-
stained inflammatory cells (Figure 5C). In contrast, the
MEK1/2 inhibitor U0126 had no effect on the exudate
volume, total cell number, or cell apoptosis levels (Figure
3, D-F).

We have shown that by enhancing apoptosis, via inhi¬
bition of ERK1/2, there is a significant attenuation of in-
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Figure 3. The specific ERK 1/2 inhibitor, PD98059, enhanced the resolution
of inflammation, whereas the MEK inhibitor U0126 had no effect. Male Lewis
rats were injected intrapleurally with 1% carrageenan and after 36 hours were
treated intrapleurally with saline, vehicle-treated control, 300 /xmol/L
PD98059, or 300 /xmol/L U0126. Twelve hours later edema formation (A and
D) and total inflammatory cell numbers (B and E) were measured (48 hours
after the onset of the carrageenan-induced pleurisy). Levels of apoptosis (C
and F) were measured by Annexin V binding and analyzed by flow cytom¬
etry. Data are the mean of eight animals per group ± SEM, *P < 0.05 and
-P < 0.01.

flammation. On the contrary, it was also important to
assess whether direct inhibition of apoptosis can alter the
resolution of inflammation. A specific inhibitor of Bax
prevented the safe resolution of inflammation with an
increase in numbers of inflammatory cells to 121.9 x
106± 16.7 x 106 cells (n = 8; Figure 4) compared with
saline alone to 78.3 x 106± 9.5 x 10s cells (n = 8) when
administered locally at the peak of inflammation. Specif¬
ically, the total amount of PMNs and monocytes/macro¬
phages increased by 42% and 33%, respectively, com¬
pared with saline control (*P < 0.05, ***P < 0.001; Figurp
5A). There was also a significant decrease (35%, *P <
0.05, n = 8) in Annexin V binding compared with control,
which further supports the hypothesis that the aug¬
mented inflammation was due to the prevention of apo¬
ptosis, which would normally occur during the resolution
phase of inflammation. In particular, Bax inhibition
caused a decrease in the number of apoptotic neutro¬
phils, in which only 7.2% of neutrophils were apoptotic
within the total number of neutrophils present (Figure 5, B
and C; *P < 0.05). Interestingly, although TGF-jS, was
prevalent during resolution (36 hours after carrageenan),
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Figure 4. The Bax-inhibiting peptide V5 prevented the safe resolution of
inflammation. Male Lewis rats were injected intrapleurally with 1% carra-
geenan and after 36 hours were treated intrapleurally with saline or 200
/xmol/L Bax-inhibiting peptide V5. Twelve hours later edema formation (A)
and total inflammatory cell numbers (B) were measured (48 hours after the
onset of the carrageenan-induced pleurisy). Levels of apoptosis (C) were
measured by Annexin V binding and analyzed by flow cytometry. Data are
the mean of 10 animals per group ± SEM, *P < 0.05, **P — 0.01.

there was no significant difference in TGF-/3, or IL-10
levels in any of the treatment groups (data not shown).

Discussion

The balance between prosurvival and proapoptotic sig¬
nals is a highly regulated process involving many check¬
points that regulate cell survival and death.1,25 Several
proinflammatory mediators, such as fMLP,26 tumor ne¬
crosis factor-a,27 GM-CSF,28 PAF,29 LTB4,30 influence
apoptosis of inflammatory cells,31 and trigger MAPK
pathways. This study has shown that during the initiation
of acute inflammation, expression of prosurvival mole¬
cules, such as ERK1/2 and Bcl-xL, are increased. Fur¬
thermore, we also show that the expression of these
survival factors is down-regulated during the resolution
phase. Conversely, the proapoptotic signaling molecule
Bax is up-regulated when the inflammation is resolving
with low expression levels found during the onset of
inflammation. The functional role of cell signaling pro¬
teins, such as Bax, MEK1/2, and ERK1/2, in inflammation
in vivo was previously undetermined.

This study demonstrates for the first time that apopto-
sis-modulating pharmacological inhibitors can promote
or delay the resolution of acute inflammation. Importantly,
the specific ERK1/2 inhibitor, PD98059, accelerates res¬
olution of inflammation even after inflammation was es¬

tablished. It is difficult to predict in patients when inflam¬
mation will occur, even in chronic inflammatory diseases,
and therefore, treatment during flare-ups is more benefi¬
cial than a prolonged prophylactic drug treatment re¬

gime. Furthermore, this is an advantageous therapeutic
strategy that will allow neutrophil infiltration to combat
invading pathogens but will limit persistent inflammation
and excessive tissue damage. Premature neutrophil
apoptosis during infection is likely to be detrimental to
host defense and lead to bacterial infection and sepsis.
This is a known complication in cystic fibrosis patients in
which the Pseudomonas aeruginosa-derived exotoxin
pyocyanin induces neutrophil apoptosis, which allows
inflammatory cells and bacteria to persist contributing to
pulmonary damage and patient mortality.32
The effects of endogenous or exogenous mediators

depend on the kinetics of the synthesis or release or the
timing of the administration of the inflammatory process.
Studies have shown that in the carrageenan-induced
paw edema model, apigenin had an anti-inflammatory
effect when given at the onset of inflammation.33 This
effect would be consistent with the suppression of COX-2
inhibiting inflammation when given prophylactically. In
the present study, the nonselective ERK1/2 inhibitor api¬
genin exacerbated inflammation, which in part is likely
due to an inhibition of COX-2 because it has been shown
that selective COX-2 inhibition by NS-398 and traditional
NSAIDs, when given during the peak of inflammation,
causes a prolonged inflammation.34 This is likely due to
inhibition of the anti-inflammatory cyclopentenone pros¬
taglandins, 15deoxy6,12,14 PGJ2, and PGDZ, which di¬
rectly promote the apoptosis of neutrophils and macro¬
phages in situ.4 Further evidence of the anti-inflammatory
role of COX-2 was also shown by Wallace and co-work¬
ers35 in which inflammation failed to resolve in COX-2
knockout mice in a model of carrageenan-induced paw
inflammation.

Here, we show that pretreatment with the specific
ERK1/2 inhibitor PD98059 enhanced the resolution of
acute inflammation, with attenuated total cell numbers of
monocytes/macrophages and PMNs in the pleural cavity.
This correlated with an increase in the number of free

apoptotic neutrophils found after pretreatment with
PD98059. The increased amount of free apoptotic cells
was probably not due to a defective phagocytosis mech¬
anism because previous studies have shown that
PD98059 does not affect phagocytosis in many different
in vitro assays.36-38 In the present study, we also quali¬
tatively show that the macrophage can still ingest apo¬
ptotic cells, as indicated in Figure 5C. The ability to
visualize the free apoptotic neutrophils may be a result of
a pronounced increase in apoptosis levels and a re¬
duced number of the professional phagocytes (macro¬
phages) in the pleural cavity. The persistence of free
apoptotic cells has recently been suggested to be anti¬
inflammatory dependent on the environment that the
macrophage is exposed to.39,40 Interestingly, autologous
administration of apoptotic cells has been clinically
proven to help prevent heart, lung, and renal allograft
transplant rejection.41-44 This is thought to occur as a
result of tolerogenic changes of immature dendritic cells
after the engulfment of the apoptotic cells, which then
stimulates inhibitory T-regulatory cells that suppress im¬
mune rejection 45 This clearly shows that the administra¬
tion of apoptotic cells and their safe engulfment in hu-
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Figure 5- The specific ERK1/2 inhibitor PD98059 augments neutrophil apoptosis, whereas the Bax-inhibiting peptide promoted neutrophil survival. Male Lewis
rats were injected intrapleurally with 1% carrageenan and after 36 hours were treated intrapleurally with saline, vehicle-treated control, 300 /xmol/L PD98059, or
200 /xmol/L Bax-inhibiting peptide V5. A: Twelve hours later, the total number of lymphocytes (open bars), neutrophils (filled bars), and monocytes/
macrophages (dotted bars) was counted by flow cytometric analysis and differential cell counts by light microscopy. B: Neutrophil apoptosis was measured by
morphological analysis by light microscopy after H&E staining with data presented as the percentage of apoptotic neutrophils from the total number of neutrophils
present. Examples of this in a typical field are illustrated showing the distinct nuclei of apoptotic neutrophils (arrows), phagocytosed apoptotic neutrophils
(arrowhead), and viable neutrophils (asterisk) after vehicle, PD98059, or Bax inhibitor (V5) pretreatment. Original magnifications, X60.

mans has a role in the adaptive and the innate immune
system by stimulating tolerance and promoting the reso¬
lution of inflammation. In this study, there is an overall
diminished inflammatory response with PD98059 treat¬

ment in which increased apoptosis of neutrophils leads to
an enhanced resolution of inflammation.
The accelerated resolution of inflammation was a spe¬

cific effect for PD98059 because the MEK1/2 inhibitor
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U0126 had no anti-inflammatory effect in terms of inflam¬
matory cell numbers and apoptosis levels in vivo. U0126
has been shown to be specific for MEK1/2 and is non¬
competitive with ERK and ATP.46 This indicates that
MEK1/2 may be disassociated from the ERK1/2 signaling
pathway, which may provide a novel pathway for cell
survival in inflammation. Alternatively U0126 could be
ineffective in this model. Recently however, administra¬
tion of U0126 at the onset of inflammation in a murine
model of ovalbumin-induced asthma has been shown to
be effective in reducing eosinophilia, proinflammatory
cytokine release, and airway hyperresponsiveness.47 In
an in vitro study, there was a suppression of the release of
eotaxin, RANTES, and GM-CSF from human airway
smooth muscle cells with the MEK 1/2 inhibitor U0126;
however, no effect was observed with a range of concen¬
trations of the ERK1/2 inhibitor PD98059 48 The authors
argue that PD98059 has poor efficacy, which is different
from the findings proposed here, in which this compound
augmented the resolution of inflammation. The local con¬
centrations of the PD98059 and U0126 compounds were
consistent with ECS0 values shown in other in vitro
studies.21
The Bax-inhibiting peptide V5 is a cell-permeable pen-

tapeptide that blocks the ku70 binding domain and pre¬
vents Bax conformational change and mitochondrial
translocation.49 This peptide has been shown to inhibit
staurosporine-, UV-, and anti-cancer drug-induced apo¬
ptosis in vitro.50 In the present study, inhibition of Bax
during the resolving phase of acute inflammation exac¬
erbated the inflammatory response in vivo. Specifically,
total pleural cell numbers of monocytes/macrophages
and PMNs were increased, with a corresponding de¬
crease in the amount of neutrophil apoptosis, after pre-
treatment with the specific Bax inhibitor. Other studies by
Maiuri and co-workers51 show that induction of Bax via
inhibition of nuclear factor-icB in a carrageenan sponge
model of chronic inflammation is associated with the

apoptosis of neutrophils.
A decrease in total cell apoptosis, which could be

attributed mainly to neutrophil apoptosis, was observed
with the Bax peptide inhibitor. In contrast, an increase in
neutrophil apoptosis contributed to an enhanced resolu¬
tion with the ERK1/2 inhibitor PD98059. The percent total
apoptosis of pleural cells in control and drug-treated
animals were relatively small. This likely reflects the diffi¬
culty in visualizing and measuring apoptosis due to effi¬
cient clearance by phagocytosis. There is also a very
limited window of opportunity to visualize free apoptotic
cells in vivo, in which the estimated duration of detectable
apoptosis due to rapid recognition and efficient engulf-
ment by phagocytes is only 1 to 2 hours.52-53 However,
even the levels of apoptosis that we have observed may
have significant biological effects because studies have
shown that small changes in apoptosis levels can dras¬
tically affect the overall total cell number. For example, in
the rat liver an increase of 2% apoptosis by histological
examination results in an overall 25% reduction in cell
number.54 Furthermore, our previous work shows that an
approximate 3% induction of apoptosis contributes to an
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Figure 6. A schematic diagram showing the balance between prosurvival
and proapoptotic signaling molecules from the onset to the resolution of
acute inflammation. This figure shows that prosurvival proteins such as
ERK1/2 and Bcl-xL predominate during the onset of inflammation, which
when inhibited promotes apoptosis and aids resolution. The expression of
proapoptotic molecules such as Bax are relatively low at this time point.
Conversely, during resolution of inflammation, the balance switches toward
the expression of proapoptotic signaling molecules, Bax, which ultimately
promotes cell death and safe clearance by phagocytosis.

80% reduction in the number of neutrophils in the carra-
geenan-induced pleurisy model of inflammation in vivo.4

Results of previous studies suggest that phagocytosis
of apoptotic cells results in release of anti-inflammatory
cytokines, such as TGF-0,3 and IL-10.SS Furthermore, the
released TGF-0, is capable of inhibiting the release of
proinflammatory cytokines modulated via p38 MAPK
whereby the inhibitor, SB 203580, prevented TGF-0,-
mediated inhibition of lipopolysaccharide-induced tumor
necrosis factor-a and MIP-2 release.56 In this study, how¬
ever, there was no significant difference in TGF-0, or
IL-10 levels found using the Bax inhibitor-, PD98059-, or
the U0126-treated groups (data not shown). However,
silent phagocytosis of early apoptotic cells can occur
without affecting cytokine levels.57 The levels of proin¬
flammatory cytokines, such as tumor necrosis factor-a
and IL-10, are insignificant during the resolution of inflam¬
mation; therefore, we were unable to establish whether
inducing or preventing apoptosis in vivo affects these
cytokines in particular.
Although we have clearly shown in this study that

manipulation of pathways that influence apoptosis
(namely ERK1/2 and Bax) can accelerate the resolution
of an acute model of inflammation, the question remains
whether our observations could be extended to a more

chronic inflammatory scenario. Many of the pathways that
we have investigated here can affect cell recruitment and
activation, in addition to influencing cell survival and
apoptosis. Furthermore, it is now becoming clear that
MAPK signaling pathways and proteins involved in the
regulation of apoptosis are dysregulated in a number of
pathological inflammatory conditions, such as asthma.12
The challenge now is to investigate whether such manip¬
ulation of these pathways influences the resolution phase
of inflammation in animal models of chronic inflammation
or, more importantly, whether chronic inflammatory dis¬
eases in humans can be beneficially influenced. The
clinical trials currently underway with compounds that
directly influence apoptosis (eg, the caspase inhibitors58)
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and compounds that have an indirect effect on cell sur¬
vival (eg, JNK, ERK, and p38 kinase inhibitors59) will
identify whether manipulation of apoptosis would be clin¬
ically beneficial for chronic inflammatory diseases.
Overall this study shows that direct modulation of

apoptosis through interfering with the signaling of impor¬
tant molecules (ERK 1/2, Bcl-xL, Bax) can exacerbate or
attenuate cell infiltrate and edema formation. Thus evi¬
dence from in vitro data and from the evidence presented
here suggest that promoting apoptosis and safe clear¬
ance of effete cells may be a valuable new therapeutic
target for inflammatory diseases.60 There is also a greater
need to elucidate effective mechanisms of inducing
apoptosis of inflammatory cells in vivo and whether this
affects the outcome of the disease process once inflam¬
mation is established. This study emphasizes that there is
an intricate balance of survival and apoptotic signaling
pathways that mediate the kinetics of the acute inflam¬
matory response, as illustrated in Figure 6. The enhanced
resolution of inflammation by the inhibition of the prosur-
vival mediators, such as ERK 1/2 with PD98059 may
prove to be an important advancement for the develop¬
ment of new treatments of inflammatory diseases.
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Cyclin-dependent kinase inhibitors enhance the
resolution of inflammation by promoting
inflammatory cell apoptosis
Adriano G Rossi1, Deborah A Sawatzky1'3, Annemieke Walker1'3, Carol Ward1, Tara A Sheldrake1,
Nicola A Riley1, Alison Caldicott1, Magdalena Martinez-Losa1, Trevor R Walker1, Rodger Duffin1,
Mohini Gray1, Elvira Crescenzi2, Morag C Martin1, Hugh J Brady2, John S Savill1, Ian Dransfield1 &
Christopher Haslett1

Apoptosis is essential for clearance of potentially injurious inflammatory cells and subsequent efficient resolution of inflammation.
Here we report that human neutrophils contain functionally active cyclin-dependent kinases (CDKs), and that structurally diverse
CDK inhibitors induce caspase-dependent apoptosis and override powerful anti-apoptosis signals from survival factors such as
granulocyte-macrophage colony-stimulating factor (GM-CSF). We show that the CDK inhibitor /?-roscovitine (Seliciclib or CYC202)
markedly enhances resolution of established neutrophil-dependent inflammation in carrageenan-elicited acute pleurisy, bleomycin-
induced lung injury, and passively induced arthritis in mice. In the pleurisy model, the caspase inhibitor zVAD-fmk prevents
fl-roscovitine-enhanced resolution of inflammation, indicating that this CDK inhibitor augments inflammatory cell apoptosis.
We also provide evidence that /?-roscovitine promotes apoptosis by reducing concentrations of the anti-apoptotic protein Mcl-1.
Thus, CDK inhibitors enhance the resolution of established inflammation by promoting apoptosis of inflammatory cells, thereby
demonstrating a hitherto unrecognized potential for the treatment of inflammatory disorders.

Neutrophils have a central role in innate immunity and are rapidly
recruited to sites of infection and injury; however, their many defense
mechanisms that destroy and digest invading microorganisms
are potentially deleterious to tissues1. Thus, it is vital that, once
their physiological function has been achieved, these inflammatory
cells and their potentially histotoxic contents are cleared rapidly.
During spontaneous resolution of inflammation, neutrophils undergo
apoptosis: a pre-programmed and highly regulated cell death process
that results in shutdown of secretory capacity and allows recognition
and removal by macrophages2'3. Neutrophil survival and apoptosis are

profoundly influenced by the inflammatory milieu: inflammatory
mediators such as GM-CSF or lipopolysaccharide (LPS), environ¬
mental conditions such as hypoxia, and the presence of pro-apoptotic
stimuli such as tumor necrosis factor-a or Fas ligand markedly alter
neutrophil longevity4,5.
Neutrophil apoptosis is controlled by a complex network of signal¬

ing pathways that regulate both the turnover of key molecules,
including the anti-apoptotic protein myeloid cell leukemia 1 (Mcl-1)
and the pro-apoptotic Bcl-2 family member Bax, and activation of the
caspase family of proteases5. Once apoptosis has been engaged, the
neutrophil secretory activity is shutdown; the cells remain intact and
are phagocytosed by macrophages using recognition mechanisms that

fail to elicit a pro-inflammatory response2,6. If macrophage phago¬
cytosis or neutrophil apoptosis is impaired, however, chronic inflam¬
mation may ensue4,5,7. Consequently, the mechanisms involved in
regulating inflammatory cell survival and apoptosis are the subject of
considerable research endeavor.
Cell division of eukaryotic cells occurs in four phases (Gl, S, G2, M)

and in some circumstances, for example where growth factors are
withdrawn or the cell is terminally differentiated, the cell will rest
in GO phase. The CDKs have been traditionally described as key
regulators of the cell cycle, whereby different CDKs become activated
during cell-cycle progression when complexed with their associated
cyclin partners8. For this reason, targeting CDKs by specific inhibitors
may prevent or limit tumor progression. Indeed, CDK inhibitors are
under clinical trial for esophageal, lung, prostate and non-small-cell
lung cancers9. In contrast, inhibition of CDKs attenuates apoptosis of
terminally differentiated neurons10. The precise mechanisms that
determine the effects of CDK inhibitors on apoptosis remain unclear,
although these inhibitors downregulate Mcl-1 (refs. 11,12), a key
protein regulating apoptosis13 including neutrophil apoptosis14. Neu¬
trophils are terminally differentiated cells and therefore CDK inhibi¬
tors such as R-roscovitine would be predicted either to have no effect
or, as in neurons, to inhibit apoptosis10.

'MRC Centre for Inflammation Research, Queen's Medical Research Institute, University of Edinburgh, 47 Little France Crescent, Edinburgh, EH 16 4TJ, UK.
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Figure 1 Effects of CDK inhibitors on human neutrophil apoptosis. (a) Different CDK inhibitors
induce concentration-dependent apoptosis of neutrophils. Human neutrophils (5 x 106 cells/ml)
were incubated for 20 h with increasing concentrations of R-roscovitine, NG75 or hymenialdisine (HD).
Apoptosis was assessed by annexin-V-FITC binding and confirmed by morphology. Data represent
the mean ± s.e.m. (n > 3). **P < 0.01 versus control, (b) Different CDK inhibitors induce time-
dependent apoptosis of neutrophils. Human neutrophils (5 x 106 cells/ml) were incubated over
20 h with 20 pM R-roscovitine, 10 pM NG75 or 10 pM hymenialdisine. Apoptosis was assessed
as in a (n > 3). *P < 0.05, **P < 0.01 versus control, (c-e) The CDK inhibitor NG75 enhances
annexin-V binding and induces morphological changes indicative of neutrophil apoptosis. Left,
flow cytometry dot plots of NG75-treated neutrophils, taken at 0 h (c), 8 h (d) and 20 h (e).
Non-apoptotic cells are shown in gray, annexin-V-FITC+ cells in green, and annexin-WPI"1" cells in
red. Right, corresponding micrographs. In c, typical neutrophil morphology of multi-lobed nuclei is
seen. In d, arrow indicates typically apoptotic neutrophil morphology, showing condensed nuclei. In e, arrow indicates apoptotic neutrophil without nuclear
staining and the cell membrane appears 'leaky'. This type of morphology may account for the annexin-V+/PI+ cells seen by flow cytometry at 20 h. (f-h) CDK
inhibitors reverse dbcAMP-, GM-CSF- and LPS-mediated survival of neutrophils. Human neutrophils (5 x 106 cells/ml) were pre-incubated with 0.2 mM
dbcAMP, 50 U/ml of GM-CSF or 1 pg/ml of LPS as indicated for 30 min. Appropriate concentrations of R-roscovitine (f), NG75 (g) or hymenialdisine (h)
were then added and the cells were incubated for a further 20 h. Apoptosis was assessed as in a (n > 3). #P < 0.05 versus control. *P < 0.05, **P <

0.01 versus control of relevant survival agent.
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Here we have investigated whether CDK inhibitors can influence
neutrophil apoptosis in vitro and consequently the resolution of
neutrophilic inflammation in vivo. We show that human neutrophils
express functional CDKs and that different CDK inhibitors directly
induce caspase-dependent neutrophil apoptosis and inhibit cell
survival induced by several biologically important powerful anti-
apoptotic agents. We also show that the CDK inhibitor R-roscovitine
downregulates Mcl-1 expression induced by survival factors in neu¬
trophils. In addition, we demonstrate in vivo that R-roscovitine
markedly enhances resolution of inflammation in mouse models
of carrageenan-induced acute pleurisy, bleomycin-induced lung
inflammation and passively induced arthritis. The R-roscovitine-
enhanced resolution of established pleurisy is driven by a caspase-
mediated pro-apoptotic effect. These findings suggest that CDK
inhibitors may provide a therapeutic strategy to promote resolution
of inflammatory diseases.

RESULTS
CDK inhibitors induce human neutrophil apoptosis
To investigate whether CDK inhibitors can affect apoptosis directly,
human neutrophils were incubated over a 20-h period with the
structurally diverse CDK inhibitors R-roscovitine15-17, NG75 (reft.

18,19) and hymenialdisine20,21 at a range of concentrations similar to
those known to inhibit CDKs specifically15-21. The CDK inhibitors
markedly increased neutrophil apoptosis in a concentration-
dependent (Fig. la) and time-dependent (Fig. lb) manner. After 8 h
of NG75 treatment, a marked increase in annexin-V-positive cells was
observed (Fig. lc-e); after prolonged treatment (20 h), an increased
number of annexin-V- and propidium iodide (Pl)-positive cells
(indicating secondary necrosis) were present and these cells could be
identified morphologically by their nuclear loss and ruffled plasma
membrane (Fig. le). Similar profiles were seen with R-roscovitine and
hymenialdisine treatment, and all annexin-V binding data was con-
finned by morphological assessment of apoptosis (data not shown).
In a time-course study, R-roscovitine (20 pM) and NG75 (10 pM)

increased the rate of apoptosis after 8 h, whereas 10 pM hymenialdi-
sine did not increase apoptosis above the control rate (Fig. lb).
We deliberately used hymenialdisine at 10 pM, a concentration that
did not affect apoptosis per se, because subsequently we wanted to test
the effect of the CDK inhibitor on delayed apoptosis induced by
survival factors (see below). Systematic study of its cellular targets
has shown that R-roscovitine has high specificity for CDK1,
CDK2 and CDK5, but not for other kinases including CDK4 and
CDK6 (refs. 15-17); in addition, both NG75 (refs. 18,19) and
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Figure 2 CDK protein and activity in neutrophils
and mechanisms governing the pro-apoptotic
effect of CDK inhibitors, (a) The caspase inhibitor
zVAD-fmk inhibits ft-roscovitine-induced

apoptosis of neutrophils. Human neutrophils
(5 x 10s cells/ml) were incubated for 6 h with
ft-roscovitine (20 pM) with or without zVAD-fmk
(100 pM). Apoptosis was assessed as in Fig. la
(n = 4). *P < 0.05 versus control, (b) CDK1
and CDK2 proteins are expressed in neutrophils
and R-roscovitine induces caspase cleavage in
neutrophils. Human neutrophils (5 x 106 cells/
ml) were lysed after isolation (0 h) or after
treatment (4 h) with buffer, GM-CSF (50 ng/ml),
R-roscovitine (20 pM), or GM-CSF (50 ng/ml)
plus /?-roscovitine (20 pM). Proteins were
subjected to western blotting with antibodies
to caspase 3, CDK1, CDK2 or (S-actin. Blots
are representative of at least three separate
experiments, (c) CDK1 arid CDK2 protein
expression does not change during neutrophil
apoptosis. Human neutrophils (5 x 106 cells/ml)
were lysed after isolation (0 h) or after treatment
(20 h) with buffer, GM-CSF (50 U/ml) or
gliotoxin (0.1 pg/ml). Proteins were subjected
to western blotting with antibodies to CDK1 or
CDK2. Blots are representative of at least three
separate experiments. (d,e) CDK1 activity is
present in neutrophils and decreases after
apoptosis induced by the activating antibody to
Fas (CH11). Neutrophils (5 x 106 cells/ml) were
treated with CHI 1 (500 ng/ml) for the indicated
times. Subsequently, 107 cells were lysed for
each sample, the lysate was incubated with antibody to CDK1, and CDK1 activity was measured by 32P transfer to histone HI (d,e). Apoptosis
(annexin-WPI"1") (e) and CDK1 activity (d,e) were measured every 2 h over 8 h. CDK1 activity was detected at time 0 and at 2 h, but not at later time
points as apoptosis increased (d,e). Again, no difference in CDK1 expression was detected over time (d). Results are representative of at least three separate
experiments, (f) R-Roscovitine reduces survival factor-induced Mcl-1 protein expression in neutrophils. Human neutrophils (5 x 106 cells/ml) were treated
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hymenialdisine20,21 have high specificity for the same CDKs. The
crystal structure of human CDK2 complexed with R-roscovitine has
been described, together with evidence showing that the R stereo¬
isomer of roscovitine is slightly more potent at inhibiting purified
CDKl/cyclin B activity than is the S stereoisomer (half-maximal
inhibitory concentrations of 0.45 pM and 0.95 pM, respectively15).
Our own studies with the stereoisomers used at 20 pM showed that
apoptosis after 6 h was 12.4 ± 0.4% for the control, 12.8 ± 1.3% for
the dimethyl sulfoxide (DMSO; 0.04%) control, 75.9 ± 3.5% for R-
roscovitine and 75.6 ± 3.3% for S-roscovitine (mean ± s.e.m.; « = 4
separate donors, done in triplicate).

CDK inhibitors overcome survival factor delay of apoptosis
Because these CDK inhibitors accelerated apoptosis, we investigated
whether they reversed the effects of agents that delay neutrophil
apoptosis through different signaling pathways'. For example, dbcAMP
penetrates the cell membrane to mimic endogenous cAMP22; GM-CSF
acts through the GM-CSF receptor to activate phosphatidylinositol
3-kinase (PI3K), Janus kinase 2 and the transcription factor STAT1
(ref. 5); and LPS binds to Toll-like receptor-4 to activate mitogen-
activation kinase (MAPK), PI3K and NF-kB signaling to inhibit
apoptosis5'23"26. In addition, LPS-induced delay of neutrophil apop¬
tosis is also dependent on contaminating monocytes25,26. The CDK
inhibitors overrode all of these survival signals in a concentration-
dependent manner (Fig. lf-h) without directly inducing apoptosis
per se (see 10 pM hymenialdisine data). Thus, overriding of survival

signals by CDK inhibitors occurs independently of, or is more
sensitive to, direct effects of the inhibitors on apoptosis and takes
place irrespective of the signaling pathways triggered in neutrophils.

CDK inhibitors induce caspase-dependent apoptosis
We found that CDK inhibitor-induced apoptosis was caspase depen¬
dent because pre-incubating neutrophils with the broad-
range caspase inhibitor zVAD-fink prevented R-roscovitine-induced
apoptosis (Fig. 2a). R-Roscovitine treatment resulted in caspase-3
cleavage, directly verifying that this CDK inhibitor activates
caspases in neutrophils (Fig. 2b). In addition, we found that
R- roscovi tine-induced caspase-3 cleavage was attenuated by the
pro-survival factor GM-CSF (Fig. 2b), probably because of competing
pro- and anti-apoptotic pathways. At the early time point of 4 h,
the rate of basal apoptosis was low (<5%; Fig. lb) and consequently
caspase-3 cleavage was minimal (Fig. 2b); however, caspase-3
cleavage was already very evident at 4 h when the neutrophils were
treated with R-roscovitine alone. At 20 h, the pro-apoptotic effect
of R-roscovitine was dominant over survival factor-mediated
effects (Fig. If).

Human neutrophils express functionally active CDKs
Because neutrophils are terminally differentiated and do not undergo
cell division, little is known about CDKs and their associated partners
in these cells. CDK1 and CDK2 were found to be present in
neutrophils (Fig. 2b,c) and there was no difference in CDK protein
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Figure 3 Effect of the CDK inhibitor R-roscovitine on resolution of carrageenan-
induced pleurisy, (a-c) R-Roscovitine dose-dependently promotes resolution
of inflammation in vivo. Twenty-four hours after intrapleural injection of 1%
carrageenan, male C57/bl6 mice were treated with saline, DMS0, or 10 or
100 mg per kg body weight (mg/kg) of R-roscovitine (i.p.). Mice were killed
36 h after carrageenan injection and the total pleural inflammatory cell
numbers (a), mononuclear (Mono/M(|>) and polymorphonuclear cell (PMNs)
numbers (b) and exudate volumes (c) were measured. Data represent the mean
± s.e.m. (n = 8-10 mice per group). **P < 0.01 and ***P < 0.001 versus
DMS0 control, (d-f) R-Roscovitine reduces pro-inflammatory cytokines in vivo.
Mice were treated as in a-c, and IL-6 (d), IFN-y (e) and MCP-1 (f) were
measured in pleural exudates with a cytokine bead assay (n = 8-10 mice
per group). **P < 0.01 and ***p < 0.001 versus DMSO control, (g) R-
Roscovitine promotes resolution of inflammation in vivo in a time-dependent
manner. Twenty-four hours after intrapleural injection of 1% carrageenan, male C57/bl6 mice were treated with vehicle control (DMSO) or 100 mg per kg
body weight of R-roscovitine (i.p.). Mice were killed 24 h, 48 h or 168 h after carrageenan injection and the total pleural inflammatory cell numbers were
determined (n = 5-6 mice per group). **P < 0.01 and ***P < 0.001 versus DMSO control.
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quantities in freshly isolated neutrophils, aged neutrophils (4 h), or
neutrophils treated with GM-CSF, R-roscovitine or both (4 h). Even
when neutrophils were incubated for 20 h with buffer or GM-CSF, or
when apoptosis was induced with gliotoxin23, the quantities of CDKs
did not change (Fig. 2c). Thus, although CDKs seem to be important
for inducing apoptosis, CDK1 and CDK2 are not targets for degrada¬
tion during apoptosis.
In other cell systems, CDK1 and CDK2 have been shown to bind to

various cyclin subtypes, whereas CDK5 does not seem to bind to
cyclins but is activated by the non-cyclin p35 and p39 regulatory
proteins. Because R-roscovitine can also inhibit CDK5
(ref. 16), we verified that CDK5 is expressed in human neutrophils
(data not shown), in agreement with a previous study27 that demon¬
strated the presence of CDK5 mRNA and protein. CDK1 (Fig. 2d,e),
CDK2 (not shown) and CDK5 (ref. 27) activity has been shown in
neutrophils. We found that CDK1 activity in neutrophils decreased
rapidly during apoptosis induced by the activating Fas antibody CHI 1
(Fig. 2e). The CDK-binding partners and regulatory proteins in
neutrophils remain to be identified.

CDK inhibitors reduce neutrophil Mcl-1 expression
We further probed the effect of R-roscovitine on the expression of a
key regulator of apoptosis, Mcl-1 (refs. 13,14), and found that Mcl-1

quantities in isolated cells fell rapidly within 2 h of culture, an effect
that was prevented by GM-CSF treatment. R-Roscovitine inhibited
GM-CSF-mediated upregulation of Mcl-1 (Fig. 2f).

Roscovitine-induced apoptosis enhances inflammatory resolution
Having shown in vitro that neutrophil apoptosis was markedly
influenced by CDK inhibitors, we determined the effects of
R-roscovitine on the resolution of neutrophil-dominant inflammation
in vivo. We used a well-established acute resolving mouse model
of carrageenan-induced pleural inflammation28-31 to assess the
effects of the CDK inhibitor on the kinetics of inflammatory
cell recruitment and to investigate inflammatory mechanisms.
R-Roscovitine accelerated the resolution of established inflammation
when administered intraperitoneally (i.p.) 24 h after intrapleural
injection of 1% carrageenan (Fig. 3). Thus, treatment with 10 mg

per kg body weight of R-roscovitine (i.p.) inhibited the total
inflammatory cell number by more than 50% as compared with
vehicle control (Fig. 3a), and also reduced the number of monocytes/
macrophages and neutrophils (Fig. 3b). Of note, R-roscovitine
at 100 mg per kg reduced the inflammatory cells to near basal
numbers normally found in the naive mouse pleural cavity.
Anti-inflammatory effects of R-roscovitinc were also evident because
edema formation (total exudate volume obtained by pleural
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Figure 4 Role of caspase-dependent apoptosis in /?-roscovitine-enhanced resolution of carrageenan-induced pleurisy. (a,b) The caspase inhibitor zVAD-fmk
prevents /?-roscovitine-induced resolution of carrageenan-induced inflammation. Twenty-four hours after intrapleural injection of 1% carrageenan, male
C57/bl6 mice were treated with 10 mg per kg of /?-roscovitine (i.p.) and/or 5 mg per kg of zVAD-fmk (i.p. at 4-h intervals). Mice were killed 36 h after
carrageenan injection and total pleural inflammatory cell numbers (a) and exudate volumes (b) were measured. Data represent the mean ± s.e.m.
(8-10 mice per group). *P < 0.05, **P < 0.01 and ***P < 0.001 versus DMSO control, (c) zVAD-fmk prevents apoptosis during P-roscovitine-induced
resolution of carrageenan-induced inflammation. Mice were treated as in a,b, and apoptosis was analyzed in pleural inflammatory cells by annexin-V labeling
and flow cytometry (n = 8-10 mice per group). *P < 0.05 versus DMSO control. Inflammatory cell apoptosis was also assessed by morphology using
cyto-centrifuge preparations stained with hematoxylin and eosin. (d-g) P-Roscovitine reduces inflammation in pleural lavage exudates and lung tissue, and
decreases the numbers of macrophages containing apoptotic bodies in pleural lavage. Twenty four hours after intrapleural injection of 1% carrageenan,
male C57/bl6 mice were treated i.p. with vehicle control (d,f) or 100 mg per kg of P-roscovitine (e,g). Mice were killed 36 h after carrageenan injection.
Cyto-centrifuge preparations stained with hematoxylin and eosin (d,e) and tissue sections of pleural lavage and lungs (f,g) were assessed morphologically
by microscopy (original magnification x40). Asterisks indicate viable neutrophils (d); arrows indicate phagocytosed apoptotic neutrophils (e).

washouts) decreased markedly with R-roscovitine treatment as

compared with saline control (*P < 0.05; Fig. 3c). In parallel, release
3,kof the pro-inflammatory mediators IL-6 (Fig. 3d), IFN-y (Fig. 3e)

and MCP-1 (Fig. 3f) in the exudate was also diminished
by R-roscovitine.

We next determined the effect, over a period of 7 d, of adminis¬
tering R-roscovitine (100 mg per kg i.p.) at the peak of inflammation
(24 h). We observed a reduction in total cell numbers in the pleural
cavity at all time points (Fig. 3g) and in neutrophil and monocytes/
macrophages numbers at 36 h after carrageenan injection (Fig. 3a,b),
providing further evidence that this CDK inhibitor enhances inflam¬
matory resolution. Because R-roscovitine induced caspase-dependent
apoptosis of human neutrophils in vitro (Fig. 2a,b), we established
whether the enhanced resolution of inflammation by R-roscovitine
was mediated by a similar induction of caspase-dependent
inflammatory cell apoptosis in vivo. Systemic administration of
the broad-spectrum caspase inhibitor zVAD-fmk prevented the
R-roscovitine-induced decrease in inflammatory cells and edema
formation in the pleural cavity in carrageenan-induced pleural
inflammation (Fig. 4). Administration of zVAD-fmk prevented the
resolution of inflammation in vivo by increasing the total inflamma¬
tory cell number (Fig. 4a) and edema formation (Fig. 4b) as

compared with saline or vehicle controls. In addition, the increase
in inflammatory cell apoptosis (Fig. 4c) and macrophages containing
apoptotic bodies (see Fig. 4d,e) observed with R-roscovitine treatment
in the pleural cavity was inhibited markedly by treatment with zVAD-

fmk. We also noted that lungs of mice treated intrapleurally with
carrageenan had a consequent marked inflammatory infiltrate
(Fig. 4f), which was reduced by R-roscovitine treatment (Fig. 4g).

Roscovitine enhances inflammatory resolution in other models
The anti-inflammatory and pro-resolving effects ofR-roscovitine were
further confirmed in another two inflammatory models. In the
bleomycin-induced lung injury model, R-roscovitine (100 mg per kg
i.p.), given after inflammation was established, reduced the total
number of neutrophils in the bronchoalveolar fluid 3 d after bleomy¬
cin administration (**P < 0.01; Fig. 5a). Histological examination
showed that, when bleomycin-induced lung injury was allowed to
persist for 7 d, R-roscovitine reduced bleomycin-induced inflamma¬
tion (Fig. 5b-d). R-Roscovitine, when administered with the sham
intratracheal saline control, had no obvious detrimental effects on the
lung pathology (Fig. 5b). R-Roscovitinc also reduced bleomycin-
induced lethality (3 out of 8 mice treated with bleomycin alone died
by day 12, as compared with none of the R-roscovitine- and bleo-
mycin-trcated mice). In addition, in a model of passively induced
arthritis, we observed that arthritis, as assessed by clinical scores,
resolved more quickly in R-roscovitine-treated than in control
mice (Fig. 5e).

DISCUSSION

Specific induction of inflammatory cell apoptosis represents a
new approach for future treatment of inflammatory diseases. The
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_ Vehicle control
Figure 5 Effect of fl-roscovitine on resolution of bleomycin-induced lung inflammation and § T j R-Roscovitine
serum-induced arthritis, (a) The total number of neutrophils in the lung is reduced by R-
roscovitine after bleomycin-induced lung inflammation. Mice weie given 100 nig per kg uf R-
roscovitine (i.p.) 48 h after intratracheal administration of bleomycin. Neutrophil and monocyte/
macrophage (Mono/Mr))) numbers were established by differential cell counts obtained from BAL
fluid 3 d after bleomycin administration. Data represent the mean ± s.e.m. (/r = 6 mice per

group). **P < 0.01 versus DMSO control, (b—d) ff-Roscovitine inhibits inflammation and tissue
damage in a chronic model of bleomycin-induced lung injury. Mice were given 100 mg per kg
of R-roscovitine (i.p.; d) or vehicle control (0.5% DMSO, i.p.; c) 48 h after intratracheal
administration of bleomycin or saline (sham control; b). Seven days after bleomycin treatment,
lung inflammation and histological tissue damage were assessed by morphological examination
(original magnification x 40) of formaldehyde-fixed lung sections stained with hematoxylin and
eosin. Images are representative of six mice per group, (e) R-Roscovitine enhances the resolution of passively induced arthritis. Mice (n = 10 in each group)
were injected twice (days 0 and 2) with K/BxN serum derived from arthritic (day 60) K/BxN transgenic mice. Clinical scores were assessed on the days
indicated. Control mice received vehicle (0.5 ml, i.p.) and treated mice received ft-roscovitine (0.5 ml, 10 mg per kg, i.p.) on days 3, 5, 7, 9, 11, 13, 15, 17
and 19. Data represent the mean ± s.e.m of the clinical score obtained on day 3 before the first injection of ff-roscovitine. ***p < 0.001 by two-way ANOVA.
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coordinated cascade of events that follows inflammatory insult is
highly regulated from onset to resolution through checkpoints that
control cell migration, infiltration and survival and perpetuation
of the inflammatory response. Migratory cells either die in a
pre-programmed manner through apoptosis or may persist in situ
in a potentially detrimental manner to promote tissue destruction by
continued excessive secretory activity or through the consequences of
cell death by secondary necrosis. The ingestion of apoptotic cells
by inflammatory macrophages also promotes the synthesis and release
of mediators with anti-inflammatory properties (such as TGF-|5l
and IL-10)4'5. CDKs are essential cell signaling proteins that tradi¬
tionally have been thought to control exclusively the fate of prolifer¬
ating cells, in which CDK dysfunction is probably involved in
increased cell turnover and tumor progression. Current therapies
aimed at inhibiting CDKs are being developed for the treatment of
various cancers.

Our study identifies a mechanism for both accelerating apoptosis of
human neutrophils by CDK inhibitors in vitro and facilitating resolu¬
tion of neutrophil-dependent inflammation in vivo. We have shown
that human neutrophils possess CDK1, CDK2 and CDK5, and that
specific inhibitors of CDKs (namely, R-roscovitine, NG75 and hyme-
nialdisine) induce caspase-dependent apoptosis in a time- and con¬
centration-dependent manner. The CDK inhibitors induced apoptosis
even in the presence of diverse powerful pro-survival agents (dbcAMP,
GM-CSF and LPS) that retard human neutrophil apoptosis through
distinct molecular mechanisms. Compelling evidence suggests

that contaminating monocytes contribute to LPS-mediated neutro¬
phil survival25'26, triggering monocyte synthesis and release of
neutrophil survival factors. Regardless of the precise mechanisms
of LPS action, our data clearly show that the CDK inhibitors
can overcome them. Thus, the ability of CDK inhibitors to override
endogenous pro-survival factors further suggests their potential use
in inflammatory diseases where concentrations of such mediators
are increased.

We found that the expression of CDK1 and CDK2 proteins did not
change during apoptosis, but that treatment of neutrophils with the
pro-apoptotic activating antibody to Fas (CH11) resulted in loss of
CDK1 activity before the onset of apoptosis. By contrast, a previous
study has shown that non-cycling neuronal cells require activation
of CDK for the induction of apoptosis and that CDK inhibitors
can prevent cell death10. Our results suggest that CDK activity is
necessary and fundamental to neutrophil survival. We have also shown
that R- roscovitine-induced apoptosis is caspase dependent and is
associated with a loss of expression of the Bcl-2 family protein
Mcl-1 (ref. 14). The loss of Mcl-1 caused by CDK inhibitors is
probably an important mechanism controlling apoptosis11""15. In
addition, because CDK5 is also a target for R-roscovitine16 and this
CDK has been reported in human neutrophils27, we confirmed that
CDK5 protein is expressed in human neutrophils (data not shown).
Gene array experiments have reported the expression of several CDK
mRNAs, endogenous CDK inhibitors and associated proteins in
neutrophils52"55, some of which arc altered during apoptosis56.
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We previously showed that inhibiting pro-survival molecules from
the MAPK and Bcl-2 families (namely, ERK1/2 and Bc1-Xl) promotes
resolution of inflammation by inducing inflammatory cell apoptosis
in an acute rat model of carrageenan-induced pleurisy, whereas
inhibition of the pro-apoptotic molecule Bax prevents resolution of
inflammation30. We have now shown that R-roscovitine promotes
resolution of inflammation in carrageenan-induced pleurisy in a

dose-dependent manner. R-Roscovitine induced apoptosis in vivo,
as assessed by annexin-V labeling and morphological analysis,

o R-Roscovitine also inhibited the release of pro-inflammatory
"5 cytokines, including IL-6, MCP-1 and IFN-y, further supporting its
"2 pro-resolution role. In addition, R-roscovitine, administered at
| the peak of inflammation, enhanced the resolution of bleomycin-
3 induced lung inflammation. This model was used for its clinical
j: relevance37 and because progression of the marked acute inflamma-
| tory response induced by bleomycin leads to chronic inflammation
^ and fibrosis38,39. Early accumulation of neutrophils in the BAL fluid
3 and subsequent lung inflammation and injury were attenuated by
c R-roscovitine treatment. R-Roscovitine also reduced bleomycin-
| induced lethality, indicating that CDK inhibition attenuates prolonged
| inflammation, leading to lung damage and consequent death,
o. R-Roscovitine also caused enhanced inflammatory resolution in
£ serum-induced arthritis as assessed by improved clinical scores.
Q. Our in vitro work showing that the CDK inhibitors promote
O neutrophil apoptosis adds to the evidence indicating that neutrophils
U are essential in regulating the inflammatory responses in vivo,
® including models of carrageenan-induced pleurisy30, bleomycin

induced-lung injury38'39 and arthritis7. We also showed that inhibition
■= of apoptosis with zVAD-fmk prevents the enhanced resolution

of inflammation by R-roscovitine in carrageenan-induced pleurisy,
aj The dosing regime for zVAD-fmk administration is paramount to
3 elicit an effect in vivo and was based on studies where injections were

2 administered every 3 h (ref. 40). Notably, R-roscovitine-induced
to apoptosis and its anti-inflammatory effects were reversed in vivo by
° the caspase inhibitor zVAD-fmk, providing further evidence that
@ the anti-inflammatory mechanism of the CDK inhibitor is due to

the induction of caspase-dependent inflammatory cell apoptosis.
Although neutrophils are terminally differentiated, evidence indi¬

cates that during the early stages of resolution of inflammation they
are capable of phenotypic alteration, switching from a phenotype that
generates pro-inflammatory mediators to one generating mediators
that are anti-inflammatory and/or pro-resolving. For example, neu¬
trophils can produce and respond to agents, such as lipoxins and
resolvins, that have anti-inflammatory and pro-resolution proper¬
ties41^'3. In addition, accelerated resolution of inflammation has been
reported for endogenous lipid mediators such as protectin D1 (ref.
44), suggesting that control of inflammation can be achieved physio¬
logically through production of endogenous mediators. Our hypo¬
thesis that manipulation of pro-resolution mechanisms can have
profound effects on established inflammation is strongly supported
by data showing that pharmacological manipulation of apoptosis
and/or macrophage clearance can be achieved30'45 and our present
finding that modulation of granulocyte apoptosis with CDK inhibitors
promotes resolution of inflammation.

Thus, systemic administration of a specific inhibitor ofCDKs induces
apoptosis of inflammatory cells in situ and promotes inflammatory
resolution. In vivo studies investigating the effect of CDK inhibition in
cancer have shown that systemic administration of R-roscovitine
reduces tumor size46 and that R-roscovitine (even at high doses of
2 g per kg) is well tolerated. It is widely acknowledged that tumor cells
have defective CDK pathways that promote cell proliferation and

prevent cell apoptosis8'9, suggesting that CDK inhibitors specifically
target these pathways to elicit their therapeutic action. Our study has
shown that CDK inhibitors also promote apoptosis in non-proliferating
inflammatory cells in vitro and accelerate inflammatory resolution
by promoting apoptosis and subsequent safe clearance of neutrophils
by macrophages in vivo. In conclusion, given the renewed interest in
the close association between inflammatory processes and cancer47,48
and the potential problems with using monoclonal antibodies and
other biological agents, this newly identified role of the small-molecule
anti-cancer CDK inhibitors may have potential for the treatment of
diseases associated with increased or persistent inflammatory responses.

METHODS
Neutrophil isolation and assessment of apoptosis. We isolated human blood
neutrophils23'49, a process that takes ~2 h, and cultured the cells (5 x 106/ml,
37 °C) in Iscove's modified Dulbecco's medium (IMDM) containing 10%
autologous serum. The cells were incubated with the following reagents:
R-roscovitine, (R)-2-[[9-(l-methylethyl)-6-[(phenylmethyl)amino]-9H-purin-
2-yl]amino]-l-butanol (A.G. Scientific); hymenialdisine, 4-(2-amino-4-oxo-2-
imidazolidin-5-ylidene)-2-bromo-4,5,6,7-tetrahydropyrrolo[2,3-c]azepin-8-one
(from L. Meijer, Roscoff, France); NG75, 2-( lR-isopropyl-2-hydroxyethyl-
amino)-6-(4-metoxy-benzylamino)-9-isopropylpurine (from N. Gray, Univer¬
sity of California, Berkeley); db-cAMP (Sigma); GM-CSF (R&D Systems); and
LPS (Escherichia coli 0127:B8, Sigma). We assessed apoptosis by flow cytometry
using annexin-V-conjugated fluorescein isothiocynate (FITC; Roche) in com¬
bination with PI (Sigma) and used light microscopy to confirm the presence of
morphological changes characteristic of apoptosis2*23.

Western blotting. We lysed cells (5 x 106) for 15 min with 0.1% Nonidet P40
in 1 ml of TBS containing a protease inhibitor cocktail23 before centrifugation
(23,100g, 4 °C, 20 min). Protein samples (40 pg or the equivalent of 1.5 x 106
cells per lane) were resolved by SDS-PAGE and then transferred to polyvinyli-
dene difluoride (PVDF) membranes. Blots were blocked with 5% skimmed
milk powder in TBS plus Tween before probing with antibodies to CDK1
(Transduction Laboratories), CDK2 (Transduction Laboratories), CDK5 (San¬
ta-Cruz Biotechnology), caspase-3 (Cell Signaling Technologies), Mcl-1 (Santa-
Cruz Biotechnology) or fl-actin (Sigma).

Kinase assays. We assayed kinase activity by immunoprecipitation of CDK1
(A17 antibody; Pharmingen) or CDK2 (M2 antibody; Santa Cruz Biotechno¬
logy), followed by incubation with histone HI and [y-32P]ATP (ref. 50).
Immunoprecipitates were resolved by SDS-PAGE, stained with Coomassie blue
to visualize the histone H1 bands, dried and exposed for autoradiography.

Carrageenan-induced pleurisy. Male C57BL/6J mice (aged 8—12 weeks) were
injected intrapleurally with 0.1 ml of 1% /.-carrageenan (Marine Colloids),
followed 24 h later by 0.5 ml of saline control, 0.5 ml of 0.5% DMSO vehicle con¬
trol, or 10 or 100 mg per kg ofR-roscovitine (i.p.). Mice were killed and pleural
cavities were lavaged with 1 ml of 3.15% (w/v) sodium citrate in PBS. Edema
formation was measured by pleural exudate weight. Cell counts, apoptosis and
macrophage phagocytosis in pleural cell samples were assessed microscopically.

Administration of zVAD-fmk. Twenty-four hours after intrapleural injec¬
tion of carrageenan, mice were injected i.p. with 10 mg per kg of
R-roscovitine and/or 5 mg per kg of zVAD-frnk (z-Val-Ala-dl-Asp-
fluoromethylketone; Bachem) at a final concentration of 1 mg/ml in saline,
or with appropriate amounts ofDMSO vehicle control. Two additional doses of
zVAD-fmk were given i.p. 4 and 8 h later, and all mice were killed after 12 h.

Cytokine analysis. We measured cytokine levels by using a mouse inflammation
cytokine bead kit (BD Biosciences) according to the manufacturer's instructions.

Bleomycin-induced lung injury. Male C57BL/6J mice (aged 8-12 weeks) were
given either 0.05 ml of 0.1 U of bleomycin (Apollo Scientific) or saline
intratracheally (sham control), and then treated 48 h later with either 0.5 ml
of 0.5% DMSO vehicle control or 100 mg per kg of R-roscovitine. The mice
were killed 72 h or 7 d after bleomycin or saline administration. In the acute
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72-h experiments, bronchoalveolar lavage were performed with three sequential
washes with 0.8 ml of ice-cold saline before perfusion with 4% formaldehyde
for tissue histological analysis. Differential cell counts were done on cytocen-
trifuge preparations with eosin and hemotoxylin staining. Histological analysis
of the 7-d experiments was done without bronchoalveolar lavage to maintain
tissue integrity. Experiments were done on untreated control, sham control
(saline and DMSO treatment), R-roscovitine control (saline and 100 mg per kg
ofR-roscovitine), bleomycin plus vehicle (DMSO) control, and bleomycin plus
R-roscovitine treatment groups, with six mice per group. Lungs were inflated,
fixed with 1 ml of 4% formaldehyde and then decalcified with 5% nitric acid

J? for 3 h, and lung injury was assessed by histological examination of paraffin-
<3 embedded lung sections stained with hematoxylin and eosin.
B

^ Induction and assessment of arthritis. Female C57BL/6J mice (aged 6-8
2 weeks) received two i.p. injections at 48-h intervals of sera (100 pi) from
B arthritic K/BxN mice (aged 60 d) and R-roscovitine or vehicle was administered
■E i.p. every 48 h. Arthritis was scored by clinical examination: a score of 1
q represents erythema alone or swelling of 1 digit; 2 represents erythema plus

swelling of the tarsal joints, or swelling of the hock or wrist joint alone;
3 3 represents swelling in both tarsal and hock joints, both wrist and digits, or
jS more than two digits and the tarsal joints. The mean cumulative limb scores for
> each mouse were calculated for each group, and data are expressed as the
§ percentage of the clinical score obtained on day 3 before the first injection

of R-roscovitine.
ci.
£ Statistical analysis. We analyzed in vitro experiments by analysis of variance

(ANOVA) and Student-Newman-Keuls comparison tests. All in vivo experi-
gj ments included at least six mice per group and experiments were repeated to

verify the original findings. Statistical analysis was done by a one-way ANOVA
^ with a Bonferroni multiple comparison post hoc test with a 95% confidence
.E interval. Data are expressed as the mean ± s.e.m. and values of P < 0.05 were

"5 considered significant.
25
3 ACKNOWLEDGMENTS

^ We thank M. Clay and K. Miles for help with the in vivo models. We thank the
hj Arthritis Research Campaign, the Medical Research Council, UK, the Norman

Salvesen Emphysema Trust, Asthma UK, and the Juan Esplugues Foundation for
2 financial support
tD

g AUTHOR CONTRIBUTIONS
A.G.R. initiated, designed, directed and performed experiments and took overall

© responsibility for planning and writing the manuscript. D.A.S. helped design,
perform and analyze the in vivo experiments and contributed to the writing of

«r»kthe in vivo component. A.W. helped design, perform and analyze the in vitro
^^experiments and contributed to the writing of the in vitro component. C.W.
[•Pr contributed intellectually to the manuscript and helped with the in vitro work.

T.A.S. performed some in vitro apoptosis and western blotting experiments.
N.A.R. performed the Mcl-1 western blot experiments. A.C. and M.M.-L.
performed some in vitro apoptosis experiments. T.R.W. helped in the design
of the western blotting and kinase experiments. R.D. helped in the bleomycin
experiments. M.G. helped in the design and execution of the arthritis
experiments. E.C. helped in the design and execution of the kinase experiments.
M.C.M. performed preliminary apoptosis experiments with the CDK inhibitors.
H.J.B. provided intellectual input and provided significant input to the design
and execution of the kinase experiments. J.S.S. provided intellectual input. I.D.
provided intellectual input and contributed to the design of the experiments and
the writing of the manuscript. C.H. provided intellectual input and helped in the
design and coordination of the project

COMPETING INTERESTS STATEMENT
The authors declare that they have no competing financial interests.

Published online at http://www.nature.com/naturemedicine/
Reprints and permissions information is available online at http://npg.nature.com/
reprintsandpermissions/

1. Nathan, C. Points of control in inflammation. Nature 420, 846-852 (2002).
2. Savill, J.S. et al. Macrophage phagocytosis of aging neutrophils in inflammation.

Programmed cell death in the neutrophil leads to its recognition by macrophages.
J. Clin. Invest. 83, 865-875 (1989).

3. Savill, J., Dransfield, I., Hogg, N. & Haslett, C. Vitronectin receptor-mediated phago¬
cytosis of cells undergoing apoptosis. Nature 343, 170-173 (1990).

4. Gilroy, D.W., Lawrence, T., Perretti, M. & Rossi, A.G. Inflammatory resolution: new
opportunities for drug discovery. Nat. Rev. Drug Discov. 3, 401-416 (2004).

5. Riley, N.A. et al. Granulocyte apoptosis and macrophage clearance of apoptotic cells as
targets for pharmacological intervention in inflammatory diseases. Anti-lnflamm. Anti-
Allergy Agents Medicinal Chem. 5, 3-12 (2006).

6. Whyte, M.K., Meagher, L.C., MacDermot, J. & Haslett, C. Impairment of function in
aging neutrophils is associated with apoptosis. J. Immunol. 150, 5124-5134 (1993).

7. Jonsson, H., Allen, P. & Peng, S.L. Inflammatory arthritis requires Foxo3a to prevent
Fas ligand-induced neutrophil apoptosis. Nat. Med. 11, 666-671 (2005).

8. Vermeulen, K., Van Bockstaele, D.R. & Berneman, Z.N. The cell cycle: a review of regu¬
lation, deregulation and therapeutic targets in cancer. Cell Prolif. 36, 131-149 (2003).

9. Senderowicz, A.M. Small-molecule cyclin-dependent kinase modulators. Oncogene22,
6609-6620 (2003).

10. Monaco, E.A., III. & Vallano, M.L. Cyclin-dependent kinase inhibitors: cancer killers to
neuronal guardians. Curr. Med. Chem. 10, 367-379 (2003).

11. MacCallum, D.E. et al. Seliciclib (CYC202, R-Roscovitine) induces cell death in
multiple myeloma cells by inhibition of RNA polymerase ll-dependent transcription
and down-regulation of Mcl-1. Cancer Res. 65, 5399-5407 (2005).

12. Raje, N. etal. Seliciclib (CYC202 or R-roscovitine), a small-molecule cyclin-dependent
kinase inhibitor, mediates activity via down-regulation of Mcl-1 in multiple myeloma.
Blood 106, 1042-1047 (2005).

13. Michels, J., Johnson, P.W. & Packham, G. Mcl-1. Int. J. Biochem. Cell Biol. 37,
267-271 (2005).

14. Moulding, D.A., Quayle, J.A., Hart, C.A. & Edwards, S.W. Mcl-1 expression in
human neutrophils: regulation by cytokines and correlation with cell survival. Blood
92, 2495-2502 (1998).

15. De Azevedo, W.F. et al. Inhibition of cyclin-dependent kinases by purine analogues:
crystal structure of human cdk2 complexed with roscovitine. Eur. J. Biochem. 243,
518-526 (1997).

16. Meijer, L. et al. Biochemical and cellular effects of roscovitine, a potent and selective
inhibitor of the cyclin-dependent kinases cdc2, cdk2 and cdk5. Eur. J. Biochem. 243,
527-536 (1997).

17. Bach, S. etal. Roscovitine targets, protein kinases and pyridoxal kinase. J. Biol. Chem.
280, 31208-31219 (2005).

18. Gray, N.S. etal. Exploiting chemical libraries, structure, and genomics in the search for
kinase inhibitors. Science 281, 533-538 (1998).

19. Chang, Y.T. etal. Synthesis and application of functionally diverse 2,6,9-trisubstituted
purine libraries as CDK inhibitors. Chem. Biol. 6, 361-375 (1999).

20. Meijer, L. et al. Inhibition of cyclin-dependent kinases, GSK-3P and CK1 by hyme-
nialdisine, a marine sponge constituent. Chem. Biol. 7, 51-63 (2000).

21. Williams, 0., Gil-Gomez, G., Norton, T., Kioussis, D. & Brady, H.J. Activation of Cdk2 is
a requirement for antigen-mediated thymic negative selection. Eur. J. Immunol. 30,
709-713 (2000).

22. Martin, M.C., Dransfield, I., Haslett, C. & Rossi, A.G. Cyclic AMP regulation of
neutrophil apoptosis occurs via a novel protein kinase A-independent signaling path¬
way. J. Biol. Chem. 276, 45041-45050 (2001).

23. Ward, C. etal. NF-kB activation is a critical regulator of human granulocyte apoptosis
in vitro. J. Biol. Chem. 274, 4309-4318 (1999).

24. Ward, C. etal. lnterleukin-10 inhibits lipopolysaccharide-induced survival and extra¬
cellular signal-regulated kinase activation in human neutrophils. Eur. J. Immunol. 35,
2728-2737 (2005).

25. Sabroe, I., Jones, E.C., Usher, L.R., Whyte, M.K. & Dower, S.K. Toll-like
receptor (TLR)2 and TLR4 in human peripheral blood granulocytes: a critical role for
monocytes in leukocyte lipopolysaccharide responses. J. Immunol. 168, 4701-4710
(2002).

26. Sabroe, I. etal. Selective roles for Toll-like receptor (TLR)2 and TLR4 in the regulation
of neutrophil activation and life span. J. Immunol. 170, 5268-5275 (2003).

27. Rosales, J.L., Ernst, J.D., Hallows, J. & Lee, K.Y. GTP-dependent secretion from
neutrophils is regulated by Cdk5. J. Biol. Chem. 279, 53932-53936 (2004).

28. Gilroy, D.W. et al. Inducible cyclooxygenase may have anti-inflammatory properties.
Nat. Med. 5, 698-701 (1999).

29. Gilroy, D.W. et al. Inducible cyclooxygenase-derived 15-deoxy(A)12-14PGJ2 brings
about acute inflammatory resolution in rat pleurisy by inducing neutrophil and
macrophage apoptosis. FASEB J. 17, 2269-2271 (2003).

30. Sawatzky, D.A., Willoughby, D.A., Colville-Nash, P.R. & Rossi, A.G. The involvement of
the apoptosis-modulating proteins ERK 1/2, BcI-Xl and Bax in the resolution of acute
inflammation in vivo. Am. J. Pathol. 168, 33-41 (2006).

31. Cailhier, J.F. et al. Resident pleural macrophages are key orchestrators of neutrophil
recruitment in pleural inflammation. Am. J. Respir. Crit. Care Med. 173, 540-547
(2006).

32. Klausen, P., Bjerregaard, M.D., Borregaard, N. & Cowland, J.B. End-stage differentia¬
tion of neutrophil granulocytes in vivo is accompanied by up-regulation of p27kipl
and down-regulation of CDK2, CDK4, and CDK6. J. Leukoc. Biol. 75, 569-578
(2004).

33. Tsukahara, Y. et al. Gene expression in human neutrophils during activation and
priming by bacterial lipopolysaccharide. J. Cell. Biochem. 89, 848-861 (2003).

34. Zhang, X. etal. Gene expression in mature neutrophils: early responses to inflammatory
stimuli. J. Leukoc. Biol. 75, 358-372 (2004).

35. Subrahmanyam, Y.V. et al. RNA expression patterns change dramatically in human
neutrophils exposed to bacteria. Blood 91, 2457-2468 (2001).

36. Kobayashi, S.D., Voyich, J.M., Whitney, A.R. & DeLeo, F.R. Spontaneous neutrophil
apoptosis and regulation of cell survival by granulocyte macrophage-colony stimulating
factor. J. Leukoc. Biol. 78, 1408-1418 (2005).

NATURE MEDICINE VOLUME 12 | NUMBER 9 | SEPTEMBER 2006 1 063



ARTICLES

37. Azambuja, E., Fleck, J.F., Batista, R.G. & Menna Barreto, S.S. Bleomycin lung toxicity:
who are the patients with increased risk? Pulm. Pharmacol. Ther. 18, 363-366 (2005).

38. Nagase, T. et al. A pivotal role of cytosolic phospholipase A2 in bleomycin-induced
pulmonary fibrosis. Nat. Med. 8, 480-484 (2002).

39. Teder, P. et al. Resolution of lung inflammation by CD44. Science 296, 155-158
(2002).

40. De Paepe, M.E., Mao, Q., Embree-Ku, M., Rubin, L.P. & Luks, F.I. Fas/FasL-mediated
apoptosis in perinatal murine lungs. Am. J. Physiol. Lung Cell. Mol. Physiol. 287,
L730-L742 (2004).

41. Levy, B.D., Clish, C.B., Schmidt, B., Gronert, K. & Serhan, C.N. Lipid mediator class
switching during acute inflammation: signals in resolution. Nat. Immunol. 2, 612-619
(2001).

42. Serhan, C.N. et al. Resolvins: a family of bioactive products of omega-3 fatty acid
transformation circuits initiated by aspirin treatment that counter proinflammation
signals. J. Exp. Med. 196, 1025-1037 (2002).

43. Serhan, C.N. & Savill, J. Resolution of inflammation: the beginning programs the end.
Nat. Immunol. 6, 1191-1197 (2005).

44. Serhan, C.N. et al. Anti-inflammatory actions of neuroprotectin Dl/protectin D1 and its
natural stereoisomers: assignments of dihydroxy-containing docosatrienes. J. Immu¬
nol. 176, 1848-1859 (2006).

45. Pinho, V. et al. Phosphoinositide-3 kinases critically regulate the recruitment and
survival of eosinophils in viva importance for the resolution of allergic inflammation.
J. Leukoc. Biol. 77, 800-810 (2005).

46. McClue, S.J. et al. In vitro and in vivo antitumor properties of the cyclin dependent
kinase inhibitor CYC202 (/?-roscovitine). Int. J. Cancer 102, 463-468 (2002).

47. Coussens, L.M. & Werb, Z. Inflammation and cancer. Nature 420, 860-867 (2002).
48. Karin, M. & Greten, F.R. NF-kB: linking inflammation and immunity to cancer

development and progression. Nat. Rev. Immunol. 5, 749-759 (2005).
49. Haslett, C., Guthrie, L.A., Kopaniak, M.M., Johnston, R.B., Jr. & Henson, P.M.

Modulation of multiple neutrophil functions by preparative methods or trace concen¬
trations of bacterial lipopolysaccharide. Am. J. Pathol. 119, 101-110 (1985).

50. Gil-Gomez, G., Bems, A. & Brady, H.J. A link between cell cycle and cell death:
Bax and Bcl-2 modulate Cdk2 activation during thymocyte apoptosis. EMBO J. 17,
7209-7218 (1998).

|
Q.

CL
3
O
i-

O
U)
c

-Q
3
Q.

ro
Z
(0
o
o
CM

©

&

1064 VOLUME 12 ( NUMBER 9 | SEPTEMBER 2006 NATURE MEDICINE



CORRIGENDA

Corrigendum: Cyclin-dependent kinase inhibitors enhance the resolution of
inflammation by promoting inflammatory cell apoptosis
Adriano G Rossi, Deborah A Sawatzky, Annemieke Walker, Carol Ward, Tara A Sheldrake, Nicola A Riley, Alison Caldicott,
Magdalena Martinez-Losa, Trevor RWalker, Rodger Duffin, Mohini Gray, Elvira Crescenzi, Morag C Martin, Hugh J Brady, John S Savi 1,
Ian Dransfield & Christopher Haslett
NatureMedicine 12,1056—1064 (2006); published online 3 September 2006; corrected after print 10 November 2006

In the version of this article initially published, the dose stated for zVAD-fmk administration was incorrect. The methods reported on page 1062
should read, "Twenty-four hours after intrapleural injection of carrageenan, mice were injected i.p. with 10 mg per kg of R-roscovitine and/or 5
mg per kg of zVAD-fmk (z-Val-Ala-DL-Asp-fluoromethylketone; Bachem)." Similarly, the legend to Figure 4, line 3, should read "C57/bl6 mice
were treated with 10 mg per kg of R-roscovitine (i.p.) and/or 5 mg per kg of zVAD-fmk (i.p. at 4-h intervals)." The authors also made an error
reporting the time of administration ofK/Bxn serum in the legend to Figure 5, line 14. This should read "Mice (n = 10 in each group) were injected
twice (days 0 and 2) with K/BxN serum derived from arthritic (day 60) K/BxN transgenic mice." The error has been corrected in the HTML and
PDF versions of the article.
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Heme is a proinflammatory molecule able to cause a profound delay of constitutive
apoptosis of human neutrophils, an effect that likely contributes to chronic inflammation
associated with hemolytic diseases. Herein we show that heme-induced delay of neutrophil
apoptosis correlates with the prevention of mitochondrial potential (A<|>m) dissipation by a
mechanism dependent on NADPH oxidase (NADPHox)-generated reactive oxygen species
(ROS) and NF-kB. Ai|/m maintenance is accompanied by inhibition of Bax insertion into
mitochondria and by a decrease in the Bad/Bcl-XL ratio. Heme induces Bad degradation in a

completely ROS-dependent manner, as well as Bcl-XL synthesis, a phenomenon that also
requires NF-kB activation. These data indicate that heme-induced preservation of
mitochondrial integrity is a critical checkpoint controlled by NADPH oxidase generated-
ROS and redox-sensitive NF-kB activation.
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Abbreviations:

NADPHox, NADPH oxidase
ROS, reactive oxygen species
A4im, mitochondria transmembrane
potential
MAPK, mitogen-activated protein
kinase

ERK, extracellular signal-regulated
protein kinase
PI3K, phosphatidylinositol 3 kinase
NF, nuclear factor
PKC, protein kinase C
IL, interleukin
GM-CSF, granulocyte macrophage
colony stimulation factor
DPI, diphenyleneiodonium
PDTC, pyrrolidine dithiocarbamate
COx, cytochrome c oxidase
subunit IV

PICD, phagocytosis-induced cell
death

PMSF, phenylmethylsulfonyl
fluoride

Introduction

Phagocytic NADPH oxidase (NADPHox) is a multi-enzymatic
complex responsible for the generation of high amounts ofOj
through the reduction of molecular oxygen. The O2 and OJ-
derived ROS so generated have critical implications on the
innate immune response, being involved in the killing of
engulfed and/or surrounding pathogens [1]. In resting cells,
NADPHox is inactive, once its subunits are found disas¬
sembled, distributed among cytosol and membrane. However,
proper activation of these cells results in phosphorylation of
NADPHox cytosolic subunit by protein kinase C (PKC) and
other kinases, translocation to plasma membrane and asso¬
ciation to the membrane-bound subunits, comprising the
catalytic active NADPHox [1],

Beside the well-described cytotoxic properties, ROS have
gained acceptance as important mediators of signal transduc¬
tion, acting as second messengers. More specifically, it has
been described that NADPHox-derived ROS mediate a number
of prominent cellular processes such as proliferation, adhe¬
sion, motility, survival and apoptosis [reviewed in 2], Among
the ROS-activated molecular targets are themitogen-activated
protein kinases (MAPKs), the phosphoinositol PI3K/Akt path¬
way molecules and NF-kB [2],

Several proinflammatory mediators can trigger NADPHox
in neutrophils, such as leukotriene B4 (LTB4), formylated
peptides and interleukin (IL)-8 [3,4]. Our group has character¬
ized heme (ferriprotoporphyrin IX), at a concentration range
found during hemolytic episodes, as a potent proinflamma¬
tory molecule, triggering NADPHox-dependent ROS genera¬
tion in a PKC-dependent manner [5]. More recently, we
observed that free heme, as other proinflammatory agents,
prolongs neutrophil longevity by delaying the onset of
apoptosis, a critical event that likely leads to a chronic
inflammatory state [6]. The anti-apoptotic effect of heme

depends on ROS generation resulting in an up-regulation of
NF-kB activity, a transcription factor shown to critically
regulate granulocyte apoptosis [7]. It also appears that
PI3K/AKT and ERK signaling pathways are also required for
the heme anti-apoptotic effect, as well as heme oxygenase

activity. Levels of key Bcl-2 family members are also
altered on exposure to heme, for example anti-apoptotic
Bcl-XL synthesis was increased whereas enhanced pro-
apoptotic Bad degradation occurred in response to heme
[6]-

However, there is no consensus about the role of ROS on

neutrophil lifespan. Most of reports affirm that NADPHox-
derived ROS are directly linked to neutrophil induction of
apoptosis, especially in phagocytosis-induced cell death
(PICD) [8]. This way, a better understanding of the molecular
and subcellular events regulating pro-survival signaling
evoked by NADPHox-derived ROS becomes urgent.

Mitochondria are classically defined as organelles highly
specialized in the generation of large amounts of ATP and
thus essential for the maintenance of the bioenergetic
machinery of virtually all cell types. However, studies
performed during the last decade have conclusively shown
that mitochondria also play a major role in the regulation of
apoptosis [9]. The intermembrane spaces of mitochondria
contain a number of proteins (e.g., cytochrome c, Smac/
DIABLO, Omi/HtrA2) that, once released into the cytosol,
trigger the activation of the apoptotic cascade. Cytochrome c,
the most prominent of these pro-apoptotic proteins, when
associated with Apaf and pro-caspase 9 constitute the
apoptosome, the initiator of the intrinsic apoptotic pathway
[9]-

The role of the mitochondria in neutrophil function had
been regarded as trivial because these cells contain very
poorly detectable mitochondria, mitochondrial poisons have
no major effect on neutrophil function and neutrophils derive
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much of their energy from anaerobic glycolysis [10]. More
recently, the development of specific fluorescent dyes has
helped to show that neutrophils do indeed possess function¬
ally important mitochondria [11]. The appearance and dis¬
tribution of neutrophil mitochondria are different from the
mitochondria ofmost cell types and appear to play an impor¬
tant role in regulating apoptosis in these terminally differ¬
entiated cells. In viable cells, these organelles are organized as
a diffuse tubular network that clusters during apoptosis, co-
localizing with the pro-apoptotic Bcl-2 member Bax. Bax is
believed to be involved in pore formation on the outer
mitochondria membrane leading to the release of pro-
apoptotic proteins [11]. Recently, Maianski et al. characterized
the neutrophil mitochondria, showing that when these
organelles have lost their ability to produce ATP they are still
able to maintain mitochondria transmembrane potential
(Ai|jm). It is believed that when A4im is disrupted, cells undergo
apoptosis through the release of the pro-apoptotic factors
locked in mitochondria [12].

Themodulation ofmitochondria outermembrane integrity
is a key event in the switch between survival and apoptotic
death. The control of this phenomenon ultimately depends
upon the balance of pro- and anti-apoptotic members of the
Bcl-2 family. The anti-apoptotic members (e.g., Bcl-2, Bcl-XL,
Mcl-1 and Al) act by promoting the stability of mitochondrial
outer membrane and/or impairing the oligomerization and
consequent insertion of pro-apoptotic Bax-like proteins [13]. A
second group of pro-apoptotic Bcl-2 members (e.g., Bad, Bid)
comprises proteins that modulate negatively the anti-apopto¬
tic Bcl-2 proteins and positively the pro-apoptotic ones [13]. In
most cell types, the expression and activity of protective Bcl-2
members is higher than pro-apoptotic members. However,
mature neutrophils display the opposite, perhaps reflecting
the fact that these cells are committed to programmed cell
death. Neutrophils constitutively express pro-apoptotic pro¬
teins, whereas the expression ofanti-apoptotic Bcl-2members
is very low or undetectable in resting cells. These anti-
apoptotic proteins are highly and transiently expressed
when neutrophils are exposed to survival factors, such as
heme, interleukin (IL)-8 and granulocyte macrophage colony
stimulation factor (GM-CSF) [4,14-16].

In this study, we aimed to determine the role of heme-
induced NADPHox activity on mitochondria stability and key
components of the apoptotic machinery. We observed that
heme preserves At|im in aged neutrophils. We also show that
ROS generation and NF-kB activation, which are critical to
heme-induced delay of neutrophil apoptosis, mediate the
effect on Ai|<m. The impairment ofAi|jm dissipation promoted by
heme correlates with inhibition of Bax insertion into neutro¬

phil mitochondria, an effect thatmay be due to the reduction of
Bad/Bcl-X,. ratio. In addition, heme induces Bad degradation
through a ROS-dependent manner. Bcl-XL protein synthesis
also requires NADPHox-derived ROS as well as NF-kB activa¬
tion. These data indicate that heme down-modulates neutro¬

phil apoptosis by maintaining neutrophil Avpm through the
regulation of the expression and activity ofBcl-2 pro- and anti-
apoptotic proteins. These findings attest to a controversial, but
intriguing role ofROS generated by NADPHox on the control of
neutrophil physiology, and help to elucidate the mechanism of
action of free heme on the delay of neutrophil apoptosis.

Materials and methods

Reagents

Diphenyleneiodonium (DPI), apocynin (acetovanillone) and
pyrrolidine dithiocarbamate (PDTC) were purchased from
Sigma (St. Louis, MO). JC-1 and MitoTracker FM were pur¬
chased from Molecular Probes (Eugene, OR).

Heme

Hemin (cell culture grade, Sigma) stock solutions were made
in DMSO (culture grade, Sigma) and diluted in sterile PBS
immediately before use. The final concentration of DMSO was

kept lower than 0.01% for all assays.

Neutrophil isolation and culture

Neutrophils were isolated from EDTA (0.5%)-treated periph¬
eral venous blood ofhealthy human volunteers by amethod of
dextran sedimentation and density gradient centrifugation as
previously described [17], Residual erythrocytes were removed
by hypotonic lysis. Isolated neutrophils (5xl0s/mL) were
incubated in DMEM supplemented with 10% heat-inactivated
fetal calf serum, 100 U/mL penicillin and 100 mg/mL strepto¬
mycin at 37°C in a humidified atmosphere containing 5% C02.
Under all experimental conditions, >99% of cells were viable,
as assessed by trypan blue dye exclusion.

Assessment of neutrophil apoptosis

Neutrophil apoptosis was assessed as previously described [7].
Briefly, cells were cytocentrifuged, stained with Diff-Quik™
and counted under light microscopy (x 1000) to determine the
proportion of cells showing characteristic apoptotic morphol¬
ogy. At least 400 cells were counted per slide. The results were
expressed as mean±SD. Annexin V binding assay, showing
similar results, confirmed this technique.

Assessment of Aipm

Ai|/m alteration was assessed as previously described [18].
Briefly, neutrophils (5xl06 cells/mL) were resuspended in
1 ml of HBSS containing 1 pg/mL JC-1 and incubated for
30 min at 37°C. Cells were then cytocentrifuged and slides
were mounted using N-propylgalate solution before exam¬
ination under an Olympus Fluoview version 3.34 confocal
microscope (Ex 485 nm; Em JC-1 Red 546, Em JC-1 Green
532 nm). Field mean fluorescence was assessed using
Olympus Fluoview version 3.34 confocal microscope software
and the red/green fluorescence ratio was obtained. At least
fifteen fields were captured for each treatment, from three
independent experiments.

Subcellular localization (Confocal Microscopy)

In order to determine Bax insertion into mitochondria,
neutrophils (5 x 106 cells/mL) were incubated with MitoTracker
FM (100 nM) for 30min at 37°C. Cells were then cytocentrifuged,
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fixed with paraformaldehyde (4%) and then permeabilized
with 0.5% Triton X-100 in PBS for 20 min The slides were

incubatedwith rabbit polyclonal anti-Bax antibody (Santa Cruz
Biotechnology, 1:200) at 4°C overnight, incubated at room
temperature for 1 h withbiotin-conjugated goat anti-rabbit IgG
(Santa Cruz Biotechnology, 1:1000), and finally incubated with
Cy3-conjugated streptavidin for 1 h at room temperature.
Slides were then mounted using N-propylgalate solution
before examination under an Olympus Fluoview version 3.34
confocal microscope.

Preparation of cell extracts

For obtaining whole cell lysates, neutrophils (5 x 106 cells/mL)
were resuspended in lysis buffer (50 mM HEPES, pH 6.4,1 mM
MgCl2, 10 mM EDTA, 1% Triton X-100, 1 pg/mL DNAse, 0.5 pg/
mL RNAse) containing the following protease inhibitors
cocktail: 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM
benzamidine, 1 pM leupeptin and 1 |iM soybean trypsin
inhibitor (Sigma).

Subcellular fractions were obtained as previously described
[12]. Briefly, neutrophils were washed and resuspended in ice-
cold cytosol extraction buffer (250 nM sucrose, 70 mM KC1,
250 pg/mL digitonin and protease inhibitor cocktail in PBS).
After 15 min incubation on ice, itwas centrifuged at 1000 x g for
5 min and supernatant was collected (cytosolic fraction).
Pellets were then resuspended in mitochondria lysis buffer
(100 mM Tris-HCl, 10 mM MgCl2, 2 mM EGTA, 2 mM EDTA, 1%
Nonident P-40 (v/v), 10% glycerol (v/v), protease inhibitor
cocktail in 50 mM Tris, pH 7,5), incubated for 10min on ice and
centrifuged at 10000 x g for 10 min. The supernatant was taken
as mitochondria fraction.

Western blot analysis

The total protein content in the cell extracts was deter¬
mined by the Bradford's method [19]. Cell lysates were
denatured in sample buffer (50 mM Tris-FlCl, pH 6.8, 1% SDS,
5% 2-mercaptoethanol, 10% glycerol, 0.001% bromophenol
blue) and heated in a boiling water bath for 3 min. Samples
(30 pg total protein) were resolved by 12% SDS-PAGE and
proteins were transferred to PVDF membranes (Hybond-P,
Amersham Pharmacia Biotech). Rainbow markers (Amer-
sham Pharmacia Biotech) were run in parallel to estimate
molecular weights. Membranes were blocked with Tween-
TBS (20 mM Tris-HCl, pH 7.5, 500 mM NaCl, 0.1% Tween-20)
containing 1% bovine serum albumin and probed with
polyclonal anti-Bcl-XL (Santa Cruz Biotechnology, 1:500),
polyclonal anti-Bad (Santa Cruz Biotechnology, 1:500), poly¬
clonal anti-Bax (Santa Cruz Biotechnology, 1:500) or mouse
monoclonal anti-cytochrome c oxidase (COx) subunit IV
(Molecular Probes, 1:1000). After extensive washing in
Tween-TBS, PVDF sheets were incubated with biotin-con-
jugated anti-rabbit IgG (1:1000; Santa Cruz Biotechnology)
antibody for 1 h and then incubated with horseradish
peroxidase-conjugated streptavidin (1:1000; Caltag Labora¬
tories, Burlingame, CA). Immunoreactive proteins were
visualized by 3,3'-diaminobenzidine (Sigma) staining. The
bands were also quantified by densitometry using Scion
Image Software (Scion Co., MD, USA).

Statistical analysis

Statistical significance was assessed by ANOVA followed by
Bonferroni's t test, and p<0.05 was taken as statistically
significant.

Results

Heme-induced delay of human neutrophil apoptosis in vitro is
associated with maintenance of At/>m

We have previously shown that heme inhibits human
neutrophil apoptosis in a concentration range found during
hemolytic episodes [6], Here we confirm that heme (1-10 pM)
delays neutrophil apoptosis and this effect is completely
abolished when cells are pre-treated with two structural and
functional uncorrelated inhibitors, DPI (10 pM) and apocynin
(10 pM) (Fig. 1). The maintenance of A«|>m is regarded as a
critical regulator of the apoptotic program in virtually all cell
types and can be measured using the cationic dye JC-1 that
exhibits a membrane potential-dependent accumulation in
mitochondria [18]. When a loss of Ai|/m occurs during
apoptosis, there is a characteristic fluorescence emission
shift from red to green. The observed potential-dependent
color shift is due to concentration-dependent formation of
red fluorescent J aggregates. Consequently, Ai|/m dissipation
can be assessed by a decrease in the JC-l-emited red/green
fluorescence intensity ratio. Fresh, non apoptotic, neutrophil
mitochondria exhibit preserved Ai|)m, as determined by
confocal microscopic analysis of JC-1 stained cells; they
show a higher red (546 nm) fluorescence in relation to green

(536 nm) fluorescence (Fig. 2). After 20 h, cultured neutrophils
undergo constitutive apoptosis and display an opposite
staining profile where the ratio between the two emission
wavelengths (red/green) is significantly lower. Heme treat¬
ment (3 pM) inhibited Ai]im dissipation and therefore pre¬
served mitochondria integrity (Fig. 2). Inhibition of NADPHox
by DPI reversed the heme-induced changes in Ai|»m indicating
an involvement of ROS. We have previously shown the direct
involvement of NF-kB signaling pathway in mediating the
anti-apoptotic effect of heme using a number of different
techniques (6). Now we show that this pathway is also
involved in maintaining heme-induced At(im because phar¬
macological inhibition of this signaling route with PDTC
abolished heme protective effects (Fig. 2).

Heme inhibits Bax insertion into the mitochondria

Two events are closely related to Ai])m dissipation and
consequent progression of the apoptotic cascade in neu¬
trophils: the clustering of mitochondrial tubular network
and the formation of pores in the outer mitochondrial
membrane by pro-apoptotic Bcl-2 members [13]. As
observed in Fig. 3a, heme treatment (3 pM) was able to
prevent mitochondrial clustering in aged neutrophils since
the mitochondria of heme-treated neutrophils are organized
in a tubular network, similar to fresh neutrophils. Heme
also inhibits Bax insertion into the mitochondria as

assessed by confocal microscopy, an effect likely responsible
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Fig. 1 - Effect of heme on neutrophil apoptosis. Neutrophils (5 x 106/mL) were incubated in the absence or in the presence of
varying concentrations ofheme (1-10 |iM) in the absence (squares) or in the presence ofDPI (10 pM, circles) or apocynin (10 p.M,
triangles). After 20 h, cells were cytocentrifuged and the number of apoptotic cells was determined. Data shown are the results
(mean±SD) of 3 experiments, each performed in triplicate. The asterisk (*) indicates a significant difference (p< 0.001) between
heme-treated and control neutrophils.

for maintaining the integrity of this organelle (Fig. 3b).
Treatment with heme (3 nM) significantly reduced the
occurrence of Bax and mitochondria co-localization after
20 h of incubation, identified in merged images as false
yellow points. The heme-induced inhibition of Bax insertion
was also observed by Western blot analysis of mitochondrial
extracts (Fig. 4).

Heme-induced Bad degradation requires NADPHox-deriued
ROS

The balance of Bcl-2 member expression is likely to regulate
the apoptotic process. It has been observed that heme
promotes differential expression of pro- and anti-apoptotic
Bcl-2 proteins resulting in a decrease of the Bad/Bcl-XL ratio
[6]. Heme-induced Bad degradation is delayed by the treat¬

ment with the NADPHox inhibitor DPI, suggesting the
involvement of ROS in this event (Fig. 5).

Heme induces Bcl-X, expression—inuoluement of NADPHox
and NF-k,B actiuity

In fresh non-apoptotic neutrophils, the expression of anti-
apoptotic bcl-2 genes is very low or absent [16]. However,
the presence of pro-inflammatory/anti-apoptotic mediators
triggers their transcription and consequent protein synth¬
esis [6,14-16]. Heme, like other anti-apoptotic agents,
mediates its anti-apoptotic effect on neutrophil through de
novo protein synthesis. It has also been shown that heme
promotes Bcl-XL protein synthesis [6], an effect indicating
that this Bcl-2 member, among other inducible proteins,
may play an important role in the control of neutrophil
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Fig. 2 - Heme inhibits Aipm dissipation.Neutrophil were incubated for 20 h in the absence or in the presence ofheme (3 p.M)with
or without DPI (10 pM) or PDTC (100 nM), and was measured by confocal analysis of JC-1 staining. Freshly obtained
neutrophils (C 0 h) were used as negative control (non-apoptotic cells). Results represent the ratio between red (546 nm) and
green (532 nm) JC-1 emitted fluorescence. Using this dye, viable mitochondria usually display higher red fluorescence. These
data are representative of three identical experimentswith similar results. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

lifespan. Heme-evoked Bcl-XL expression is shown to be a

highly controlled event, which requires NADPHox-depen-
dent ROS generation and redox-sensitive NF-kB activity
(Kg- 6).

Discussion

Chronic inflammatory states are maintained by three major
factors: sustained imbalance between the activity/production
of pro-inflammatory (anti-apoptotic) versus anti-inflamma¬
tory (pro-apoptotic) stimuli, delay of neutrophil apoptosis and
impairment of apoptotic neutrophil non-phlogistic clearance
by professional phagocytes such as macrophages, or potential
phagocytes such as fibroblasts and mesangial cells. This way,

the machinery that controls neutrophil apoptosis seems to
play a central role on this process, once it integrates the two
other factors that corroborate to the establishment of chronic

inflammation.

Hemolytic events, which can be triggered by a number
of etiological agents, share the occurrence of high levels of
free heme in circulation [20,21], It is frequently accompa¬
nied by an acute inflammatory condition that can be both
local and systemic and often develops to a chronic
inflammatory response [22-27], It has been described that
heme itself is able to promote the expression of adhesion
molecules on endothelial cells [28] providing an additional
explanation to the vaso-occlusive events associated to
systemic hemolytic episodes, and results from our group
show that heme acts as a prototypical proinflammatory
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Fig. 3 - Heme prevents Bax insertion into mitochondria: Confocal microscopy, (a) Mitochondrial morphology was assessed by
confocalmicroscopy analysis of MitoTracker Green FM-stained cells, (b) Subcellular redistribution ofBax protein in neutrophils
was assessed by confocal microscopy. Neutrophils were cultured for 0 or 20 h without additions or in the presence of heme
(3 |iM). The cells were then stained with MitoTracker Green FM, fixed and permeabilized before addition ofpolyclonal antibody
specific for Bax, and then analyzed by confocalmicroscopy. Co-localization regions are visualized as yellow dots. This figure is

molecule, potently activating neutrophils [5], More recently
we have reported that free heme delays human neutrophil
apoptosis on a mechanism dependent on de nouo protein
synthesis via the activation of the MAPK, PI3K and NF-kB
pathways [6], The present study shows that heme alters
neutrophil lifespan defined by the differentiation program
of this cell, maintaining mitochondria stability through the

alteration of expression/activity of pro- and anti-apoptotic
Bcl-2 family proteins.

The sui generis neutrophil mitochondria, as elegantly
demonstrated by Maianski et al. [12], lack life-supporting
activities (e.g., ATP synthesis) being almost exclusively
committed to the control of neutrophil apoptosis. We
observed that free heme, in a concentration found during
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Fig. 4 - Heme prevents Bax insertion into mitochondria: Western blot. Detection of Bax insertion into the mitochondria was
determined byWestern blot. Digitonin-based cell fractionation was performed in fresh neutrophils and in neutrophils
incubated for 20 h in the absence or in the presence of increasing concentrations ofheme (1-10 pM). The mitochondrial fractions
were subjected to SDS-PAGE andWestern blotwas developed using specific antibody against Bax or COx (loading control). Data
shown are the results (mean± SD) of 3 experiments. The asterisk (*) indicates a significant difference (p<0.05) when compared to
fresh (C 0 h) neutrophils.

hemolytic episodes (3 pM), was able to maintain mitochon¬
dria stability, as observed by confocal microscopy analysis of
JC-1 stained cells. Interestingly, pharmacological inhibition of
NF-kB activation as well as NADPHox generation of ROS is
once more required.

Heme protective effect is also associated to the inhibition
ofBax insertion into the mitochondria (Figs. 3 and 4). Insertion
of Bax into the mitochondria is a prominent feature of the
apoptotic process. The formation of pores in the mitochondria
outer membrane catalyzed by Bax oligomers promotes the
leakage of pro-apoptotic proteins, which therefore lead to the
activation of caspases and culminate in apoptotic cell death

[13].We hypothesized that the control of Bax activity by heme
relies on the integration of two distinct signals triggered by
this molecule, the first one being the degradation of the pro-
apoptotic protein Bad and the second one represented by the
induction of the antiapoptotic protein Bcl-XL expression [6].
Actually, we have observed that heme induces Bad degrada¬
tion and Bcl-XL synthesis, and both effects require NADPHox
activity. Moreover, NF-kB activity is also involved in Bcl-XL
accumulation. These data suggest that the differential
expression of these two proteins evoked by heme is crucial
for the cytoprotective feature of this molecule. Bad, that is
constitutively expressed in mature neutrophils, is rapidly and

Bad

Bax

.

*gii ST ~ ~ . l:-
«, >rnmy

C 15' 30' 45' 60' 15' 30' 45' 60'

♦DPI
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Time (mirt)

Fig. 5 - Heme-induced Bad degradation requires ROS. Neutrophils (5 x 106/mL) were cultured with heme (3 pM) in the absence
(squares) or in the presence of DPI (10 pM, circles). At the indicated time points, Bad protein expression was assessed by
Westernblot analysis. Data shown are the results (mean ± SD) of3 experiments. The asterisk (*) indicates a significant difference
(p< 0.05) between heme- and DPI-treated neutrophils.
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Fig. 6 - Heme induces Bcl-XL expression: role of NADPHox
and NF-kB. Neutrophils (5 ± 106/mL) were cultured with heme
(3 pM) in the absence or in the presence of DPI (10 pM) or
PDTC (100 nM). After 4 h, Bcl-XL protein expression was
assessed byWestern blot analysis. Data shown are the
results (mean±SD) of 3 experiments. The asterisk (*)
indicates a significant difference (p< 0.05) when compared to
heme-treated neutrophils.

transiently reduced to very low levels after heme treatment.
In contrast Bcl-XL, which content is very low in resting
neutrophils, is highly induced after few hours. This condition
facilitates the formation of Bax/Bcl-XL heterodimers, im¬
pairing Bax insertion into mitochondria (Arruda MA, unpub¬
lished data).

Noteworthy, the achievement that pharmacological inhibi¬
tion of NADPHox as well as NF-kB leads to complete
abolishment of heme protective effects [6], indicates an
intense cross-talk between these signaling components,
probably by changes in the redox status of the cell evoked by
NADPHox activation. ROS, who have been primarily asso¬
ciated to life threatening events, have been shown to possess
dual role on cellular physiology, being also associated to the
activation of pro-survival signaling routs and inhibition of
caspase 3, the main executioner of apoptotic program [27]. The
apparent contradictory effects of ROS on neutrophil lifespan
could be explained regarding the activation status of the cell.
Some studies have shown the deleterious effect of exogenous
ROS on resting neutrophils survival [29] and others showing
PICD, when neutrophils generate large amounts of ROS
intracellularly, it means, in the phagolysosome, in order to
annihilate the engulfed pathogen [30]. After pathogen killing,
neutrophil mission is theoretically accomplished, and it is
reasonable to assume that rapid neutrophil apoptosis is
beneficial in order to promote the resolution of inflammation.
However, when neutrophils are activated by an inflammatory
mediator, the NADPHox assembly and activation, which
occurs few minutes after exposure to the stimulus, precedes
other effector functions of activated neutrophils. We pre¬
viously observed that heme induces NF-kB activation through
ROS generated by NADPHox complex [6], which may act as
second messengers, activating proinflammatory/anti-apopto-
tic signaling on neutrophils, and supporting this hypothesis, it
has been shown that ROS are essential to LPS-induced TLR-4

signaling on neutrophils [31].

NF-kB comprises a family of transcription factors that act
regulating genes involved in a variety of events such as

apoptosis, proliferation and differentiation [32]. The regula¬
tion ofNF-kB activation, which seems to be highly cell specific
and redox sensitive [33,34], has a dual role on the amplifica¬
tion of the inflammatory response. It is involved on the
transcription of both pro-inflammatory and anti-apoptotic
genes not only on neutrophils, but also on a variety of cell
types, revealing that the control of the activity of this
transcription factor may have a major role on the control of
acute and chronic inflammation [7,35], However, studies using
NF-kB inhibitors failed to control the inflammatory response
[36]. Recently, it has been postulated that NF-kB is also
involved in the transcription of a variety of genes that encode
pivotal proteins in the resolution phase of inflammation. This
way, the accurate knowledge of the NF-kB kinetic and
modulation may be a powerful tool in the development of
new strategies for the control of chronic inflammatory status.

In summary, we propose a mechanism for heme control
of neutrophil apoptosis, on which it promotes the main¬
tenance of Ai|(m, impairing Bax insertion into mitochondria
through the reduction of Bad/Bcl-XL ratio. This phenomenon
is likely to be controlled by NADPHox-derived ROS, via the
activation ofNF-kB pathway. Taken together, these data help
the understanding of the molecular events involved on heme
anti-apoptotic effect as well as corroborate to the statement
of a new role for ROS generated by NADPHox on neutrophil
physiology.
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Apoptosis may be regulated by oxidants such as peroxynitrite (ONOO ). The tumour
suppressor, p53, has been reported to play a crucial role in apoptosis induced by oxidants,
therefore we assessed the ability of a ONOO donor, GEA 3162, to activate caspases and
induce mitochondrial permeability in a p53-deficient murine bone marrow cell line, Jaws II.
Furthermore, these cells were stably transfected with Bcl-2, in order to investigate the
impact of this survival protein on ONOO -induced apoptosis. GEA 3162 activated caspases
and induced loss of mitochondrial membrane potential in Jaws II cells. In particular,
caspases 3 and 2 were activated, alongside minor activation of caspases 8 and 9, and
apoptosis was partially dependent upon p38 MAP kinase activation, with little or no role
for JNK. Overexpression ofBcl-2 abolished activation of all caspases and reduced the change
in mitochondrial membrane potential. Thus, we have demonstrated that the ONOO donor,
GEA 3162, induces apoptosis in Jaws II murine myeloid cells despite lacking functional p53,
via a pathway that principally involves caspases 2 and 3 and mitochondrial changes. This is
blocked by overexpression of Bcl-2 via a mechanism that does not appear to merely reflect
stabilisation of the mitochondrial membrane.
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1. Introduction

Apoptosis is a physiological form of programmed cell death
that plays important roles in embryogenesis, inflammation
and the safe and efficient clearance of damaged or unwanted
cells. This process is characterised by cellular and nuclear
condensation, maintenance of cell membrane integrity, the
exposure of recognition molecules for phagocytic removal and
intemucleosomal DNA fragmentation [1], During apoptotic
cell death, a range of cysteine proteases called caspases are

necessarily activated,which cleave proteins after aspartic acid
residues following activation from their zymogen forms [2],

There are two principal pathways for the execution of
apoptosis; a death receptor pathway and a stress pathway, as
reviewed by Wyllie [1], and Zimmermann et al. [3], The
extrinsic death receptor-mediated pathway involves engage¬
ment of ligands such as tumour necrosis factor-a (TNF-a) or
Fas ligand (FasL) with the appropriate receptor and proceeds
through activation of caspase 8 (initiator caspase) and caspase
3, which is critical in cleaving cellular components to drive the
irreversible dismantling of the cell. Additionally, the mito¬
chondrial pathway described below can be activated through
death receptor ligation via translocation of the truncated
(active) form of Bid (tBid) to the mitochondria following
cleavage by caspase 8, as an amplification mechanism.

The intrinsic pathway occurs in response to cellular
damage or external stresses, and mitochondria play a central
role in this pathway. Activation of the stress pathway leads to
mitochondrial changes, in which the membrane potential is
lost, causing mitochondrial permeability. This allows the loss
of pro-apoptotic factors from the mitochondria, formation of
an 'apoptosome', and activation of caspase 9 (initiator
caspase) and ultimately caspase 3. These mitochondrial
changes are tightly regulated by the balance of pro- and
anti-apoptotic members of the Bcl-2 proto-oncogene family
[4], which interact with each other and the mitochondrial
membrane to either promote or prevent mitochondrial
permeabilisation. Pro-apoptotic members of the Bcl-2 family
include Bax, Bad, Bid and Bak and tend to be located within the
cytosol, whereas anti-apoptotic members such as Bcl-2, Bc1-Xl
and Al are predominantly found on the mitochondrial
membrane itself.

Mitochondrial changes in response to cellular damage or
stress are often preceded by activation of the transcription
factor, p53. This tumour suppressor induces apoptotic cell
death if DNA damage is severe or irreparable. It controls
transcription levels of several proteins involved in apoptosis in
order to push the balance towards cell death, notably by
increasing the pro-apoptotic proteins Fas (CD95), Bax, Bid,
Noxa and Puma [4,5] and down-regulating expression of the
anti-apoptotic protein, Bcl-2 [6].

Further molecules with a role in the regulation of apoptosis
are the mitogen activated protein (MAP) kinases. The JNK and
p38 MAP kinase families are involved in the cellular response
to stress and are important in apoptosis [7], However, the
relationship between pro- and anti-apoptotic effects of these
kinases is complex, and may be cell type or stimulus-specific
[8]-

Peroxynitrite (ONOO ) is a powerful oxidant species
formed through the combination of NO and superoxide anion

(02-). Inflammatory cells are able to produce both species
when activated [9], and ONOCT is thought to have bactericidal
effects in acute inflammation, and has additionally been
shown to promote apoptosis in several cell types [10,11],

Previous studies have demonstrated that the ONOO'

donor, GEA 3162, is able to promote apoptotic cell death in
neutrophils [12-14] in a caspase-dependentmanner. However,
the effects of this compound on apoptosis have not been
investigated in other cells of the myeloid lineage.We set out to
investigate the effects of the ONOO- donor, GEA 3162, on
apoptosis in the Jaws II murine immature bone marrow cell
line, which is derived from the p53-/- mouse. We hypothe¬
sised that GEA 3162 would initiate apoptosis in these cells
despite their lack of p53, and that overexpression of the
survival protein, Bcl-2, would abolish this response through
stabilisation of the mitochondrial membrane.

2. Materials and methods

2.1. Cell culture

Immature mouse bone marrow cells (Jaws II; ATCC, Manassas,
VA) [15] were cultured in alpha minimum essential medium
with ribonucleosides, deoxyribonucleosides enriched with
20% heat-inactivated fetal bovine serum (Hyclone Labora¬
tories, Logan, UT), l-glutamine 4mM, and sodium pyruvate
1 mM (all purchased from BioWhittaker, Inc., Walkersville,
MD) in the presence of 5 ng/ml GM-CSF (R&D Systems, Inc.,
Minneapolis, MN). Cells were seeded into T75 culture flasks.
Flasks were incubated at 37 °C in a humidified atmosphere
containing 5% C02 until approximately 70-80% confluence
was achieved. Cells were passaged 1 in 4 every 3-4 days.

In order to harvest the cells, suspension cells were removed
into 50 ml centrifuge tubes before addition of trypsin-EDTA to
the flasks. Cells were incubated until the adherent cells
detached and were removed into the appropriate centrifuge
tube, and cell numbers counted using a haemacytometer. The
tubes were centrifuged (1000 rpm, 10 min) to form a cell pellet,
then supernatant was aspirated and the cells resuspended in
Jaws II medium at a density of 5 x 105 cells/ml before being
plated out as required.

2.2. Construction and stable expression of Bcl-2 cDNA

cDNA encoding the intronless open reading frame of the 717
base pair human Bcl-2a (pORF-hBcl-2) (InvivoGen, San Diego,
CA) was cloned into shuttle plasmid SL1180 (Amersham
Pharmacia Biotech, Piscataway, NJ) utilizing the Nco I and Nhe
I (New England BioLabs, Inc., Beverly, MA) restriction enzyme
sites. The pORF-hBcl-2 was subsequently cloned into the EcoR
I and Xho I (New England BioLabs, Inc., Beverly, MA) sites on
the multiple cloning region of the bicistronic retroviral
expression plasmid, pBMN-IRES-enhanced green fluorescent
protein (EGFP) (kindly provided by Dr. Gary Nolan, Stanford
University, Palo Alto, CA) [16], High titer second-generation
helper free retrovirus was produced by calcium phosphate
mediated transfection of the Phoenix ecotropic packaging cell
line (ATCC, Manassas, VA) with either 24 p.g of the hBcl-2
expression plasmid or pBMN-IRES-EGFP control plasmid.
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Recombinant retroviral supernatant was collected 48 h after
transfection and filtered through a Millex-HV 0.45 |rm filter
(Millipore Corp., Bedford, MA). For transduction, cell culture
media from ~70% confluent JAWS II cells in 6-well plates
(Coming Inc., Corning, NY) were replaced with 2.5 ml of
retrovirus supernatant and centrifuged for 2 h (1430 x g at
32 °C) and then incubated for 10 h (5% C02, 37 "C). Upon
completion of the incubation period, retroviral supernatant
was replaced by appropriate normal growth medium for each
cell type. Cells were sorted for stable retrovirus transfection
based on EGFP expression using a FACVantage SE cell sorter
(Beckton Dickinson Corp., Franklin Lakes, NJ). High-expressing
cells were collected and used in subsequent experiments, as
previously published [17].

2.3. Bcl-2 western blot

JAWS II-Bcl-2 or JAWS II-GFP cells were lysed in 60 mm tissue
culture dishes (Becton Dickinson, Franklin Lakes, NJ) using ice-
cold modified radioimmunoprecipitation (RIPA) buffer (Tris-
HCl 50 mM, NP-40 1%, Na-deoxychnlate 0.25%, NaCl 150 nM,
Na3V04 1 mM, NaF 50 mM) (all purchased from Sigma, St.
Louis, MO) with one Complete Mini™ tablet (Roche, Indiana¬
polis, IN) per 10 ml of modified RIPA buffer. Cell debris was
removed by centrifugation at 14,000 x g for 15 min at 4 °C.
Supernatant was collected and stored at -20 °C. BCA Protein
Assay kit (Pierce, Rockford, IL) was used to measure protein
concentrations of cell lysates. Cell lysates, 20 |xg total protein
per lane, were resolved on Novex® 4-20% Tris-glycine gels
(Invitrogen, Carlsbad, CA) and transferred onto methanol
activated Immobilon™ PVDF membrane (Millipore Co., Bed¬
ford, MA). Membrane was blocked with 5% milk (Western
Family Foods, Portland, OR) in TBS (Sigma, St. Louis, MO) at
4 °C overnight. After blocking, membrane was probed with
mouse anti-human Bcl-2 monoclonal antibody (#610539 BD
Transduction Labs, San Diego, CA) at a 1:1000 dilution in TBS
with 1% tween-20 (TBST) (Sigma, St. Louis, MO) for 1 h at room
temperature. Membrane was washed three times in TBST.
Goat anti-mouse IgG HRP conjugated secondary antibody
(#610094 BD Transduction Labs, San Diego, CA) was applied at
1:10,000 dilution in TBST and incubated for 1 h at room

temperature. Membrane was washed four times in TBST
followedby two washes in TBS. Enhanced chemiluminescence
(ECL) plus (Amersham, Buckinhamshire, England) was applied
for 5 min and chemiluminescence was detected on radio¬

graphic film (Eastman Kodak Co., Rochester, NY).

2.4. MTT assay

A colorimetric assay using (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) provides ameasure of the
cytotoxicity of agents. The mitochondria of viable cells
metabolise MTT to turn the solution from yellow to purple,
which can be measured using a spectrophotometer at a

wavelength of 500-600 nm.
In order to measure cell viability following exposure to GEA

3162 (30-100 |xM), 20,000 cells perwell (40 p.1) were plated into a
96-well plate, which was then incubated at 37 °C overnight,
before addition of 50 ^1 medium. GEA 3162 (10 ilI of lOx stock)
was added to final concentrations as shown in the figure

legends (concentrations that have previously been shown to
promote apoptosis in human neutrophils [18]) and the plate
incubated for 4h. The MTT assay was then carried out
according to the manufacturers' instructions. Briefly, 10 |xl of
MTT solution was added to each well and the plate incubated
at 37 °C for 4 h before addition of 100 |xl of solubilisation
solution. The plate was then read with a test wavelength of
570 nm and a reference wavelength of 630 nm.

2.5. Homogeneous caspase activation

Caspase proteases are activated during apoptotic cell death.
Fluorogenic substrates can be cleaved by caspases, giving a

quantitative indication of caspase enzyme activity which can
be measured by fluorescent plate reader.

In order to measure levels of caspase activation in Jaws II
cells treated with GEA 3162 (Alexis Biochemicals, San Diego,
CA) or the pan-kinase inhibitor, staurosporine (STSP; Sigma,
St. Louis, MO), 20,000 cells per well (40 m-1) were plated into an

opaque 96-well plate, which was then incubated at 37 "C
overnight. GEA 3162 or STSP (10 |xl of lOx stock) were added to
final concentrations as shown in the figure legends (concen¬
trations that have previously been shown to promote
apoptosis in human neutrophils [18]) in the absence or

presence of the pan-caspase inhibitor, zVAD (100 jcM). The
volume in each well was made up to 100 (jlI with 50 |xl culture
medium. Following 4 h incubation at 37 °C (time point
determined by preliminary time course studies; data not
shown), caspase activation was measured using a homo¬
geneous caspase detection kit (Roche, Indianapolis, IN)
according to the manufacturer's instructions. Briefly, 100 (il
of caspase substrate was added to each well, plus two wells
containing positive control lysates provided in the kit, and two
wells containingmedium alone as 'blank' wells. The platewas
then incubated at 37 °C for at least 1 h before fluorescence was

read using a fluorescent plate readerwith excitation at 485 nm
and emission measured at 530 nm. Background fluorescence
from 'blank' wells was then subtracted from all values

obtained.
The same protocol was followed for other experiments

using the pharmacological inhibitors, SP600125 (JNK inhibitor)
and SB203580 (p38 inhibitor). For these experiments, the
inhibitor was diluted in Jaws II culture medium at 2x desired
concentration before addition of 50 |il to the wells at a final
concentration of 10-50 jlM.

2.6. Specific caspase activation

Individual caspases 2,3,8 and 9 were also assessed for activity
using a fluorescent plate assay, in order to investigate possible
pathways through which GEA 3162-induced apoptosis may

proceed.
Jaws II-GFP and Jaws II—Bcl-2 cells were harvested as

described above. 2 million cells were seeded into T25 flasks in
4.5 ml culture medium and incubated overnight at 37 °C. The
following day, 500 p.1 of medium (controls) or GEA 3162 (final
concentration 30-100 (iM) were added, and flasks were
incubated for 4 h at 37 °C. Cells were then harvested and

centrifuged (1000 rpm, 5 min). Activity of caspases 2,3, 8 and 9
was then assessed using the ApoAlert Caspase Profiling kit
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(Clontech, Mountain View, CA) according to the manufac¬
turers' instructions. Briefly, cell pellets were resuspended in
400 jlI of ice-cold cell lysis buffer and incubated on ice for
10min. Following lysis, tubes were vortexed and 50 |xl of cell
lysate added in duplicate to wells containing immobilised
substrate for individual caspases plus 50 jjlI of 2x reaction
buffer. The plate was then covered and incubated at 37 °C for
2 h. Cleavage of caspase substrates was then measured by
fluorescent plate reader, with excitation at 360 nm and
emission measured at 460 nm.

2.7. Mitochondrial membrane permeability assay

A potential difference exists across the mitochondrial mem¬
brane in viable cells. However, during apoptosis that proceeds
through the stress or mitochondrial pathway, the potential
difference is lost and the mitochondria become permeable.
This loss ofpotential difference can be measured by the use of
a fluorescent dye that accumulates in the mitochondria of
viable cells and fluoresces red, but is unable to enter the
mitochondria of apoptotic cells and fluoresces green in the
cytosol. The ratio of red:green fluorescence gives an indication
of the proportion of viableiapoptotic cells, and can be
measured using a fluorescent plate reader.

The change in mitochondrial membrane potential during
apoptosis in Jaws II cells treated with GEA 3162 or STSP was
measured using the Mit-E-v() apoptosis detection kit (Biomol
International, Plymouth Meeting, PA) according to the man¬
ufacturer's instructions. Cells were harvested as described

above and 10,00,000 cells added per well of a 6-well plate in a
total volume of 2 ml. Following overnight incubation at 37 °C to
allow cells to adhere, culture medium (control), STSP or GEA
3162 were added to the wells to final concentrations shown in

the figure legends, then cells were incubated for a further 4 h.
The cells were then harvested and tubes were centrifuged
(1000 rpm, 5 min) to pellet the cells. Supernatant was then
aspirated and cells were resuspended in 1 ml Mit-E-ij; solution
and incubated at 37 °C for 15 min. Assay buffer (2 ml) was then
added and the tubes centrifuged (1000 rpm, 5 min) before
resuspension of the cell pellet in 1 ml assay buffer and further
centrifugation (1000 rpm, 5 min) to wash the cells. Cells were
resuspended once more in 1 ml assay buffer before duplicate
aliquots of 100 |xl were transferred from each tube to an

opaque 96-well plate, which was then analysed by fluorescent
plate readerwith excitation at 485 nm and emission measured
at 590 nm (red fluorescence) and 530 nm (green fluorescence).
The ratio of red to green fluorescence was then calculated.

2.8. Statistical analysis

Each experimentwas carried out using duplicate samples for a
minimum of three replicates, and the mean and standard
error of the combined data was calculated. Significance
between results was analysed using repeated measures
ANOVA. Student-Newman-Keuls post-test was used to
determine significance differences between treatments. A p-
value < 0.05 was considered statistically significant.

3. Results

3.1. Characterisation of the Bcl-2 overexpressing Jaws II
cell line

Jaws II cells transfected with a vector encoding GFP/Bcl-2 were
sorted for high-expressing cells on the basis of their green
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Fig. 1 - FACS analysis for transfection of JAWSII cells with retrovirus containing bcl-2-lRES-GFP. Cells successfully
transfected to overexpress Bcl-2 were selected based on linked GFP expression in FL1. In panel (A) wild type cells
demonstrated minimal fluorescence. (B) Cells transfected with Bcl-2-IRES-GFP retrovirus showed bimodal fluorescence and
GFP positive cells were sorted based on gate M2. Post-sort analysis (C) showed a wide range in fluorescent intensity and
these cells were sorted again for the highest GFP expressors (D). Panel (E) shows the population of cells after several
passages: wild type (black line), transfected cells (grey line), high-expressing cells (black area).
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fluorescence (FL1). Non-transfected cells exhibited low fluor¬
escence (Fig. 1A), which was shifted to a bimodal fluorescence
profile following retroviral transfection (Fig. IB). The higher
expressing cells, corresponding to gate M2, were collected.
Analysis of these cells showed a wide spread of fluorescence
(Fig. 1C), so they were once again sorted for the highest
expressing cells (Fig. ID) which were collected and cultured for
use in these studies.

Western blot analysis was carried out to demonstrate the
effectiveness of the transfection of Bcl-2 into the Jaws II cell
line. These blots clearly show that Jaws II-Bcl-2 cells express

large quantities of Bcl-2 protein, that are not detectable in cells
containing GFP vector alone (Fig. 2A, lanes 1 and 2). The blot
was stripped and reprobed for actin to demonstrate that lane
loading was equal for both Jaws II-GFP and Jaws II-Bcl-2 cells.
Expression was stable and did not diminish over time (Fig. 2B),
as cell lysates generated at both passage 4 (lanes 1 and 2) and
at passage 12 show marked Bcl-2 expression in Jaws II-Bcl-2
cells but not in Jaws II-GFP cells (lanes 3 and 4).

3.2. Effects ofGEA 3162 on cell viability in Jaws II-GFP and
Jauts II-Bcl-2 cells

Assessment of Jaws II cell viability by MTT assay following
exposure to GEA 3162 (30 or 100 |lM) for 4 h showed a decrease
in viability in Jaws II-GFP cells (Fig. 3), with a significant
(p < 0.05) effect seen with the higher concentration. Jaws II-
Bcl-2 cells also showed a slight decrease in viability, although
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Fig. 2 - Transfection of Jaws II cells with human Bcl-2. (A)
Western blot of cell lysates prepared from Jaws II cells
transfected to overexpress Bcl-2 (Jaws II-Bcl-2) or vector
alone (Jaws II-GFP), showing expression of Bcl-2 in Jaws II-
Bcl-2 but not Jaws II-GFP cells, and equal lane loading
using actin. (B) Bcl-2 overexpression was stable over
multiple passages. Western blot of different passages of
JAWS II cells stably transfected to overexpress human Bcl-
2 or GFP. Human Bcl-2 protein levels were unchanged from
passage 4 to passage 12.
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Fig. 3 - Effect ofGEA 3162 on Jaws II cell viability. GFP or Bcl-
2-overexpressing Jaws II cells were exposed to GEA 3162
(30-100 iaM) for 4 h before assessment of cell viability by
MTT assay. Data represents mean ± S.D. following n = 2
experiments. Asterisks represent significant (p < 0.05)
difference from control (untreated) cells for each cell type
(repeated measures ANOVA with Student-Newman-Keuls
post-test).

this effect was reduced compared to the control cells and was
associated with more variability in absorbance measured.
Both sets of cells continued to exclude Trypan Blue following
treatment with GEA 3162 (data not shown).

3.3. Total caspase activation in response to GEA 3162 in
Jaws II-GFP and Jaws II-BcI-2 cells

Measurement of caspase activation in Jaws II cells showed
enhanced activation in cells containing the GFP vector in
response to GEA 3162. Following 4h incubation in medium
alone, Jaws II-GFP cells and the Bcl-2-overexpressing cells
showed no significant difference in the basal level of
fluorescence. In the presence of STSP (200 nM), however,
fluorescence was increased (p > 0.05 compared with GFP
control) in Jaws II-GFP cells (Fig. 4A). Overexpression of Bcl-2
reduced the increase in fluorescence in response to STSP
(p > 0.05), although fluorescence did not return to control
levels. In the presence of the pan-caspase inhibitor, zVAD
(100 p.M), fluorescence levels were similar in GFP cells, GFP
cells plus STSP (p > 0.05), Bcl-2 overexpressing cells
(p>0.05) and Bcl-2 cells plus STSP (p > 0.05). Although
the presence of zVAD was insufficient to return fluorescence
back to control levels, it did markedly reduce the level of
caspase activation in response to STSP in both Jaws II-GFP
and Jaws II-Bcl-2 cells, although this was not significantly
different from STSP-treated cells in the absence of zVAD

(p > 0.05).
When Jaws II cells were exposed to the ONOO" donor,

GEA 3162 (30-100 pM), for 4h, caspase activation increased
in a concentration-dependent manner in Jaws II-GFP
cells (Fig. 4B), with those treated with 100 p.M GEA 3162
producing a statistically significant (p < 0.05) degree of
activation. In contrast, in the presence of 100 pM zVAD,
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significant (p < 0.05) difference from control (untreated)
cells for each cell type, and hashes represent significant
differences in fluorescence in the absence and presence of
zVAD for a given treatment (repeated measures ANOVA
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Fig. 5 - GEA 3162 induces loss of mitochondrial membrane
potential that is reduced by Bcl-2 overexpression. GFP or

Bcl-2-overexpressing Jaws II cells were exposed to (A)
STSP (200 nM) or (B) GEA 3162 (30-100 pM) for 4 h before
assessment of mitochondrial permeability. Cells were
harvested and centrifuged and cell pellets resuspended
and incubated in a solution of fluorescent dye before
washing, then red and green fluorescence was measured.
The ratio of red (intact mitochondrial membrane potential)
to green (mitochondrial membrane potential lost) cells is
indicative of the extent of mitochondrial-dependent
apoptosis. Data represents mean ± S.E.M. following n = 4
experiments performed in duplicate. Asterisks represent
significant (p < 0.05) difference from control (untreated)
cells for each cell type (repeated measures ANOVA with
Student-Newman-Keuls post-test).

3.4. Involvement of mitochondrial permeabilisation in
apoptosis

the increase in fluorescence was abrogated, and no

significant difference was seen between treated and
untreated cells (p > 0.05).

Overexpression of Bcl-2 reduced the caspase activation
seen in Jaws II cells on exposure to GEA 3162. Treatment of
these cells with GEA 3162 produced no significant difference in
fluorescence from control (untreated) cells (p > 0.05). There
was, however, a significant decrease in caspase activation
levels in Bcl-2-overexpressing cells exposed to 100 |xM GEA
3162, compared to cells containing the GFP vector alone under
the same conditions (p < 0.05). Addition of zVAD (100 p,M) had
little effect in Jaws II-Bcl-2 cells, but reduced fluorescence
levels very slightly (p > 0.05), demonstrating that the vast
majority of caspase activity was already inhibited by the
overexpression of Bcl-2.

The loss of mitochondrial membrane potential that is
characteristic of the stress pathway of apoptosis was
measured through the use of a fluorescent dye. Viable cells
fluoresce red and apoptotic cells fluoresce green, therefore the
redigreen fluorescence ratio decreases with increasing levels
of apoptotic cell death. STSP (200 nM, 4 h) promoted the loss of

in Jaws II cells containing the GFP vector alone, while
overexpression of Bcl-2 caused a reduction in the change of
mitochondrial potential (Fig. 5A), thereby providing a protec¬
tive effect against mitochondrial permeabilisation.

In Jaws II-GFP cells exposed to GEA 3162 (30-100 p.M) for 4 h,
there was a concentration-dependent reduction in the
fluorescence ratio compared to control cells (Fig. 5B), with
exposure to 100 p.M GEA 3162 producing a significant level of
mitochondrial permeability (p < 0.05). Again, the overexpres¬
sion of Bcl-2 in Jaws II cells conferred some protection against
the loss of t/zm, although this was not complete. Cells exposed
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Fig. 6 - Specific caspases activated by GEA 3162. GFP or Bcl-
2-overexpressing Jaws II cells were exposed to GEA 3162
(30-100 pM) for 4 h before assessment of the cleavage of
specific fluorogenic substrates for (A) caspase 3, (B)
caspase 8, (C) caspase 9 and (D) caspase 2. Cells were
harvested, centrifuged and lysed, then lysates incubated
with specific caspase substrates immobilised on a plate,
with fluorescence indicating the extent of caspase
activation. Data represents mean ± S.E.M. following n = 4
experiments performed in duplicate. Asterisks represent
significant (p < 0.05) difference from control (untreated)
cells for each cell type, and hashes represent significant
differences between fluorescence in GFP and Bcl-2 cells for
a given treatment (repeated measures ANOVA with
Student-Newman-Keuls post-test).

to 30 or 100 |xM GEA 3162 were not significantly different from
control (p > 0.05).

3.5. Activation of specific caspases

Analysis of specific caspase activation showed that exposure
ofJaws II-GFP cells to GEA 3162 leads to a large increase in the
activity of caspases 2 and 3, and a smaller increase in caspases
8 and 9 (Fig. 6). Treatment with 30 or 100 p.M GEA 3162
produced a concentration-dependent increase in caspase 3
substrate cleavage in cells transfected with the GFP vector
alone, with fluorescence levels reaching approximately 230%
(p > 0.05) and 950% (p < 0.05) of control levels respectively.
Similarly, relatively high levels of activation were seen with
caspase 2, with 30 |lM GEA 3162 producing around 160%
(p > 0.05) and 100 producing 650 % (p < 0.05) of control
fluorescence. However, caspase 8 activation was less pro¬

nounced, with fluorescence in response to 30 |j.M GEA 3162
being virtually identical to control (p > 0.05), and 100 jlM
measured at 200% (p < 0.05) of control. Caspase 9 levels were
virtually identical in control and 30 |lM GEA 3162-treated cells
(p > 0.05) while 100 juM-treated cells showed 185% (p > 0.05) of
control fluorescence. In contrast, overexpression of Bcl-2
greatly reduced or abolished all GEA 3162-induced increases in
fluorescence, and there was no significant difference between
any treatments in these cells for any of the caspases
measured, indicating that Bcl-2 overexpression prevents up-

regulation of the activity of multiple caspases in response to
ONOCT.

3.6. Effects of MAP kinase inhibitors on total caspase
activity in Jaws II-GFP cells

Homogeneous caspase activity in the presence of JNK
(SP600125; 10-50 p,M) and p38 (SB203580; 10-50 p.M) MAP
kinase inhibitors was also measured in Jaws II-GFP cells
exposed to GEA 3162 (30-100 (lM) for 4h. SP600125 afforded
slight protection against GEA 3162-induced apoptosis at the
highest concentration (Fig. 7B). The level of fluorescence in
untreated (control) cells was unaffected by the presence of
10 pM (p > 0.05) or 50 |aM (p > 0.05) of the JNK inhibitor. The
lower (30 p.M) concentration of GEA 3162 caused a small
increase in caspase activity although this was not statistically
significant by repeated measures ANOVA (p > 0.05). In the
presence of SP600125, fluorescence was not significantly
altered. Exposure to 100 GEA 3162 for 4 h caused a

significant increase in caspase activity (p < 0.05). Addition of
10 SP600125 caused a small increase in caspase activity
(p < 0.05 compared to untreated cells), but addition of 50 p.M
SP600125 caused a small but statistically significant decrease.
While this was still significantly different from untreated
control cells, it was also a significant decrease compared to
cells exposed to GEA 3162 in the absence of the JNK inhibitor
(p < 0.05).

In contrast, SP600125 failed to affect caspase activation in
response to 200 nM STSP (Fig. 7A). STSP-treated cells exhibited
a significant increase in fluorescence compared to control
(p < 0.05) which was not abrogated by the presence of
SP600125, as fluorescence remained significantly different
from control.
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Fig. 7 - Effect of JNK inhibition on GEA 3162-induced
apoptosis in Jaws II-GFP cells. Cells were exposed to (A)
STSP (200 nM] or (B) GEA 3162 (30-100 n-M) in the absence
or presence of the JNK inhibitor, SP600125 (10-50 jiM).
Total caspase activity was then measured by incubation
with fluorogenic caspase substrate for 1 h. Data represents
mean ± S.E.M. following n = 5 experiments performed in
duplicate. Asterisks represent significant (p < 0.05)
difference from control (untreated) cells, and hashes
represent significant differences in fluorescence in the
absence and presence of SP600125 (repeated measures
ANOVA with Student-Newman-Keuls post-test).
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Fig. 8 - Effect of p38 inhibition on GEA 3162-induced
apoptosis in Jaws II-GFP cells. Cells were exposed to (A)
STSP (200 nM) or (B) GEA 3162 (30-100 pM) in the absence
or presence of the p38 inhibitor, SB203580 (10-50 pM).
Total caspase activity was then measured by incubation
with fluorogenic caspase substrate for 1 h. Data represents
mean ± S.E.M. following n = 3 experiments performed in
duplicate. Asterisks represent significant (p < 0.05)
difference from control (untreated) cells, and hashes
represent significant differences in fluorescence in the
absence and presence of SB203580 (repeated measures
ANOVA with Student-Newman-Keuls post-test).

Analysis of total caspase activation in the presence of the
p38 inhibitor, SB203580 (10-50 pM) showed protection of Jaws
II-GFP cells from GEA 3162-induced apoptosis (Fig. 8B). The
inhibitor had no effect on apoptosis in untreated (control)
cells, with fluorescence at similar levels in the presence of0,10
and 50 pM SB203580 (p > 0.05 between conditions). Caspases
were activated in response to 30 pM GEA 3162 (p > 0.05
compared to untreated cells), and addition of 10 or 50 pM of
the p38 inhibitor had no effect on caspase activity (p > 0.05
versus no inhibitor). Increased caspase activity was also
detected on exposure to 100 pM GEA, However there was a

concentration-dependent reduction in fluorescence on addi¬
tion of SB203580, with 50 pM producing a statistically
significant effect, bringing caspase activity down to a level
that is significantly different to 100 pM GEA 3162-treated cells
in the absence of inhibitor, and not significantly different from
untreated cells.

In contrast, inhibition of p38 enhanced STSP-induced
apoptosis in Jaw II-GFP cells (Fig. 8A), with specific inhibition
of p38 MAP kinase providing an additive apoptotic effect to the
general kinase inhibition provided by STSP. Fluorescence
levels were elevated in response to 200 nM STSP. Addition of

10 pM SB203580 in the presence of STSP increased fluores¬
cence in a concentration-dependent manner, with 50 pM
having a significant effect (p < 0.05 compared to STSP alone).

4. Discussion

Apoptotic cell death is regulated by NO and related species,
such as ONOO~, in several cell types including myeloid-
derived leukocytes such as neutrophils, eosinophils and
monocytes/macrophages [10], The biological effects of NO
and ONOO , including their effects on apoptosis, have
recently been comprehensively reviewed [19]. Some studies
have reported that p53 is required for apoptosis induced by NO
and/or ONOO~ in some cell types [20-22], Other studies
suggest that p53 may be inactivated by ONOO~ [23] or that
apoptosis may proceed despite the absence of p53 [24],
Alternatively, lack of p53 may confer a degree of resistance
to NO/ONOO" -stimulated apoptosis but other pathways may
contribute to cell death or compensate when p53 is lacking
[25-28], In order to elucidate the dependence or otherwise of
apoptosis on p53, we investigated the effects of GEA 3162, a
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ONOO" donor similar to SIN-1 [14], on apoptosis in a murine
bone marrow cell line, Jaws II. This cell line is devoid of p53,
and was studied containing either a vector encoding GFP alone
(control) or a vector coding for both GFP and the anti-apoptotic
protein, Bcl-2.

Although we have previously demonstrated that GEA 3162
simultaneously releases NO and 02~ in our system, and
produces the same profile of apoptotic events as SIN-1 [14],
other studies have found GEA 3162 to be a pure NO donor [29],
Furthermore, in culture conditions, factors such as C02 may
cause significant decay of ONOO" formed [30]. Thus, although
in this studywe refer to GEA 3162 as a ONOO donor, the exact
nature of the apoptogenic species is not known, and further
studies (e.g. using SOD or NO scavengers) would have to be
carried out to determine which species is responsible for these
effects.

Apoptosis is a process that is dependent on the action of
caspase proteases [1], Therefore, total caspase activity was
measured in Jaws II cells to determine whether these
proteases are activated on exposure to GEA 3162, or STSP as
a control apoptosis-initiating stimulus STSP increased cas¬
pase activation in Jaws II-GFP cells, although this failed to
reach statistical significance. GEA 3162 also increased caspase

activity; the effect was clearly concentration-dependent and
there was a significant effect with the higher concentration.
When the pan-caspase inhibitor, zVAD, was added as an
internal control for the assay, fluorescence was reduced in all
conditions, demonstrating that fluorescence measured was
due to caspase activation. A significant difference was seen
between control cells exposed to 100 pM GEA 3162 in the
absence and presence of zVAD, therefore GEA 3162 specifically
enhances caspase activation. Thus, apoptosis proceeded
despite the absence of p53 in these cells, and correlates with
existing data that suggests that p53 is not essential for
apoptosis, but alternative and/or compensatory pathways are
involved.

Overexpression of Bcl-2 was protective against GEA 3162-
induced caspase activation, as no significant increase in
caspase activity was seen in Jaws II-Bcl-2 cells compared to
untreated cells of the same kind. However, a significant
difference was observed between treatment with 100 ilM GEA
3162 in Jaws II-GFP compared with Jaws II-Bcl-2. Thus, it is the
overexpressed Bcl-2 that abrogates caspase activity. Similar
findings have previously been reported in macrophage cell
lines, which were protected from NO-induced apoptosis by
overexpression of Bcl-2 [31], In that study, Bcl-2 was proposed
to neutralise the p53-dependent increase in Bax expression.
The absence of p53 in Jaws II cells implies that an alternative
mechanism of protection is also involved. One possibility is
the antioxidant activity of Bcl-2, which has been previously
described [32], Alternatively, Bcl-2 may have a protective role
similar to that observed in C. elegans by its ortholog, CED-9.
CED-9 acts to sequester CED-4 (the worm equivalent of Apaf-
1), and prevent activation of CED-3 (caspase 3 in humans).
Therefore, it is possible that human Bcl-2 may have a similar,
more direct, role in caspase regulation, and there is some data
to support this proposal, as discussed by Cory and Adams [4],

Mitochondrial permeability was enhanced in Jaws II-GFP
cells on exposure to GEA 3162, suggesting that the mitochon¬
drial pathway is involved in ONOO induced apoptosis in

these cells. Bcl-2 overexpression reduced the change in yM so
that it was no longer significantly different from control, but
this protection was incomplete. This is in agreement with
previous studies in ONOO treated thymocytes, in which Bcl-2
offered complete protection against caspase activation and
DNA fragmentation, but only partial inhibition of loss of \

[33].
Measurement of specific caspases showed that GEA 3162

strongly activated caspases 2 and 3 in Jaws II-GFP cells, while a
lesser activity of caspases 8 and 9 was detectable. Such data
shows remarkable similarity to that obtained in HL-60 cells on
exposure to ONOO" , in which activity of caspases 2 and 3 was
approximately 500% of control (untreated) levels, whereas
caspases 8 and 9 had a maximal activation of ~200-210% of
control [34], Interestingly, HL60 cells are also p53 null,
suggesting that this profile of caspase activity may occur in
response to ONOO" in cells lacking this gene. The lack of
discernible phenotype in the caspase 2-/- mouse points
towards a potential role for caspase 2 as a compensatory
molecule activated in the absence of other pro-apoptotic
proteins, such as p53. However, although it is possible that this
is a cell-specific apoptotic pathway seen in cells lacking
functional p53, a stimulus-specific effect in p53-replete cells in
response to ONOO cannot be ruled out. Further experiments
in other p53-/- and p53+/+ cells, plus siRNA and repletion
studies would need to be carried out to distinguish cell-specific
and stimulus-specific effects of ONOO".

Caspase 3 is the principal effector caspase involved in the
apoptotic cascade, and cleaves specific target proteins within
the cell, such as PARP, PKC-8, protein kinases and structural
proteins [35]. However, little is known about the role of
caspase 2 in apoptosis, as it has largely been ignored in
investigations of the apoptotic process, due to the lack of
phenotype in the knockout mouse. However, there have been
several suggestions regarding its function (particularly that it
acts just upstream of mitochondrial permeabilisation) and
these proposed functions are reviewed by Troy and Shelanski
[18]. A recent study also attributed caspase 2 function to an ER
stress pathway of apoptosis, functioning as both an initiator
and effector caspase [36]. As ER stress has been implicated in
the apoptotic response to NO/ONOO in p53-deficient murine
microglial cells [24], this is a feasible suggestion for the
mechanism by which ONOO" induces apoptosis in Jaws II
cells.

Caspase 9 activation measured by the profiling assay
confirmed the involvement of mitochondria in apoptosis
elicited by GEA 3162 in Jaws II-GFP cells. Cleavage of the
caspase 8 substrate at low levels suggests either non-specific
cleavage by high levels of caspases 2 and 3, or a potential role
for death receptor clustering that is amplified via the caspase
cascade. It has been proposed that reactive oxygen species
may induce ligand-independent death receptor clustering in
lipid rafts and subsequent caspase activation [37]. It remains
to be seen whether this mechanism has a role to play in GEA
3162-provoked apoptosis.

It is interesting to note that exogenous expression of
human Bcl-2 does not simply reduce caspase activity, but
abolishes it in both untreated and GEA 3162-exposed cells.
This is similar to the 'complete' inhibition of apoptosis
previously reported in various cell types on overexpression
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of Bcl-2 [33,38], and suggests that Bcl-2 may have a tighter
regulatory role on NO/ONOCP-induced caspase activation
than mere mitochondrial stability. Additionally, all caspases
are equally affected by Bcl-2, rather than just those down¬
stream of mitochondria (caspases 9 and 3) pointing to a more

general inhibitory effect than insertion of Bcl-2 into mito¬
chondrial membranes. If only mitochondrial stability was
altered, it would be expected that caspases 2 and 8 would still
be elevated in the Jaws II-Bcl-2 cells. These data therefore
support the hypothesis that cytoprotection afforded by Bcl-2
occurs via a similar pathway to that observed in C. elegans by
CED-9.

The role ofMAP kinases in cells is complex and somewhat
variable, with both pro- and anti-apoptotic effects being
reported, and is seemingly dependent upon the cell type being
investigated [7,8], However, there is evidence to suggest that
both p38 and JNK MAP kinases may play a role in NO or ONOCP
mediated cell death [39,40] as well as other apoptotic stimuli
[41] and Bcl-2 has been shown to suppress p38 activation and
subsequent NO-induced apoptosis [42], therefore it was

hypothesised that these kinases may be involved in GEA
3162-induced apoptosis of Jaws II cells. Studies using
pharmacological inhibitors of p38 and JNK demonstrated a

pro-apoptotic role for p38 when Jaws II-GFP cells were exposed
to ONOCr from GEA 3162, but little or no role for JNK. However
the role of p38 is stimulus-specific, as this kinase has an anti-
apoptotic role when cells are exposed to STSP. Additional
studies examining the expression and phosphorylation status
of these MAP kinases would be useful in order to confirm and
further investigate the involvement of these proteins and their
role in ONOO"-induced apoptosis.

Protein modification may occur in response to reactive
oxygen and nitrogen species, which may subsequently alter
protein function and cause cellular effects including apoptosis
[43], One such modification, which may occur on exposure to
ONOO is formation of 3-nitrotyrosine (3-NT), in which
susceptible protein tyrosine residues may be nitrated [44],
Additional studies are required to assess formation of 3-NT,
and identification of target proteins, in Jaws II cells exposed to
GEA 3162, to determine whether this mechanism may have a
role in GEA 3162-induced apoptosis in these cells.

We have demonstrated an apoptotic response to ONOCP in
a murine bone marrow cell line. To the best of our knowledge,
this is the first time that apoptosis has been reported using this
cell line, and demonstrates that functional p53 is not a

requirement for ONOO mediated cell death in this cell type.
Furthermore, we have shown that caspases 2 and 3 are

important for apoptosis to proceed, with roles for caspases 8
and 9, and p38 MAP kinase. The anti-apoptotic protein, Bcl-2,
abolishes caspase activation involved in both intrinsic and
extrinsic pathways, suggesting a survival mechanism that is
not restricted solely to the mitochondria, and may represent a
novel or previously only speculative mechanism by which Bcl-
2 protects against apoptosis.
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Tissue- and Stimulus-Dependent Role of Phosphatidylinositol
3-Kinase Isoforms for Neutrophil Recruitment Induced by
Chemoattractants In Vivo1
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PI3K plays a fundamental role in regulating neutrophil recruitment into sites of inflammation but the role of the different isoforms
of PI3K remains unclear. In this study, we evaluated the role of PI3Ky and PI3K5 for neutrophil influx induced by the exogenous
administration or the endogenous generation of the chemokine CXCL1. Administration of CXCL1 in PI3Ky~/_ or wild-type (WT)
mice induced similar increases in leukocyte rolling, adhesion, and emigration in the cremaster muscle when examined by intravital
microscopy. The induction of neutrophil recruitment into the pleural cavity or the tibia-femoral joint induced by the injection of
CXCL1 was not significantly different in PI3Ky~'~ or VVT mice. Neutrophil influx was not altered by treatment of WT mice with
a specific PI3K.fi inhibitor, IC87114, or a specific PI3Ky inhibitor, AS605240. The administration of IC87114 prevented CXCL1-
induced neutrophil recruitment only in presence of the PI3Ky inhibitor or in P13Ky~'~ mice. Ag challenge of immunized mice
induced CXCR2-dependent neutrophil recruitment that was inhibited by wortmannin or by blockade of and PI3K6 in PI3Ky_/_
mice. Neutrophil recruitment to bronchoalveolar lavage induced by exogenously added or endogenous production of CXCL1 was

prevented in PI3Ky~/_ mice. The accumulation of the neutrophils in lung tissues was significantly inhibited only in PI3Ky '~
mice treated with IC87114. Neutrophil recruitment induced by exogenous administration of C5a or fMLP appeared to rely solely
on PI3Ky. Altogether, our data demonstrate that there is a tissue- and stimulus-dependent role of PI3Ky and PI3K5 for neutrophil
recruitment induced by different chemoattractants in vivo. The Journal of Immunology, 2007, 179: 7891-7898.

Phosphatidylinositol 3-kinases are a family of proteins thatcatalyze the phosphorylation of the 3'-OH position of the
inositol ring of phosphatidylinositols (Ptdlns)3 resulting in

the formation of PtdIns(3)P, Ptdlns(3,4)P2, and Ptdlns(3,4,5)P3,
collectively termed 3'-PtdIns lipids (1, 2). These molecules work
as second messengers and are important in regulation of various
cellular responses, including proliferation, transformation, sur¬
vival, superoxide production, adhesion, and cell migration (3).
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There are different isoforms of PI3Ks that can be divided into three
main classes. The class I PI3Ks are heterodimers consisting of a
catalytic subunit and an adaptor/regulatory subunit present mainly
in the cytosol of cells and can be subdivided into two subclasses:
class IA enzymes may have one of three catalytic isoforms (pi 10a,
pi 10/3, or pi 108) associated to five regulatory isoforms and signal
downstream of tyrosine kinases; class IB enzymes are constituted
by a unique catalytic subunit (pi 10y) associated with a regulatory
subunit pi01 and signal downstream of heterotrimeric G protein-
coupled receptors (GPCRs) (1, 2). There is also a class II PI3K,
characterized by the presence of a C2 domain, and a class III P13K,
which uses only Ptdlns as a substrate (1, 2).
Neutrophils, a major type of blood leukocytes, are indispensable

for host defense of bacterial and fungal infections (4). This activity
depends on the stimulation of various functions after activation of
specific receptors, including the formyl methionyl leucyl peptide,
chemotactic factor, and TLRs (5-10). Neutrophil migration is de¬
pendent on their activation by chemotactic stimuli, including che-
mokines, complement fragments, and lipid mediators, which en¬
able these cells to enter the site of infection and destroy the
invading pathogens. Chemotactic factors bind to seven-transmem-
brane domain receptors and activate heterotrimeric G proteins (5,
6, 11, 12). Downstream of these proteins a complex interrelated
signaling network is activated and may result in the activation of
PI3K isoforms (12-15). Involvement of PI3Ks in neutrophil acti¬
vation has been demonstrated using the inhibitors of class I PI3K,
wortmannin and LY294002, which block neutrophil activation and
PtdIns(3,4,5)P3 generation, a main product of PI3K activation (16,
17). Studies using mice lacking the pi 10 catalytic subunit of
P13K-yhave demonstrated the importance of this PI3K isoform for
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chemokine-regulated recruitment of neutrophils in vitro (18, 19).
Furthermore, PI3Ky-deficient neutrophils exhibited severe defects in
GPCR-induced respiratory burst and produced less PtdIns(3,4,5)P3
after stimulation of cells with C5a, fMLP, and CXCL8 (IL-8) (19).
It has been recently suggested that PI3KS may also modulate the
activity and recruitment of neutrophils in vivo (20, 21). However,
the exact extent to which PI3Ky participates in the process of
neutrophil recruitment in vivo is not known.
The present study was conducted initially to investigate the role

of PBKy in modulating neutrophil rolling, adhesion, and transmi¬
gration induced by the chemokine CXCL1 in the mouse cremaster.
However, as PI3Ky appeared not to be directly involved with
CXCL1-induced neutrophil influx, further studies were conducted
to investigate whether the enzyme was relevant for the neutrophil
recruitment in other sites of inflammation and that induced by
more complex inflammatory stimuli, including Ag challenge or
bleomycin administration. We also evaluated the relevance of
PI3Ky for neutrophil influx induced by other chemoattractant mol¬
ecules and whether PI3KS played a role in CXCLl-induced neu¬
trophil influx. We demonstrate that the involvement of PI3Ky on
neutrophil recruitment depends on the chemotactic stimulus and on
the tissue in which the inflammatory stimulation is occurring.
PI3KS and PI3Ky have a redundant role in mediating exogenously
added or endogenously generated CXCLl-induced neutrophil
recruitment.

Materials and Methods
Animals

PBKy-deficient male C57BL/6 X svl29 mice and their wild-type (WT) lit-
termate control mice (+/+) (18-22 g) were used throughout these experi¬
ments. PI3Ky~'~ mice (in a C57BL/6 X svl29 background) were generated
as previously described (18). The mice were a gift of Dr. J. M. Penninger
(Institute of Molecular Biotechnology of the Austrian Academy of Sciences,
Vienna, Austria) and supplied by Taconic Farms. PI3Ky gene deletion was
confirmed by PCR using specific primers (WT primers: sense, 5-TCAGGC
TCGGAGATTAGGTA-3; antisense, 5-GCCCAATCGGTGGTAGAACT-3;
Pl3Ky~'~ primers: sense, 5-GGACACGGC litGATTACAATC-3; anti-
sense primer, 5-GGGGTGGGATTAGATAAATG-3 as previously described
(18). Animals were bred and housed in a temperature-controlled room with
free access to water and food. All experimental protocols have been subjected
to evaluation and were approved by the local animal ethics committee.

Drugs and reagents

Recombinant murine CXCL1 was purchased from PeproTech. CXCL1 was
dissolved in water, diluted further in PBS (pH 7.4) containing 0.01% BSA
and stored at —70°C until use. OVA was purchased from Sigma-Aldrich
and C5a and wortmannin were purchased from Calbiochem. Wortmannin
was diluted in DMSO and stored at —70°C until use. LY294002 was pur¬
chased from Alamone Laboratories, diluted in DMSO, and stored at
-70°C until use. Bleomycin (blenoxane; Bristol-Meyers) was commer¬
cially available. The PI3K5 inhibitor IC87114 was a gift of the ICOS
Corporation and stored at —20°C until use. The PI3Ky inhibitor AS605240
was a gift of Serono and was stored at —20°C until use.

Intravital microscopy
The mouse cremaster preparation was used to study the behavior of leu¬
kocytes in the microcirculation and adjacent connective tissue, as previ¬
ously described (22). Briefly, an incision was made in the scrotal skin to
expose the left cremaster muscle, which was then carefully removed from
the associated fascia. A lengthwise incision was made on the ventral sur¬
face of the cremaster muscle using a cautery. The testicle and the epidid¬
ymis were separated from the underlying muscle and were moved into the
abdominal cavity. The muscle was then spread out over an optically clear
viewing pedestal and was secured along the edges with a 4-0 suture. The
exposed tissue was superfused with warm bicarbonate-buffered saline (pH
7.4). An intravital microscope (Olympus BX50F4) with a X20 objective
lens and a X10 eyepiece was used to examine the cremasteric microcir¬
culation. A video camera (5100 HS; Panasonic) was used to project the
images onto a monitor, and the images were recorded for playback analysis
using a conventional videocassette recorder.

Single, unbranched cremasteric venules (25-40 pm in diameter) were se¬
lected and, to minimize variability, the same section of cremasteric venule was
observed throughout the experiment. The number of rolling, adherent, and
emigrated leukocytes was determined offline during video playback analysis.
Rolling leukocytes were defined as those cells moving at a velocity less than
that of erythrocytes within a given vessel. The flux of rolling cells was mea¬
sured as the number of rolling cells passing by a given point in the venule per
minute. A leukocyte was considered to be adherent if it remained stationary for
at least 30 s, and total leukocyte adhesion was quantified as the number of
adherent cells within a 100-p.m length of venule. Leukocyte emigration was
defined as the number of cells in the extravascular space within an area of 50
pm of distance from the venule. Only cells adjacent to and clearly outside the
vessel under study were counted as emigrated.

Experimental protocols
For each experiment, 500 ng of murine rCXCLl in 0.2 ml of saline was
administered locally by s.c. injection beneath the right scrotal skin using a
30-G needle, 2 h before exteriorization. The left cremaster was then pre¬
pared for intravital microscopy. Leukocyte kinetics was investigated, as
described above, and at the end of each experiment whole blood was drawn
by cardiac puncture. Total cell counts were performed in a modified
Neubauer chamber using Turk's stain.

Histology
At the end of each intravital microscopy experiment, the cremaster muscles
were removed and fixed in 10% neutral-buffered formalin. The tissues were

dehydrated gradually in ethanol, embedded in paraffin, cut into 4-/am sec¬
tions, stained with H&E, and examined under direct light microscopy.

Sensitization

Animals were immunized with OVA adsorbed to aluminum hydroxide gel
as previously described (23). Briefly, mice were injected s.c. on days 1 and
8 with 0.2 ml of a solution containing 100 /ag of OVA and 70 /ag of
aluminum hydroxide (Reheiss).

Leukocyte migration into the pleural cavity induced by Ag and
chemoattractant agent

Sensitized WT or PI3Ky-,~ mice were challenged by intrapleural (i.pl.)
administration of Ag (OVA) or PBS. In addition, to investigate the leuko¬
cyte migration into the pleural cavity induced by a chemoattractant agent,
WT or PBKy-'- mice were injected into the pleural cavity with CXCL1
(30-100 ng/cavity), C5a (100 ng/cavity), and fMLP (200 ng/cavity). These
were optimal doses to induce leukocyte recruitment in preliminary exper¬
iments (data not shown). The cells present in the pleural cavity were har¬
vested 6 h after Ag challenge or chemoattractant agent administration by
injecting 2 ml of PBS and total cell counts performed in a modified
Neubauer chamber using Turk's stain. This time was shown to be optimal
for neutrophil recruitment in preliminary kinetics experiments. Differential
cell counts were performed on cytospin preparations (Shandon III) stained
with May-Griinwald-Giemsa using standard morphologic criteria to iden¬
tify cell types. The results are presented as the number of cells per cavity.

Leukocyte migration into the lung induced by chemoattractant
agent or bleomycin
WT or PI3Ky~'~ mice were injected intratracheally with 500 ng of murine
rCXCLl or 0.125 U of bleomycin. The stimulus was given in 50 /xl of
sterile PBS. The control mice received PBS alone. The cells present in the
alveolar space and the lung were harvested 6 h after CXCL1 administration
or 48 h after bleomycin administration.

Bronchoalveolar lavage (BAL)
BAL was performed to obtain leukocytes in the alveolar spaces. The tra¬
chea was exposed and a 1.7-mm outside-diameter polyethylene catheter
was inserted. BAL was performed by instilling three 1-ml aliquots of PBS
and ~2 ml of fluid was retrieved per mouse. The number of total leuko¬
cytes was determined by counting leukocytes in a modified Neubauer
chamber after staining with Turk's solution. Differential counts were ob¬
tained from cytospin preparations by evaluating the percentage of each
leukocyte on a slide stained with May-Griinwald-Giemsa.

Quantification of neutrophil accumulation in lung tissue by
myeloperoxidase (MPO) activity measurement

The extent of neutrophil accumulation in the lung tissue was measured by
assaying MPO activity as previously described (24). Using the conditions
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described below, this methodology is very selective for the determination
of neutrophils over macrophages (data not shown). Before lung removal,
the pulmonary vasculature was perfused with 3 ml of PBS via the right
ventricle. Upon thawing, the tissue (0.1 g of tissue per 1.9 ml of buffer) was
homogenized in pH 4.7 buffer (0.1 M NaC!, 0.02 M NaP04, 0.015 M
sodium EDTA), centrifuged at 3000 X g for 10 min and the pellet was
subjected to hypotonic lyses (1.5 ml of 0.2% NaCI solution followed 30 s
later by addition of an equal volume of a solution containing 1.6% NaCI
and 5% glucose). After a further centrifugation, the pellet was resuspended
in 0.05 M NaPO., buffer (pH 5.4) containing 0.5% hexadecyl-trimethyl-
ammonium bromide and rehomogenized. One-milliliter aliquots of the sus¬
pension were transferred into 1.5-ml Eppendorf tubes followed by three
freeze-thaw cycles using liquid nitrogen. The aliquots were then centri¬
fuged for 15 min at 3000 X g to perform the assay. MPO activity in the
resuspended pellet was assayed by measuring the change in OD450 using
tetramethylbenzidine (1.6 mM) and H202 (0.5 mM). The reaction was
stopped by adding 100 p.1 of 4 M H2S04 and was quantified at 450 nm in
a spectrophotometer (Emax; Molecular Devices). The neutrophil content
was calculated from a standard curve based on MPO activity expressed as
absorbance increase at 450 nm from 5% casein peritoneal-induced neutro¬
phils assayed in parallel. The results were expressed in relative number of
neutrophils per milligram of wet tissue.

Leukocyte migration into an articular cavity
The role of PI3Ky for neutrophil recruitment was also investigated after
administration of CXCL1 in articular cavity. WT or PI3Ky~'~ mice were
injected into the tibia-femoral articulation with an optimal dose of murine
rCXCLl (30 ng/cavity). The stimulus was given in 5 p.1 of sterile PBS and
control mice received PBS alone. The cells present in the tibia-femoral
articulation were harvested 6 h after chemoattractant agent administration
by washing the cavity with 30 jul of PBS. The number of total leukocytes
was determined by counting leukocytes in a modified Neubauer chamber
after staining with Turk's solution. Differential counts were obtained from
cytospin preparations by evaluating the percentage of each leukocyte on a
slide stained with May-Grunwald-Giemsa.

Treatment with inhibitors of PI3K
The role of PI3K on neutrophils recruitment was also investigated by using
selective inhibitors of P13K, wortmannin and LY294002; the selective inhib¬
itor of PI3K5, IC87114; and selective inhibitor of P13Ky, AS605240. Wort¬
mannin or LY294002 were administered systemically (i.p.) at the dose of 1.0
mg/kg 60 min before the i.pl. administration ofOVA or chemoattractant agent.
This dose was shown to be effective in other experimental systems (25). More¬
over, preliminary experiments showed the dose of 1.0 mg/kg to be maximally
effective at inhibiting eosinophil recruitment in a similar model (26). 1C87114,
a highly selective inhibitor of P13KS (20), was administered orally at the dose
of 25 mg/kg 60 min before administration of chemoattractant agents. This dose
was shown to be effective and selective in another model of leukocyte influx
(21). AS605240, a highly selective inhibitor of PI3Ky (27), was administered
orally at the dose of 50 mg/kg 60 min before administration of chemoattractant
agents. This dose was shown to be effective and selective in vivo (27). Wort¬
mannin and LY294002 were dissolved in DMSO and further diluted in PBS.
IC87114 and AS605240 was suspended in 0.1% methylcellulose solution and
ground in a homogenizer to ensure a uniform suspension. Control animals
received drug vehicle.

Preparation of bone marrow neutrophils
The femurs and tibias from both hind limbs were removed of mice and
freed of soft tissue attachments, and the extreme distal tip of each extremity
was cut off. HBSS (without Ca2+ and Mg2+) was forced through the bone
by using a 5-ml syringe with a 22-gauge needle. After dispersing cell
clumps and removing the debris, the bone marrow cells were suspended in
2 ml of HBSS and laid on top of a two-layer Percoll gradient of 72 and 65%
Percoll (Sigma-Aldrich) diluted in HBSS (100% Percoll = nine parts Per¬
coll and one part 10X HBSS) and centrifuged (1200 X g, 30 min, room
temperature) without braking. The enriched neutrophil fraction was recov¬
ered at the interface between 65 and 72% Percoll. After washing twice with
HBSS, 5.0 ± 1.0 X 106 cells were obtained per mouse, 95% neutrophils,
identified by staining the nuclei with Turk reagent (Merck).

FIGURE 1. Effects of the pretreatment
with the nonselective PI3K inhibitor (A),
wortmannin, and PI3K<5-selective inhibitor
(B), IC87114, and PI3Ky-selective inhibi¬
tor, AS605240, on the recruitment of neu¬
trophils induced by CXCL1 in WT and
PI3Ky-/~ mice. Wortmannin (1.0 mg/
kg), 1C87114 (25 mg/kg), and AS605240
(50 mg/kg) was administered 60 min be¬
fore CXCL1 (100 ng/cavity) i.pl. admin¬
istration. Neutrophil recruitment was as¬
sessed 6 h after chemokine injection.
Results are expressed as the means ±
SEM of five mice in each group. *, p <
0.01 when compared with PBS-injected
mice; #, p < 0.01 when compared with
vehicle-treated CXCLl-injected mice.
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FIGURE 2. Neutrophil adhesion (4) and emigration (B) in the cremaster
muscle of WT and PI3Ky~'~ mice 2 h after intrascrotal administration of
CXCL1 (500 ng/animal). Control mice were injected with PBS. Results are

expressed as the means ± SEM of four to five mice in each group. *,p <
0.01 when compared with PBS-injected mice.

Neutrophil chemotaxis
A modified Boyden chamber assay to examine the neutrophil chemoattractant
response to CXCL-1 and C5a was performed using a 48-well microchamber
(Neuro Probe). Murine bone marrow neutrophils were isolated as above described
and resuspended in running buffer (1X HBSS, 2 mg/ml BSA, 10 mM HEPES, 1
mM CaCL, and 1 mM MgClJ. C5a (10 nM) and recombinant mouse CXCL-1
(20 ng/ml) diluted in running buffer (for wells containing neutrophils) or appro¬
priate buffer control was added to the lower chambers of the apparatus. A 5-p.m-
pore polycarbonate membrane (Neuro Probe) was placed between the upper and
lower chambers, and 5 X 104 cells in a volume of 50 p.1 were added to the top
chambers of the apparatus. Cells were allowed to migrate into the membrane for

Table I. Circulating leukocyte counts and venular diameter in
untreated mice and mice treated intrascrotally with CXCL1 (500 ng)"
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FIGURE 3. Role of PI3K in neutrophil accumulation induced by Ag
challenge of sensitized PI3K-y-/_ and WT mice. Neutrophil accumulation
was assessed after 6 h in immunizedWT or PUKy-'- mice and challenged
with an i.pl. injection of OVA (1 /ug/cavity) or PBS at the time point
described in the figure (A). Effects of the pretreatment with the nonselective
PI3K inhibitors (B), wortmannin (1.0 mg/kg), and LY294002 (1.0 mg/kg),
and PI3K8-selective inhibitor (C), 1C87114 (25 mg/kg), in the neutrophil
accumulation induced by Ag were also verified. Results are expressed as
the means ± SEM of five mice in each group. *, p < 0.05 when compared
with PBS-injected mice; #, p < 0.05 when compared with vehicle-treated
OVA-injected WT mice.

Circulating Venular
Leukocyte Diameter

Animal Treatment (106/ml) (gm)

WT + PI3Ky-'_ PBS 6.3 ± 2.2 30.9 ± 2.3
WT CXCL1 (500 ng) 8.5 ± 2.1 33.4 ± 1.7
P13Ky~'~ CXCL1 (500 ng) 6.8 ± 1.3 33.5 ± 3.0
a Murine rCXCLl in 0.2 ml of saline was administered locally by s.c. injection

beneath the right scrotal skin 2 h before exteriorization of cremaster muscle. The left
cremaster was then prepared for intravital microscopy. Venular diameter was verified
and circulating leukocyte kinetics were assessed in whole blood drawn by cardiac
puncture. Total cell counts were performed in a modified Neubauer chamber using
Turk's stain. Results are expressed as the means ± SEM of five mice in each group.

1 h per treatment at 37°C with 5% C02. Following incubation, the chamber was
disassembled and the membrane was scraped and washed three times in PBS to
remove nonadherent cells before being fixed in methanol and stained using the
Diff-Quik system (Dade Behring). Each well-associated membrane area was
scored using light microscopy to count the intact cells present in five random fields.
The results are expressed as the number of neutrophils per field.

Statistical analysis
All results are presented as the mean ± SEM. Normalized data were an¬
alyzed by one-way ANOVA, and differences between groups were as¬
sessed using the Student-Newman-Keuls posttest. A p value <0.05 was
considered significant.
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FIGURE 4. Role of PI3K in neutrophil accumu¬
lation induced by C5a and fMLP in PI3Ky-/~ and
WT mice. A, C5a (100 ng/cavity) or, B, fMLP (200
ng/cavity) were injected in pleural cavity and neu¬

trophil accumulation was assessed 6 h later. Results
are expressed as the means ± SEM of five mice in
each group. *, p < 0.01 when compared with PBS-
injected mice; #, p < 0.01 when compared with
OVA-injected WT mice.
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Results
Neutrophil recruitment induced by the i.pl. administration of 100
ng of CXCL1 was similar in PI3Ky_/~ and WT mice (Fig. IA).
Neutrophil recruitment induced by lower doses (30 ng/cavity) of
CXCL1 was also similar in PI3Ky~'~" and WT mice (WT mice:
3.1 ± 0.6 X 105 neutrophils/cavity; PI3Ky~/_ mice: 2.1 ± 0.4 X
105 neutrophils/cavity). Similar results were obtained using intra¬
vital microscopy in the CXCL1-treated cremaster muscle of
PI3Ky_/_ or WT mice. The dose of CXCL1 used in these exper¬
iments was based in preliminary experiments and previous studies
(28). Intrascrotal administration of 500 ng of CXCL1 induced sim¬
ilar increases in leukocyte rolling (WT mice: 50.6 ± 4.3 cell/min;
PI3K-y~/_ mice: 75.6 ± 8.0 cell/min), adhesion, and emigration in
PI3Ky~/_ or WT mice (Fig. 2). To identify the type of cells that
had been recruited to the site of inflammation at this time point,
H&E staining was performed on the tissues after the experiment.
Neutrophils were the majority of the cells attached to endothelial
cells or recruited to the cremaster muscle sections of both

PI3Ky-/~ or WT mice (data not shown). The circulating leuko¬
cyte counts were not different in these mice after administration of
PBS or CXCL1 (Table I).
The next series of experiments were conducted in the pleural

cavity for ease of performance. Despite the similar neutrophil re¬
cruitment in PI3Ky~'~ and WT mice, treatment with the isoform
nonselective PI3K inhibitor wortmannin (1.0 mg/kg) inhibited
CXCL1 -induced neutrophil recruitment both in PI3Ky~/_ and WT
mice (Fig. 1A). The latter results suggested that a PI3K was indeed
relevant for chemokine-induced neutrophil influx. Treatment of
WT mice with IC87114, a PI3KS inhibitor, or AS605240, a PI3Ky
inhibitor, alone failed to affect the neutrophil recruitment induced
by CXCL1 (Fig. IB). However, the treatment of PI3Ky_/_ mice
with 1C87114 and the concomitant treatment with both IC87114

and AS605240 significantly inhibited CXCL1-induced neutrophil
recruitment (Fig. IB). In vitro, the chemotaxis of bone marrow-
derived neutrophils obtained from PI3Ky-/~ mice was decreased
in comparison to their WT control (basal chemotaxis: WT, 5.0 ±
0.4 neutrophils/field; PI3Ky~/-, 4.3 ± 0.5 neutrophils/field;
CXCLI-induced chemotaxis: WT, 18.5 ± 0.2 neutrophils/field;
PI3Ky"/_, 10.5 ± 0.4 neutrophils/field, p < 0.05).
We then examined whether PI3Ky deficiency might alter the

neutrophil recruitment induced by endogenously generated
CXCL1, i.e., after Ag challenge (OVA, 1 /xg/cavity) of sensitized
mice. The i.pl. injection of OVA in sensitized WT mice induced a
maximal neutrophil recruitment that occurred between 6 and 12 h
and had dropped to baseline levels 24 h later (Fig. 3A). The neu¬

trophil accumulation after Ag challenge was not altered in PI3Ky-
deficient mice (Fig. 3A). Treatment of sensitized WT mice with a
CXCR2 antagonist greatly reduced OVA-induced neutrophil accu¬
mulation (PBS, 1.8 ± 0.7 X 105 neutrophil/cavity; OVA, 10.0 ±
2.6 X 105 neutrophils/cavity; OVA + CXCR2 antagonist, 2.9 ±
1.6 X 105 neutrophils/cavity, n = 5, p < 0.05), demonstrating that the
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FIGURE 5. Role of PI3K in neutrophil recruitment to lung after intra¬
tracheal administration of CXCL1. CXCL1 (500 ng/animal) was adminis¬
tered intratracheally in WT and PI3Ky_/_ mice. The BAL and lung re¬
moval was performed 6 h after chemokine administration. A, Neutrophil
influx to alveolar spaces; B, CXCL1-induced recruitment of neutrophil to
lung tissues assessed by measuring tissue MPO content; and C, CXCL1-
induced recruitment of neutrophil to lung tissues assessed by measuring
tissue MPO content after IC87114 treatment. Results are expressed as the
means ± SEM of five mice in each group. *,p < 0.01 when compared with
PBS-injected mice; #, p < 0.01 when compared with CXCL 1-injected WT
mice.
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FIGURE 6. Role of PI3K in neutrophil recruitment to lung after intra¬
tracheal administration of bleomycin. Bleomycin (0.125 U/animal) was
administered intratracheally in WT and PI3Ky-/~ mice. Lung removal was
performed 48 h after bleomycin administration. A, Neutrophil influx to
alveolar spaces and, B, bleomycin-induced recruitment of neutrophil to
lung tissues assessed by measuring tissue MPO content. Results are ex¬

pressed as the means ± SEM of five mice in each group. *,p < 0.01 when
compared with PBS-injected mice; #,p < 0.01 when compared with OVA-
injected WT mice.

neutrophil recruitment induced by Ag challenge of sensitized mice
depended mainly on CXC chemokine production and CXCR2 ac¬
tivation. Treatment with wortmannin or LY294002, two structur¬

ally distinct PI3K inhibitors, diminished the accumulation of neu¬
trophils induced by Ag challenge (Fig. 3B). Treatment ofWT mice
with IC87114 did not affect the neutrophil recruitment induced by
Ag challenge of sensitized mice. However, the treatment of
PI3Ky_/_ mice with IC87114 diminished the influx of neutrophils
into the pleural cavity (Fig. 3Q.
Using an in vitro chemotaxis assay, it has been previously

shown that C5a-induced chemotaxis is impaired in neutrophils
from PI3Ky_/_ mice (19). In experiments with bone marrow-de-
rived neutrophils, C5a-induced chemotaxis was partially dimin¬
ished in PI3Ky mice vs WT (basal chemotaxis: WT, 5.0 ± 0.4
neutrophils/field; Pl3Ky_/~, 4.3 ± 0.5 neutrophils/field; C5a-in-
duced chemotaxis: WT, 17.8 ± 1.2 neutrophils/field; PI3Ky~'~,
11.4 ± 1.2 neutrophils/field, p < 0.05). In our in vivo experiments,
the recruitment of neutrophils induced by i.pl. administration of
C5a was abrogated in PI3Ky_/_ mice (Fig. 4A). Similarly, neu¬

trophil recruitment induced by the administration of the chemoat-
tractant molecule fMLP was abrogated in PI3Ky-/_ mice as com¬

pared with their WT controls (Fig. 4B).
The recruitment of neutrophils to lung tissue and BAL fluid was

evaluated after instillation of CXCL1 or bleomycin. Neutrophil
influx to alveolar spaces was totally prevented in PI3Ky-deficient
mice (Fig. 5A). In contrast, the deficiency of P13Ky had no effect
on CXCLI-induced recruitment of neutrophils to lung tissues of

mice, as assessed by measuring tissue MPO content (Fig. 5B).
Treatment of WT mice with IC87114 failed to affect CXCLI-in¬

duced recruitment of neutrophils to lung tissues (Fig. 5C). How¬
ever, the amount of neutrophils in lung tissues was significantly
inhibited in PI3Ky_/~ mice treated with IC87114 (Fig. 5C).
Bleomycin-induced neutrophil influx depends of the release of

CXCLI into the alveolar space and activation of CXCR2 receptors
(R. de Castro Russo and M. M. Teixeira, unpublished data). In
agreement with the findings after CXCLI administration, neutro¬
phil influx to alveolar space after bleomycin administration was
markedly diminished in PI3Ky~/_ as compared with WT mice
(Fig. 6A) and the recruitment of neutrophils to lung tissues was
unaltered in PI3Ky_/~ mice given bleomycin (Fig. 6B).

Furthermore, the role of PI3Ky in neutrophil recruitment induced
by CXCLI was further confirmed in another model of neutrophil
recruitment using the tibia-femoral joint. Neutrophil influx into the
tibia-femoral joint was not significantly affected in PI3Ky-deficient
mice (number of neutrophils X 106/cavity: WT mice: PBS, 1.2 ± 0.9;
CXCLI, 12.8 ± 5.9; PI3Ky~/_ mice: PBS, 0.2 ± 0.1; CXCLI,
12.4 ± 6.4, n = 5, p > 0.05 when comparing WT vs PI3Ky_/7
mice).

Discussion
The present study investigated the role of PI3Ky and PI3KS for neu¬
trophil influx induced by the exogenous administration or the endog¬
enous generation of the chemokine CXCLI. Overall, administration
ofCXCLI induced leukocyte migration that was similar in PI3Ky_/_
or WT mice, or in mice treated with a specific PI3KS inhibitor,
IC87114, or a specific PI3Ky inhibitor, AS605240. CXCR2-depen-
dent neutrophil recruitment was only inhibited when there was con¬
comitant inhibition of both PI3KS and PI3Ky. In contrast, neutrophil
recruitment into alveolar space or in response to exogenous adminis¬
tration of C5a or fMLP appeared to rely solely on PI3Ky.
We demonstrated that PI3Ky deficiency did not interfere sig¬

nificantly with CXCLI-induced rolling, adhesion, and transmigra¬
tion of neutrophil in cremaster muscle. Recently, it was shown that
PI3Ky-deficient mice presented a decrease in CXCLI-induced leu¬
kocyte adhesion in venules of the exteriorized mouse cremaster
muscle (29). However, the experimental conditions used by the
authors differ from ours in an important point. Although the che-
motactic stimulus was injected i.v. and leukocyte adhesion was
counted 1 min after the administration of CXCLI, CXCLI was

given locally (i.e., into the tissue) in our experiments and rolling,
adhesion, and emigration were evaluated 2 h later. Thus, whereas
in our experiments the inflammatory stimulus was present in the
tissues where they are usually generated, in the previous study
(29), the chemokine was given i.v. In the latter case, there may be
stimulation (activation) of leukocytes before they migrate into tis¬
sue permitting leukocyte adherence in vessels but not their migra¬
tion into tissue. Leukocyte activation may mimic the situation of
chemotaxis in vitro and neutrophil chemotaxis induced by chemo-
tactic agents is dependent on P13Ky (Ref. 30 and our results). In
contrast, injection of stimulus in the tissue was P13Ky independent
and correlated better with the PI3Ky-independent chemokinetic
activity of neutrophils (30, 31). More recently, Liu et al. (38)
showed that neutrophil emigration in response to CXCLI was
PI3Ky dependent at least up to 90 min after the addition of stim¬
ulus and was PI3Ky independent thereafter. The results in later
time points are consistent with the PI3Ky-independent neutrophil
influx in response to Ag and CXCLI in our systems. Further stud¬
ies are certainly needed to understand in greater detail the rele¬
vance of these in vitro phenomena (chemotaxis vs chemokinesis)
for neutrophil recruitment in vivo and how the whole process is
modulated by PI3Ky.
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Although CXCL1-induced accumulation of neutrophils into the
pleural cavity was similar in PI3K-y-deficient and WT mice, treat¬
ment with an isoform nonselective PI3K inhibitor, wortmannin,
inhibited neutrophil accumulation induced by CXCL1. Wortman¬
nin was capable of preventing neutrophil influx both in WT and
P13K-y-/~ mice. Previous studies have demonstrated that activa¬
tion of PI3K/Akt is required for the induction of human neutrophil
migration in response to CXCL8 (a homolog of murine CXCL1)
(6, 32). Thus, although CXC chemokine-induced neutrophil re¬
cruitment appears to be PI3K dependent, it appears that sole block¬
ade (or absence) of PI3Ky is not sufficient to prevent neutrophil
influx induced by CXCL1. In contrast to our findings, Hirsch et al.
(19) demonstrated that neutrophil influx induced by IL-8 was par¬

tially inhibited in PI3Ky-/~ mice. One possibility to explain the
discrepancies between those and our findings could be the need for
the stimulation of intermediate cells and molecules for human IL-8
to induce recruitment of neutrophils in rodents (33, 34).
Recent reports have also suggested a role for PI3KS in pro¬

moting neutrophil trafficking in a mouse model of TNF-a-in-
duced inflammation and in a model of acute pulmonary inflam¬
mation induced by LPS in rats (20, 21). Treatment with a PI3KS
inhibitor, IC87114, did not affect CXCL1-induced neutrophil re¬
cruitment into the pleural cavity ofWT mice at a dose previously
shown to be effective in vivo (21). However, the data with wort¬
mannin still suggested that the recruitment of neutrophils induced
by CXCL1 would still depend on the activation of other PI3K
isoforms or of the joint action of diverse isoforms. Sadhuetal. (15)
have proposed that different PI3K isoforms may be activated in
response to in vitro stimulation of GPCRs leading to human neu¬
trophil migration. In our experiments, we demonstrated that inhi¬
bition of PI3KS in PI3K-y~/_ mice or treatment with inhibitors of
both enzymes was accompanied by significant inhibition of neu¬
trophil migration induced by exogenous administration of CXCL1.
This result suggests that neutrophil recruitment following trigger¬
ing of CXCR2 depends on the function of both P13K-y and PI3KS.
In human neutrophils, PI3Ky and PI3K8 act together to amplify
PIP3 production leading to cell polarization and chemotaxis (15).
In accordance with the latter finding, PI3K-y/PI3K8"/_ mice have
a profound reduction of T cell development (35).
It has been shown that PI3Ky deficiency affected the ability of

the endothelium to adhere neutrophils, most likely due to a reduc¬
tion in E-selectin-mediated rolling (36). However, deficiency in
pi lOy and pi 108 catalytic subunits of PI3K in the venular endo¬
thelium had an additive effect in the ability of this cell type to
recruit neutrophils in response to TNF-a stimulation (36). More
recent studies from the same group show that PI3Ky and PI3K8
have temporally distinct roles in mediating leukocyte recruitment
in vivo (31). Thus, PI3Ky and P13KS mediate neutrophil influx in
a kinetic- (31), tissue-, and stimulus- (this study) dependent
manner.

A series of experiments were then conducted to examine the role
of PI3Ky and P13KS for the recruitment of neutrophils induced by
administration of Ag to immunized mice. In this model, we show
that neutrophil recruitment is totally dependent on the endogenous
release of CXCR2-acting chemokines. As such, Ag-induced neu¬
trophil recruitment was unchanged in PI3Ky-deficient mice but
was abrogated by treatment with PI3K-nonselective inhibitors. Ad¬
ministration of the PI3KS inhibitor failed to alter neutrophil re¬
cruitment in WT mice. In contrast, the PI3K8 inhibitor greatly
prevented neutrophil recruitment in Ag-challenged PI3Ky-defi-
cient mice. Altogether, the latter results demonstrate that endoge¬
nous CXCR2-acting chemokines, such as CXCL1, are necessary
for Ag-induced neutrophil influx and work via activation of both
PI3Ky and PI3KS.

Neutrophil infiltration into BAL fluid after intranasal adminis¬
tration of CXCL1 was greatly diminished in PI3Ky-deficient mice,
an effect consistent with other studies (37). However, neutrophil
influx into pulmonary tissue was not dependent on P13Ky. It has
been demonstrated that intravascular, interstitial, and intra-alveolar
accumulation of neutrophils may be differentially regulated; in¬
deed, polymorphonuclear neutrophils can enter the pulmonary in-
terstitium without advancing to the alveolar airway space and
crossing the epithelial barrier (38). Thus, the differential mecha¬
nisms used by neutrophils to cross endothelial and epithelial cells
may explain the differential use of PI3Ky for neutrophil influx into
lung tissues and alveolar spaces. However, the latter possibility
needs to be investigated in more detail.

We also demonstrated in a model of bleomycin-induced pulmo¬
nary injury that deficiency of PI3Ky inhibited neutrophil influx
into the alveolar space but did not interfere with neutrophil re¬
cruitment to lung tissue. In this model of pulmonary inflammation,
neutrophil recruitment is associated with endogenous production
and action of CXCL1 on CXCR2 receptors (R. de Castro Russo
and M. M. Teixeira, unpublished data). Therefore, CXCL1-depen¬
dent neutrophil transmigration through lung endothelial cells de¬
pends on the cooperative action of both PI3Ky and P13K8. In
contrast, migration through epithelial cells is totally dependent on
PI3Ky.
There is evidence that GPCRs are able to activated class IA

PI3K (39, 40). How might PI3K8 be activated by GPCRs? It is
proposed that an initial burst of PIP3 induced by PI3Ky activation
could activate Rac and Src family tyrosine kinases that could then
activate PI3K8 (15). It is not clear whether the latter hypothesis
would be functional in our experiments, as one would expect com¬
plete blockade of migration once PI3Ky or PI3KS were blocked.
Additional experiments are necessary to understand the interplay
(or functional relationships) between these two isoforms in vivo.
We also evaluated the importance of PI3K-y for neutrophil re¬

cruitment to the pleural cavity induced by the complement frag¬
ment C5a and the bacterial-derived chemotactic peptide fMLP.
C5a is a potent chemoattractant for neutrophils, basophils, eosin¬
ophils, monocytes, and macrophages and is released after comple¬
ment activation at sites of inflammation (41, 42). The role of
PI3Ky to C5a-induced neutrophil migration is supported by pre¬
vious studies demonstrating the inhibition of PtdIns(3,4,5)P3 pro¬
duction and chemotaxis after in vitro stimulation of neutrophil
with C5a in PDKy-'- neutrophils (19). It is well-known also that
neutrophil recruitment in response to Gram-negative infection in¬
volves bacterial-derived chemotactic factors such as A/-formyl pep¬
tides (fMLP) and that, in the absence of PI3K neutrophils, cannot
migrate toward fMLP (5, 19, 43, 44). In agreement with these
previous data, the recruitment of neutrophils induced by C5a and
fMLP was prevented in PI3Ky-/_ mice.
In conclusion, we demonstrate there is differential usage of

PI3Ky when neutrophil recruitment is induced by different che¬
moattractant molecules (CXCL1, C5a, and FMLP) and whether
recruitment occurs across endothelial or epithelial barriers.
Whereas C5a and fMLP appear to rely entirely on PI3Ky for in¬
duction of neutrophil influx, CXCL1-mediated effects largely de¬
pend on the redundant role of PI3Ky and PI3K8. Neutrophil em¬
igration across the epithelium also relies on PI3Ky expression. The
redundant role of and cooperation between signaling molecules
and enzymes may be fundamental in providing additional speci¬
ficity and complexity to signals initiated after seven-transmem-
brane receptor activation.
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Galectin-3 Reduces the Severity of Pneumococcal
Pneumonia by Augmenting Neutrophil Function
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The Gram-positive Streptococcus pneumoniae is the
leading cause of community-acquired pneumonia
worldwide, resulting in high mortality. Our in vivo
studies show that galectin-3-/~ mice develop more
severe pneumonia after infection with S. pneu¬
moniae, as demonstrated by increased bacteremia
and lung damage compared to wild-type mice and
that galectin-3 reduces the severity of pneumococcal
pneumonia in part by augmenting neutrophil func¬
tion. Specifically, we show that 1) galectin-3 directly
acts as a neutrophil-activating agent and potentiates
the effect of fMLP, 2) exogenous galectin-3 augments
neutrophil phagocytosis of bacteria and delays neu¬
trophil apoptosis, 3) phagocytosis of apoptotic neu¬

trophils by galectin-3_/_ macrophages is less efficient
compared to wild type, and 4) galectin-3 demon¬
strates bacteriostatic properties against S. pneu¬
moniae in vitro. Furthermore, ad-back of recombi¬
nant galectin-3 in vivo protects galectin-3-deficient
mice from developing severe pneumonia. Together,
these results demonstrate that galectin-3 is a key mol¬
ecule in the host defense against pneumococcal infec¬
tion. Therapeutic strategies designed to augment ga-
lectin-3 activity may both enhance inflammatory cell
function (by directly affecting neutrophil responsive¬
ness and prolonging neutrophil longevity) and have
direct bacteriostatic activity, improving clinical out¬
comes after severe pneumococcal infection. (Am J
Pathol 2008, 172:395-405; DOI; 10.2353/ajpath.2008.070870)

Despite improvements in therapy and intensive-care sup¬
port, mortality attributable to respiratory tract infections is

ever increasing. The Gram-positive bacterium Streptococ¬
cus pneumoniae is the most common cause of community-
acquired pneumonia. Mortality is high, especially in devel¬
oping countries.1 Limitations of conventional therapies and
emerging drug resistance among strains of S. pneumoniae
to antibiotics, such as penicillin2 and vancomycin,3 neces¬
sitates continued study into the mechanisms involved in the
pathogenesis of pneumococcal disease and the host im¬
mune response against pneumococcal invasion.
Alveolar macrophages and recruited macrophages

and neutrophils play a key role in the clearance and
killing of invading pathogens. In the lung, resident alve¬
olar macrophages are the first line of cellular defense and
play a phagocytic role during the early stages of infec¬
tion. Interaction of these cells with pneumococcus pro¬
vokes an inflammatory response inducing recruitment of
the more efficient polymorphonuclear leukocytes (or neu¬
trophils) and increased concentrations of serum opso¬
nins at the site of infection. Polymorphonuclear leuko¬
cytes are major effector cells in host defense against
pneumococcal pneumonia as they phagocytose pneu-
mococci and synthesize a variety of cytotoxic products,
including active oxygen metabolites and defensins.4 Al¬
though these products kill the invading pathogens, they
can also severely damage the lung tissue itself.4 Nonres¬
ident macrophages are subsequently recruited and con¬
tribute to the resolution of inflammation by phagocytosing
cell debris and apoptotic neutrophils. Therefore, the
mechanisms that orchestrate neutrophil and macro¬
phage function are important for the clearance of bacte¬
ria and resolution of pneumonic infection.
Galectin-3 is a unique member of the growing family of

/3-galactoside-binding lectins.5-7 Galectin-3 contains a
single carboxy-terminal domain and a glycine-rich ami-
no-terminal domain through which it forms oligomers and
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functions to cross-link both carbohydrate and noncarbo-
hydrate ligands. Galectin-3 has been implicated in many
facets of the inflammatory response including neutrophil
adhesion and activation,8 chemoattraction of monocytes/
macrophages,9 and activation of mast cells10 and lym¬
phocytes.11 Galectin-3 is abundantly expressed and se¬
creted by macrophages.12 However, mouse neutrophils
do not express galectin-3.13 Secreted galectin-3 can
cross-link surface glycoproteins and activate pathways
involved in several innate immune responses such as the
oxidative burst in neutrophils11,14 and degranulation in
mast cells.10 Galectin-3 also contributes to chemotaxis
by mediating cell-cell and cell-substratum adhesion.15,16
Galectin-3 has been shown to play a role in apoptosis.

Extracellular galectin-3 induces T-cell apoptosis17 whereas
intracellular galectin-3 results in an inhibition of apoptosis.18
Furthermore, peritoneal macrophages taken from galectin-
3_/~ mice are more prone to undergo apoptosis than wild-
type (WT) macrophages.19 However, minimal data exist
regarding the role of galectin-3 in neutrophil apoptosis.
Galectin-3 has been shown to play a critical role in

phagocytosis of opsonized red blood cells20; however, its
role in the phagocytic clearance of microorganisms and
apoptotic neutrophils has not been elucidated. Clearance
of apoptotic neutrophils by macrophages is a key step in
the resolution of inflammation. Without this step, apoptotic
neutrophils will undergo secondary necrosis resulting in the
release of damaging toxic products. Removal of these po¬
tentially toxic apoptotic neutrophils results in the release of
anti-inflammatory and reparative cytokines such as trans¬
forming growth factor-j81. These clearance and resolution
phases help to limit the degree of tissue injury.
Galectin-3 has recently been demonstrated to have an¬

timicrobial activity toward the pathogenic fungus Candida
albicans 21 This antimicrobial activity may also be relevant
for other pathogens, thus revealing an interesting therapeu¬
tic use of this galectin. Sato and colleagues13 demonstrated
that after pneumococcal infection of the lungs, galectin-3
accumulates in the alveolar space, and this correlates with
the onset of neutrophil extravasation. However, although
neutrophils were actively recruited into Escherichia coli
pneumonia-infected lungs, there was no increase in galec-
tin-3 expression. Furthermore galectin-3 was released by
alveolar macrophages on incubation with S. pneumoniae
membrane fraction.13 In addition, lipopolysaccharide ex¬
pressed on £ coli has been shown to down-regulate galec¬
tin-3 expression.12,22 The relevance of these observations
to the mechanistic role of galectin-3 in the host immune
response to S. pneumoniae infection has not been exam¬
ined. We therefore studied pneumococcal pneumonia in
mutant mice lacking the galectin-3 gene and demonstrate
that reconstituting galectin-3 in a deficient mouse can re¬
duce the severity of infection.

Materials and Methods

Materials

Tissue culture reagents were purchased from PAA (The
Cell Culture Company, Somerset, UK). Recombinant

mouse and human galectin-3 were prepared using the
baculovirus expression system (Invitrogen, Paisley, UK).
All other reagents were purchased from Sigma-Aldrich
(Poole, UK) unless otherwise stated.

Animals

Generation of galectin-3_/_ mice in a 129sv and C57/B6
background by gene targeting technology has been de¬
scribed.23 As controls, age- and sex-matched WT litter-
mate mice were used. All procedures were undertaken
with approved license from the Animal Scientific Proce¬
dure Division of the Home Office (London, UK).

Bacteria

S. pneumoniae type 3 was used in this study (American
Type Culture Collection, Rockville, MD). After overnight
incubation on 5% sheep blood agar plates (BD Bio¬
sciences, Oxford, UK), freshly grown colonies were sus¬
pended in heart infusion broth (BD Biosciences) with
10% heat-treated horse serum (HIB-S) (Invitrogen) at an
OD550 of 0.17. The bacterial suspension was diluted 100-
fold with fresh HIB-S and was incubated for 4 hours at

37°C with shaking, corresponding to a point compatible
with logarithmic growth. The suspension was centrifuged
at 3000 rpm for 10 minutes at room temperature. The
supernatant was discarded, and the pellet was resus-
pended with the same volume of phosphate-buffered
saline (PBS). Serial dilutions were used for determination
of exact bacterial concentration. Fluorescein isothiocya-
nate (FITC)-labeled S. pneumoniae were prepared as de¬
scribed previously.24

Iri Vivo Pneumonia Model

Under anesthesia (avertin 10 ju-l/g body weight), WT or
galectin-3~/_ mice were intratracheally inoculated with
1 x 10s colony-forming units (CFU) of S. pneumoniae.
Fifteen hours after bacterial administration, mice were

sacrificed, blood was collected aseptically, and bron-
choalveolar lavage (BAL) was performed with two sepa¬
rate aliquots of 400 p\ of sterile PBS. Half of the lung was
stored in 2 ml of PBS for bacterial counts. The other half
was fixed in 10% formalin (Sigma-Aldrich), paraffin-em¬
bedded, cut into 3-Aim-thick sections, and stained with
hematoxylin and eosin (H&E). Blood was inoculated on a
5% sheep blood agar plate (BD Biosciences) and incu¬
bated at 37°C overnight. The BAL fluid was centrifuged at
3000 rpm for 10 minutes at 4°C. Protein concentration in
BAL was determined by the BCA protein assay reagent
(Pierce Biotechnology, Northumberland, UK) according
to the manufacturer's instructions, and cytokines [inter-
leukin (IL)-6 and tumor necrosis factor (TNF)-a] were
measured using the Mouse Inflammation Cytometric
Bead Array kit (BD Biosciences) according to the manu¬
facturer's instructions. The supernatant was stored at
-20°C until further use. The pellet was resuspended in
300 /xl of PBS, and total cell number was determined with
a hemocytometer. For neutrophil and macrophage cell
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counts, cytospins were prepared (280 rpm, 3 minutes at
room temperature), and cells were stained with Diff-Quik
to enable the morphological discrimination between
mononuclear cells and polymorphonuclear cells. The
lung was homogenized in 2 ml of PBS, and the homog-
enates were serially diluted 10-fold with PBS, inoculated
on 5% sheep blood agar plates, and incubated at 37°C
overnight. Colonies formed from lung homogenates were
counted, and blood plates were examined for the pres¬
ence (sepsis) or absence of colonies. Myeloperoxidase
activity in lung homogenates was assayed using 3,3',5,5'-
tetramethylbenzidine (Sigma-Aldrich) as a substrate. My¬
eloperoxidase activity/mg lung homogenate was deter¬
mined. Western blot analysis for galectin-3 was performed
on neat BAL and 1:10 dilution of lung homogenate using
the antibody anti-galectin-3 clone A3A12 (Alexis Bio-
chemicals, San Diego, CA). The galectin-3 ad-back ex¬
periment was performed by administration of 5 /u,g of
recombinant mouse galectin-3 intratracheally at the time
of infection.

Tissue Culture

Bone marrow-derived macrophages (BMDMs) and bone
marrow-derived neutrophils were prepared from WT and
galectin-3~/_ mouse femurs and tibias. BMDMs were
prepared by maturing bone marrow cells in Dulbecco's
modified Eagle's medium-F12 containing 10% heat inac¬
tivated fetal bovine serum (FBS), 1% penicillin and strep¬
tomycin, and 10% L929 conditioned media as a source of
granulocyte-macrophage colony-stimulating factor (GM-
CSF), for 7 to 9 days. L929-conditioned media was pre¬
pared by growing L929 cells to confluency and sterile-
filtering the conditioned media before adding to the
Dulbecco's modified Eagle's medium-F12.

Bone marrow-derived neutrophils were prepared from
WT and galectin-3_/~ mouse femurs and tibias. This
technique has previously been shown to yield greater
than 90% neutrophil purity.25 Furthermore, studies have
reported that mouse bone marrow-derived neutrophils
show very similar morphology and function to neutrophils
isolated from mouse whole blood.26 Bone marrow-de¬
rived neutrophils were prepared by Percoll gradient cen-
trifugation as described previously.25 To assess neutro¬
phil purity, bone marrow-derived neutrophils were incubated
with 1:200 phycoerythrin (PE)-conjugated LY-6G and
LY-6C (GR-1, clone RB6-8C5) monoclonal antibody (BD
Pharmingen, Oxford, UK) for 30 minutes at 4°C and an¬
alyzed by fluorescence-activated cell sorting (FACS)
analysis using a BD FACSCalibur flow cytometer. When
needed, mouse neutrophils were made apoptotic by cul-
turing in suspension at 5 x 10s/ml in RPMI supplemented
with 10% heat-inactivated FBS, 1% penicillin and strep¬
tomycin, and 1% L-glutamine for the indicated duration.
To measure neutrophil apoptosis, neutrophils were incu¬
bated with 1:200 PE-conjugated LY-6G and LY-6C (GR-1,
clone RB6-8C5) monoclonal antibody for 30 minutes at
4°C followed by incubation with 1:500 Annexin-V-FITC
(Roche, Hertfordshire, UK) in Annexin-V bind buffer
(Hanks plus 5 mmol/L CaCIP) for 10 minutes at 4°C.

Samples were treated with 1:10,000 ToPro-3 (Invitrogen)
and immediately analyzed by FACS analysis using a BD
FACSCalibur flow cytometer.
Human peripheral blood neutrophils were prepared as

described previously.27 Apoptotic human neutrophils
were prepared by culturing neutrophils for up to 24 hours
in Iscove's modified Dulbecco's medium containing 10%
FBS and treated as indicated. Human neutrophil apopto¬
sis was assessed after 18 hours by identifying morpho¬
logical changes of Diff-Quik-stained cells followed by cell
counting. Binding of Annexin V was also assessed by
incubating neutrophils with 1:500 Annexin-V-FITC (Roche)
in Annexin-V bind buffer (HANKS plus 5 mmol/L CaCI2) for
10 minutes at 4°C. Samples were treated with 1:10,000
ToPro-3 (Invitrogen) and immediately analyzed by FACS
analysis using a BD FACSCalibur flow cytometer.

Baculovirus Expression System
The Invitrogen baculovirus expression system was used
to produce endotoxin-free recombinant human or mouse
galectin-3. Detailed protocols are given in the Bac-to-Bac
Baculovirus Expression System manual (Invitrogen 10359-
016). Briefly, mouse or human galectin-3 was cloned out
of pcDNA 3.1 or pGEM-T Easy vectors, respectively, and
cloned into a pFastBac HT donor plasmid. Recombinant
pFastBac vectors were amplified and transformed into
DHIOBac £. coli containing a baculovirus shuttle vector
(bacmid). Recombinant bacmid containing the galectin-3
sequence was produced on transposition of the pFast¬
Bac construct and purified using the S.N.A.P midi-prep
kit (Invitrogen). Recombinant bacmid was transfected
into Sf9 insect cells and amplified using the method given
in the manual. Galectin-3 protein was purified using the
Ni-NTA His bind resin (Novagen, San Diego, CA) accord¬
ing to the manufacturer's instructions. Galectin-3 was
verified using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and Western blotting using 1:2000 anti-
galectin-3 antibody (clone A3A12; Affinity Bioreagents,
Nottingham, UK) (data not shown).

Phagocytosis Assays
Phagocytosis of S. pneumoniae by bone marrow-derived
macrophages or neutrophils was performed as follows.
FITC-S. pneumoniae were opsonized with 10% mouse
serum for 1 hour at 37°C. Bone marrow neutrophils were
incubated with a 10:1 ratio of FITC-S. pneumoniae to
neutrophils for the indicated time points. Excess bacteria
were washed off, and neutrophils were incubated with
1:200 PE-conjugated LY-6G and LY-6C (GR-1, clone
RB6-8C5) antibody for 30 minutes. Samples were treated
with 1:10,000 ToPro-3 (Invitrogen) and immediately ana¬
lyzed by FACS analysis using a BD FACSCalibur flow
cytometer. In some experiments, bone marrow neutro¬
phils were treated with 10 /xg/ml of recombinant mouse
galectin-3 for 1 hour at 37°C before phagocytosis. Bone
marrow-derived macrophages were incubated with a
10:1 ratio of FITC-S. pneumoniae to macrophages for the
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indicated duration and analyzed by FACS analysis using
a BD FACSCalibur flow cytometer.

Phagocytosis of apoptotic human neutrophils by BMDMs
was performed as follows. BMDMs were seeded in 48-
well plates, stained with 1 ju,g/ml Cell Tracker Orange
(CMTMR, Invitrogen) and incubated with 10:1 ratio of 1
fig/ml Cell Tracker Green (CMFDA, Invitrogen) labeled
day 1 apoptotic human neutrophils for the indicated time
points at 37°C. Excess neutrophils were washed off, and
BMDMs were removed using 5 mmol/L ice-cold ethyl-
ened iaminetetraacetic acid with gentle scraping. Per¬
centage of phagocytosis was determined by FACS anal¬
ysis using a BD FACSCalibur flow cytometer.

Neutrophil Activation Assays
Three assays were used to examine neutrophil activation
in response to galectin-3. On activation, neutrophils re¬
lease reactive oxygen species (ROS) and up-regulate
CD11b expression and shed L-selectin (CD62L). Priming
of neutrophils induces shape change without a notice¬
able increase in activation. ROS release was assessed

by two methods, cytochrome c reduction, which mea¬
sures the 02~ metabolite,28 and dihydrorhodamine
(DF1R) fluorescence, which measures the Fl202 metabo¬
lite.29 1) Neutrophils isolated from human peripheral
blood were incubated with varying concentrations of re¬
combinant human galectin-3 (0.1 to 10 ju,g/ml) or 1
;u.nnol/L PAF for 15 minutes followed by 15 minutes of
incubation with 0.1 (xmol/L fMLP in 1 mg/ml cytochrome c
in Hanks' media. Color change in supernatants (an indi¬
cation of 02~ release) was detected using a scanning
spectrophotometer 500 to 600 nm. Absorbance was con¬
verted to concentration using the calculation A = 2.I.e. 2)
Neutrophils isolated from human peripheral blood were
incubated with 0.1 mmol/L DHR for 5 minutes at 37°C and
incubated with 1 jamol/L PAF or 10 ju.g/ml of recombinant
human (Hu) or mouse (Ms) galectin-3 for 15 minutes at
37°C. Cells were incubated with 0.1 ^mol/L fMLP or PBS
for 15 minutes and DHR fluorescence was measured as

mean FL-1 fluorescence on the BD FACSCalibur flow

cytometer. 3) Shape change of isolated human neutro¬
phils in response to varying concentrations of galectin-3
(0.25, 2.5, 10, and 20 p,g/ml) or 1 ^mol/L PAF alone was
performed by measuring change in forward scatter by
FACS analysis. 4) CD11b and L-selectin expression on
neutrophils from human whole blood and CD11 b expres¬
sion on neutrophils from WT and galectin-3_/~ mouse
whole blood were measured by FACS analysis. Heparin-
ized human whole blood was incubated with 0.1 /j.mol/L
fMLP, 100 ng/ml lipopolysaccharide, or varying concen¬
trations of galectin-3 (0.25 to 25 ^g/ml) for 30 minutes.
Blood was incubated with anti-human CD11b-APC (clone
ICRF44) and anti-human CD62L-PE (clone DREG-56) for
30 minutes at 4°C. Samples were treated with 1 ml of 1 x
FACS lysing solution (BD Biosciences) for 5 minutes at
room temperature to lyse the red blood cells. The cell
pellet was washed and resuspended in 300 /llI of 1 % PFA
in PBS containing 0.1% bovine serum albumin. Samples
were analyzed using a BD FACSCalibur flow cytometer,

and neutrophils were identified by forward and side scat¬
ter properties.

Mouse whole blood was collected from the vena cava

of mice anesthetized with avertin. Whole blood was incu¬
bated with 1:200 PE-conjugated LY-6G and LY-6C (GR-1,
clone RB6-8C5) antibody and analyzed by FACS analysis
to confirm the neutrophil population in the mouse whole
blood. Mouse whole blood was incubated with 30 /xg/ml
of recombinant mouse galectin-3 followed by anti-mouse
CD11b-APC (clone M1/70) (1:66.7) antibody. Samples
(gated on the GR-1-positive population) were analyzed
using a BD FACSCalibur flow cytometer.

AntibacterialAssay
S. pneumoniae was incubated overnight on a blood agar
plate at 37°C. Ten ml of 100% heart infusion broth (BD
Biosciences) was inoculated with one colony of S. pneu¬
moniae and incubated overnight at 37°C with gentle
shaking. Cultures were centrifuged at 3000 rpm for 20
minutes, washed with broth, and centrifuged again. The
culture was resuspended in broth to an OD600 = 0.1 and
diluted 1:100. Seventy-five ju.l of the bacterial reaction mix
was incubated with 75 ^ of antibiotic or galectin-3 at
37°C for 2 hours at 800 rpm on the thermomixer. Antibi¬
otics used included recombinant mouse galectin-3 (0.3
and 15 /j,g) and ampicillin (20 ^g/ml). A reaction was
prepared for f = 0, which was plated before the 2-hour
incubation. At time 0 and after 2 hours, the reactions were
serially diluted into PBS, and 100 jaI of each dilution was
plated onto blood agar plates. Plates were incubated
overnight and colonies counted the next day.

StatisticalAnalysis
Results are presented as means ± SEM. Significance of
the differences between means was assessed using one¬
way analysis of variance or two-tailed Student's f-test.
Values of P < 0.05 were considered significant.

Results

Galectin-3 Is a Critical Regulator of the Severity
of an Acute Pneumococcal Infection in the Lung
in Vivo

WT and galectin-3_/~ mice were intratracheally inocu¬
lated with 1 x 105 CFU S. pneumoniae, and animals were
sacrificed after 15 hours (Figure 1). Initial dosing exper¬
iments performed throughout a 24-hour period resulted in
high mortality of the galectin-3-null mice. This was most
likely attributable to the inadequate host response to
pneumococcal infection in the galectin-3-null mouse. A
shorter duration of 6 hours did not prove long enough to
show a prominent difference in the severity of disease
outcome in WT and galectin-3_/~ mice. We therefore
monitored pneumonia for 15 hours with 1 x 10s CFU
because this time point and dose achieve measurable
disease with no mortality.
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Figure 1. Galectin-3 plays a critical role in tlie clearance of an acute pneu¬
mococcal infection. Mice were inoculated intratracheally with 1 X lO1 CFU 5.
pneumoniae for 15 hours (n = 10 mice in each group). A: II&E staining of
WT and galectin-3-/- lung tissue from control (i and ii) (PBS instilled
intratracheally) and S. pneumoniae pneumonia (iii and iv) (5. pneumoniae
inoculated intratracheally) at 15 hours after instillation. B: Representative
galectin-3 Western blots showing galectin-3 levels in BAL (neat) and homog-
enates (1:10) of WT mice inoculated with S. pneumoniae compared to PBS
control. G-K: WT (white bars) and galectin-3-/~ (black bars). C: Protein
concentration was significantly higher in lavage fluid from galectin-3-/~
mice compared with WT (*P < 0.05 compared to WT). D: Blood from
galectin-3- - and WT mice was plated on blood agar plates and the per¬
centage of plates with bacterial growth is expressed as percent bacteremia. E:
Lungs from galectin-3-/~ and WT mice were homogenized, serially diluted,
plated on blood agar plates, and bacterial counts determined. Galectin-3-/-
lung homogenate demonstrated higher bacterial counts compared to WT
(*P < 0.05 compared to WT). Total cell recruitment (F) and neutrophil
recruitment (G) into the alveolar space was reduced in galectin-3-/- mice
compared to WT mice after S. pneumoniae infection (*P< 0.05 compared to
WT). H: Myeloperoxidase activity in lung homogenate was similar between
the two groups I: Macrophage recruitment into the alveolar space ofWT and
galectin-3- - mice was similar. IL-6 (J) and TNF-a (K) concentration in BAL
was determined by CBA and demonstrated to be higher in galectin-3-defi-
cient animals (**P< 0.01 compared to WT and **P< 0.05 compared to WT).
Scale bars = 100 /am.

Figure 1A depicts representative H&E staining of lungs
from WT and galectin-3_/"" mice inoculated with S. pneu¬
moniae or PBS as a control demonstrating increased cell
infiltrate in the lungs of infected mice. Galectin-3~7^ mice
demonstrated more severe pneumonia with increased
lung injury and septicemia. Expression of galectin-3 in
lung homogenates and BAL was increased in WT mice
inoculated with S. pneumoniae compared to PBS controls
(Figure 1B). The concentration of galectin-3 in the BAL
after infection was —50 /xg/ml. Overall protein concentra¬
tion was significantly higher in BAL fluid from galectin-
3~'~ mice compared to WT mice (Figure 1C), indicating
a greater amount of leakage from the vasculature and
therefore a higher degree of tissue injury. One hundred
percent of culture plates inoculated with galectin-3-/~
blood produced colonies indicating that all galectin-3~7~
mice were bacteremic after S. pneumoniae infection com¬
pared to 30% of WT mice (Figure 1D). Culture plates of
lung homogenate from galectin-3_/~ mice demonstrated
—450-fold greater bacterial load than culture plates inoc¬
ulated with WT lung homogenate (8.6 x 108 CFU/ml in
galectin-3-/_ compared to 1.9 x 106 CFU/ml in WT)
(Figure 1E) indicating a clearance defect of S. pneu¬
moniae in galectin-3_/~ mice. Total cell counts were sig¬
nificantly reduced in galectin-3~/_ mice after pneumo¬
coccal pneumonia infection compared to WT (Figure 1F).
In addition, differential cell counts revealed reduced neu¬

trophil recruitment in galectin-3-/~ mice compared to WT
(Figure 1G). However, myeloperoxidase activity was sim¬
ilar in lung homogenates from WT and galectin-3~/_ mice
after S. pneumoniae infection (Figure 1H). This would
suggest that neutrophils accumulate in the interstitial lung
tissue during pneumonia in galectin-3_/- mice but are
hindered from transmigrating into the alveolar space in
the absence of galectin-3. Although galectin-3~/_ mice
demonstrated reduced macrophage numbers in lavage
fluid compared to WT, this was not significant (Figure 11).
Increased severity of pneumococcal infection in galectin-
3~/_ mice correlates with greater concentrations of IL-6
and TNF-a in BAL compared to WT mice (Figure 1, J and
K). These proinflammatory cytokines can have patholog¬
ical consequences on host tissue and may contribute to
increased leakage from the vasculature and sepsis in the
galectin-3-deficient mouse. These results demonstrate
that galectin-3 is a critical molecule regulating the sever¬
ity of a pneumococcal pneumonia infection in vivo
through its ability to enhance the clearance of pneumo¬
coccal pneumonia and to resolve inflammation.

Expression ofGalectin-3 in Macrophages Does
Not Enhance Phagocytosis of S. pneumoniae
but Does Augment Phagocytosis ofApoptotic
Neutrophils
Previous studies have shown that galectin-3-/~ macro¬
phages exhibit reduced phagocytosis of IgG-opsonized
erythrocytes and apoptotic thymocytes.20 Galectin-3-de-
ficient macrophages demonstrated no phagocytic defect
toward S. pneumoniae compared to WT (Figure 2, A and
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Figure 2. Expression of galectin-3 in macrophages does not enhance phago¬
cytosis of S. pneumoniae but endogenous galectin-3 augments macrophage
phagocytosis of apoptotic human neutrophils. A: Representative forward
scatter versus FL1 dot blots of WT and galectin-3-/BMDMs treated for 60
minutes with 10:1 ratio of FITC-S. pneumoniae. Gated on macrophages
according to forward and side scatter properties. Percent in upper right
quadrant indicates macrophages that have phagocytosed FITC-labeled bac¬
teria. B: Phagocytosis of a 10:1 ratio of opsonized FITC-S. pneumoniae for up
to 1 hour by WT (♦) and galectin-3-/_ (■) BMDMs measured using FACS
analysis. Results represent the mean percentage phagocytosis (compared to
WT 60 minutes) (« = 3). C: Phagocytosis of a 10:1 ratio of apoptotic human
neutrophils for up to 45 minutes by WT (♦) and galectin-3-/~ (■) BMDMs
measured using FACS analysis. Results represent the mean percent phago¬
cytosis (« = 3) C***P < 0.0001 compared to WT 45 minutes).

B). However, galectin-3~/_ BMDMs demonstrated re¬
duced phagocytosis of apoptotic human neutrophils (Fig¬
ure 2C). Phagocytosis of apoptotic cells is crucial for the
resolution of inflammation by protecting tissues from ex¬
cess exposure to inflammatory and immunogenic com¬
ponents of dying cells.30 This result may partially explain
our in vivo findings of increased lung damage leading to
septicemia in the galectin-3-deficient mouse. The differ¬
ent phagocytic responses toward pneumococcus and
apoptotic cells may be attributable to alternate mecha¬
nisms regulating pathogen recognition by macrophages.

Exogenously Added Recombinant Galectin-3
Causes Human and Mouse Neutrophil
Activation

Despite reduced neutrophil transmigration from the lung
interstitia into the alveolar space after S. pneumoniae
infection in galectin-3~/_ mice compared to WT, recruit¬
ment is not completely abolished. We therefore examined
the effect of galectin-3 on neutrophil function because
neutrophils that are successfully recruited in the galectin-
3-deficient mouse may demonstrate reduced activity.
Mouse neutrophils do not express galectin-3 (our own
observations, data not shown),13 and it is widely believed
that the action of galectin-3 on neutrophils is extracellular
where it oligomerizes on the cell surface to exert its
effects.31

On activation, neutrophils release ROS and up-regu-
late CD11b expression and shed L-selectin (CD62L).
Priming of neutrophils induces shape change without a
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Figure 3. Exogenously added recombinant galectin-3 causes human neutro¬
phil activation and the generation of ROS. Free radical generation from
human neutrophils treated with PAF (1 /xmol/L) or human galectin-3 (0.1 to
15 /xg/ml) for 15 minutes followed by fMLP (0.1 /xmol/L) or PBS for 15
minutes was measured by cytochrome c reduction (A) (n — 6) (***P< 0.0001
compared to treatment with fMLP alone, *P < 0.05 and **P < 0.01 compared
to treatment with PAF alone) and DHR fluorescence using FACS analysis (B
andC)(n = 3) C*P < 0.01 compared to treatment with fMLP alone and ""P<
0.01 compared to treatment with PAF alone). C: Representative histogram
showing DHR fluorescence in response to fMLP pretreated with either 10
/Ag/ml mouse (i) or human recombinant galectin-3 (ii). D: Percentage of
shape change of human neutrophils treated with galectin-3 (0.25 to 20
jLtg/ml) or 1 /xmol/L PAF for 15 minutes (n = 3) CP < 0.05 and **P < 0.01
compared with untreated).

noticeable increase in activation. Isolated human neutro¬

phils preincubated with recombinant human galectin-3 at
3 and 10 /xg/ml followed by fMLP produced significantly
more superoxide as measured by cytochrome c reduc¬
tion compared with neutrophils treated with fMLP alone
(Figure 3A). Incubation of neutrophils with galectin-3
alone (3, 10, and 15 /xg/ml) also resulted in increased
superoxide release compared to untreated or cells
treated only with PAF (Figure 3A). When treated with
either recombinant mouse (Ms) or human (Hu) galectin-3
(10 /xg/ml) followed by fMLP, the level of free radical
generation, measured by DHR activation also exceeded
that of neutrophils treated with fMLP alone (Figure 3B).
This assay also demonstrated that galectin-3 alone (10
/xg/ml) is sufficient to elicit ROS release from neutrophils
(Figure 3B). Figure 3C shows representative histogram
overlays of neutrophils. Human neutrophils pretreated
with mouse or human recombinant galectin-3 (solid line)
before fMLP treatment produced more H202 compared
to neutrophils treated with fMLP alone (dashed line). At
concentrations less than those that directly activate iso¬
lated human neutrophils, galectin-3 alone does not sig¬
nificantly alter shape change. Higher concentrations of
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analysis (n = 3).

galectin-3 (>2.5 /xg/ml) produced a small increase in
shape change but not to the magnitude as that observed
with PAF (Figure 3D), suggesting that the predominant
effect of galectin-3 is on neutrophil activation.
Activation of whole blood human neutrophils with

fMLP, lipopolysaccharide, and galectin-3 caused L-se-
lectin shedding and CD11b up-regulation (Figure 4, A
and B, respectively). A dot blot (Figure 4A, inset) shows
forward and side scatter of human peripheral blood neu¬
trophils. Together these experiments show that galectin-3
can cause direct activation of neutrophils in whole blood
and can both directly activate isolated neutrophils and
prime neutrophils to subsequent activation by fMLP.
Galectin-3~/_ mouse whole blood shows the same

forward and side scatter properties as WT (data not
shown). WT and galectin-3~~/~ mouse whole blood was
treated with 30 /xg/ml of recombinant mouse galectin-3
and high CD11b expression (CD11bHI) on neutrophils
was assessed by FACS analysis. Samples were gated on
GR-1-positive neutrophils (Figure 4Ci). CD11bHI expres¬
sion on neutrophils in galectin-3-treated mouse whole
blood was compared to those of untreated controls. Both
WT and galectin-3""/_ neutrophils demonstrated more
than 90% CD11bHI expression when treated with galec¬
tin-3 compared to just 20% of untreated neutrophils dem¬
onstrating CD11bHI expression (Figure 4C, ii and iii).

Together these data demonstrate that exogenously
added galectin-3 can activate both human and mouse
neutrophils. Furthermore, exogenous galectin-3 increases
CD11b expression on both WT and galectin-3_/~ neutro¬
phils to similar levels.

Exogenous Galectin-3 Enhances Phagocytosis
of Bacteria by Both WT and Gaiectin-3~/~
Neutrophils
WT and galectin-3_/~ mouse bone marrow neutrophils
were isolated as described previously.25 After an infec¬
tion, this fully competent neutrophil reservoir in the bone
marrow is required to rapidly supplement peripheral neu¬
trophils at times of increased demand.26 Figure 5A illus¬
trates forward and side scatter properties of a bone marrow
neutrophil preparation from WT and galectin-3~/_ mice.
The various cell populations observed most likely dem¬
onstrate neutrophils that are matured to different ex¬
tents. Flowever, when all cell populations are taken into
account (gate R1), the percentage of GR-1-positive
cells is —80%.
Untreated WT and galectin-3_/~ GR-1-positive mouse

bone marrow neutrophils incubated with opsonized FITC-
labeled S. pneumoniae showed similar levels of phago-
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cytosis. However, after a 1-hour incubation with 10 jag/ml
of recombinant mouse galectin-3, both WT and galectin-
3-/~ bone marrow neutrophils enhanced their phago¬
cytic capability (Figure 5B). This indicates that exoge¬
nous galectin-3 can stimulate phagocytosis of S.
pneumoniae by neutrophils from WT and galectin-3~/_
mice.

Neutrophils from WT and Galectin-3~/_ Mice
Undergo Apoptosis at the Same Rate in Vitro,
but Exogenous Galectin-3 Prolongs Neutrophil
Survival

Previous reports have demonstrated an important role for
galectin-3 during apoptosis.17""19 We therefore examined
the rate of spontaneous apoptosis of neutrophils from WT
or galectin-3~/- mice in vitro. Figure 6A shows that neu¬
trophils from galectin-3^/_ mice aged in vitro demon¬
strate a similar rate of cell death compared to WT neu¬
trophils. However, in keeping with its ability to activate
neutrophils, incubation with galectin-3 delays spontane¬
ous apoptosis in human peripheral blood neutrophils
aged for 18 hours in culture assessed by both nuclear
morphology and cell surface changes as measured by
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Figure 6. WT and galectin-3-/~ mouse neutrophils undergo apoptosis at
similar rates in culture, and galectin-3 protects human neutrophils from
apoptosis. A: Mouse bone marrow neutrophils were cultured for the indi¬
cated time points and incubated with PE-conjugated anti-GR-1 antibody
followed by annexin-V-FITC. ToPro-3 was added to each sample before
FACS analysis. Apoptotic and necrotic neutrophils were identified as those
demonstrating GR-1 and annexin-V/ToPro-3 positivity (n = 3) B: Human
peripheral blood neutrophils were cultured for 18 hours in Iscove's modified
Dulbecco's medium containing 10% FBS and 30 fig/ml of human recombi¬
nant galectin-3 or PBS. Cytospin preparations were prepared, and neutrophil
apoptosis was determined by morphology. Arrows show apoptotic human
neutrophils. Percent apoptosis was calculated from total cell number of five
fields of each slide (n = 3) CP < 0.01 compared to untreated). C: Human
peripheral blood neutrophils were cultured for 18 hours in Iscove's modified
Dulbecco's medium containing 10% FBS and 20 /xg/ml of human recombi¬
nant galectin-3 Neutrophils were incubated with annexin-V-FITC, and To-
Pro-3 was added to each sample before FACS analysis. Annexin-V-positive
and ToPro-3-negative neutrophils were classed as apoptotic (n = 3) (*P <
0.05 compared to untreated).
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annexin V binding (Figure 6, B and C). The different rates
of apoptosis demonstrated in Figure 6, B and C, reflect
the techniques used to assess neutrophil apoptosis.

In addition to the above findings suggesting that ga-
lectin-3-deficient macrophages are less able to phago-
cytose apoptotic neutrophils than their WT counterparts
(Figure 2C), galectin-3 delays spontaneous human neu¬
trophil apoptosis. Thus after S. pneumoniae infection in
vivo, the greater accumulation of apoptotic neutrophils in
the galectin-3-/~ mouse may contribute to tissue dam¬
age and subsequent bacteremia. These results suggest
that the increased vasculature damage and bacteremia
observed in galectin-3_/~ mice is in part attributable to
ineffective clearance of apoptotic cells by galectin-3~/~
macrophages.

Galectin-3 Is Bacteriostatic Toward
S. pneumoniae
Galectin-3 has recently been shown to have antimicrobial
activity toward the pathogenic fungus Candida albicans 21
We therefore investigated whether galectin-3 had a direct
antimicrobial effect on S. pneumoniae. The same strain of
S. pneumoniae used in the in vivo experiments was incu¬
bated with varying concentrations of galectin-3 or ampi-
cillin as a positive control as described in the Materials
and Methods. Incubation of 15 ju,g of galectin-3 with S.
pneumoniae significantly inhibited bacterial growth (Fig¬
ure 7A), suggesting that galectin-3 is bacteriostatic to¬
ward S. pneumoniae. Growth inhibition of S. pneumoniae
by galectin-3 may further explain our in vivo findings that
galectin-3~/_ mice demonstrate more severe S. pneu¬
moniae infection. This may have important implications as
to the function of galectin-3 in the lungs of infected mice.

Addition of Recombinant Galectin-3 into the

Lungs ofGaiectin-3~/~ Mice Reduces Severity
of Pneumonia

To expand our in vivo work, we inoculated galectin-3~/_
mice with S. pneumoniae in the presence or absence of 5
fig of galectin-3. Sepsis and protein content in the BAL
were assessed as indicators of lung injury and degree of
pneumonic severity. Inoculation of galectin-3-deficient
mice with S. pneumoniae and galectin-3 reduced the
protein content in lavage indicating reduced lung injury
(Figure 7B). Furthermore, severity of bacteremia was re¬
duced in galectin-3-treated mice (Figure 7C) and IL-6
and TNF-a levels in the BAL were reduced in mice
treated with galectin-3 (Figure 7, D and E). These results
reveal the potential therapeutic use of galectin-3 toward
infection.

Discussion

The Gram-positive Streptococcus pneumoniae is the lead¬
ing cause of community-acquired pneumonia worldwide,
resulting in high mortality. The increasing prevalence of
antibiotic resistance means that novel treatment strate-
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Figure 7. Galectin-3 is bacteriostatic, and delivery of recombinant galectin-3
into the lungs of galectin-3~/_ mice reduces severity of pneumonia. A: S.
pneumoniae cultures were incubated with galectin-3 (0.3 and 15 /xg) or
ampicillin (20 /xg/ml) for 2 hours, diluted 1:10, and plated onto blood agar
plates. Colonies were counted the following day (n — 3) 0P < 0.05 com¬
pared to control). Galectin-3-deficient mice were intratracheally inoculated
with 1 X105 CFU S. pneumoniae in the presence or absence of 5 p-g of
recombinant mouse galectin-3 for 15 hours. B: Protein concentration was
significandy higher in lavage fluid from galectin-3-'- (black bars) mice
compared with galectin-3-/~~ mice treated with galectin-3 (white bars) (*P <
0.05 compared to galectin-3-/_). C: Blood from galectin-3-/- and WT mice
was plated on blood agar plates, and the degree of bacterial presence per
plate was scored according to the arbitrary scale 0 to 5 (0, no bacterial
growth; 5, significant bacterial growth). Galectin-3-/- mice treated with
galectin-3 demonstrated reduced sepsis compared to untreated galectin-3
mice. IL-6 (D) and TNF-« (E) concentration in BAL was determined by CBA
and demonstrated to be lower in galectin-3-treated galectin-3-'- mice (**P <
0.01 compared to galectin-3-/- and *P < 0.05 compared to galectin-3-/").

gies to combat pneumonia are urgently required. Previ¬
ous studies have demonstrated that galectin-3 is in¬
creased in the lung after infection with S. pneumoniae,
and this correlates with the onset of neutrophil extrava¬
sation.13 However, the relevance of these observations to
the mechanistic role of galectin-3 in the host immune
response to S. pneumoniae infection has not been exam¬
ined. We therefore studied pneumococcal pneumonia in
mutant mice lacking the galectin-3 gene. Our in vivo stud¬
ies show that galectin-3~/- mice develop more severe
pneumonia after infection with S. pneumoniae, as demon¬
strated by increased septicemia and lung damage com¬
pared to WT mice. Neutrophil recruitment to the alveolar
space was reduced in galectin-3-/~ mice; however, my¬
eloperoxidase activity in lung homogenates was not re¬
duced in these mice compared to WT. This would sug¬
gest that neutrophils accumulate in the interstitial lung
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tissue during pneumonia in galectin-3-/- mice but are
hindered from transmigrating into the alveolar space in
the absence of galectin-3.
Galectin-3 is highly expressed and secreted from ac¬

tivated macrophages and acts as a powerful proinflam¬
matory signal.12 Previous studies have shown that galec¬
tin-3 promotes the respiratory burst in neutrophils (and
our observations),11,32 increases CD66 expression on the
surface of neutrophils33 and binds to CD66a and
CD66b,34 the receptors most likely responsible for induc¬
ing neutrophil NADPH oxidase activation. Galectin-3 pro¬
motes the adhesion of neutrophils to laminin8 and en¬
hances phagocytic activity of opsonized erythrocytes.33
However, the role of galectin-3 with regard to neutrophil
function in response to infection is not well characterized.

Neutrophils play a critical role in the host immune
defense against infection. Neutrophils are recruited early
after infection, and their ability to phagocytose bacteria
and secrete cytotoxic mediators makes them an impor¬
tant innate defense mechanism. Therefore, augmenting
their function is critical to their antibacterial properties
after infection. However, their removal from the site of
infection during resolution is equally important because
this limits host cell damage. Neutrophil apoptosis occurs
as part of the normal resolution process, rendering neu¬
trophils unresponsive to further stimulation and allowing
noninflammatory recognition by tissue macrophages and
their removal by phagocytosis. Factors that increase neu¬
trophil activation and prolong neutrophil survival at sites
of infection will have an important bearing on the host
response to infection.
Here we demonstrate that galectin-3 can directly acti¬

vate both human and mouse neutrophils and potentiate
the effect of fMLP. We have revealed that whole blood

neutrophils can be directly activated by concentrations of
galectin-3 lower than those that directly activate isolated
neutrophils. This suggests that in whole blood there may
be factors present in the serum (eg, GM-CSF) functioning
to prime circulating neutrophils.
Although mouse neutrophils express very low levels of

endogenous galectin-3 (our own observations),13 they
can be activated by extracellular galectin-3, which is
up-regulated in the surrounding tissue environment after
infection. However, in galectin-3-null mice this galectin-3
up-regulation does not occur, resulting in reduced neu¬
trophil recruitment into the alveolar spaces, activation,
and phagocytosis.
Galectin-3 expression is up-regulated after pneumo¬

coccal infection (our own observations),13 and macro¬
phages are capable of secreting large amounts of galec¬
tin-3.12'13 We show that longevity of human neutrophils is
increased after incubation with exogenous galectin-3,
thus delaying spontaneous apoptosis in vitro. Further¬
more, galectin-3-/~ macrophages displayed reduced
phagocytosis of apoptotic human neutrophils compared
to WT. The resultant accumulation of apoptotic neutro¬
phils in the lungs of galectin-3-/- mice after infection
would cause considerable damage to lung tissue, thus
allowing bacteria to traverse the lung epithelia and enter
the blood stream resulting in septicemia.

During S. pneumoniae infection the galectin-3-/-
mouse mounts a greater Th1 response demonstrated by
increased IL-6 and TNF-a cytokine levels compared to
WT mice or galectin-3-'"- mice treated with recombinant
galectin-3. This increased Th1 response may contribute
to lung damage and subsequent septicemia. We have
shown that galectin-3-/- macrophages demonstrate a
deficit in their ability to adopt an anti-inflammatory alter¬
native (M2) phenotype.35 We therefore propose that, in
addition to reduced neutrophil activation and apoptotic
neutrophil clearance by macrophages in the galectin-3~/-
mice, these mice are less able to dampen down the exces¬
sive inflammation and destructive potential of pneumococ¬
cal infection.

We propose that galectin-3 released from resident al¬
veolar macrophages in response to pneumococcal pneu¬
monia infection can activate neutrophils and enhance
their bacterial killing and phagocytic capability, aiding
pathogen clearance. In addition, we show that galectin-3
may play a further role in host defense by a direct bac¬
teriostatic effect on S. pneumoniae. Galectin-3 (15 jug)
dramatically reduced S. pneumoniae growth in vitro. Sato
and colleagues13 demonstrated that the galectin-3 con¬
centration in the lung is increased in mice after S. pneu¬
moniae infection. We observed very high concentrations
of galectin-3 in lung homogenate and BAL after S. pneu¬
moniae infection (concentration in BAL >50 ju.g/ml). This
suggests that bacteriostatic concentrations of galectin-3
are achieved in the lung and may play an important role
in the defense against S. pneumoniae infection.
Our study has shown that galectin-3 protects against

pneumococcal pneumonia through a variety of mecha¬
nisms including augmentation of neutrophil function and
a direct bacteriostatic role. Strategies designed to aug¬
ment galectin-3 expression in the lung may result in the
development of novel treatments for pneumococcal
pneumonia.
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Apoptotic human cells inhibit migration
of granulocytes via release of lactoferrin
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Apoptosis is a noninflammatory, programmed form ofcell death. One mechanism underlying the non-phlo¬
gistic nature of the apoptosis program is the swift phagocytosis of the dying cells. How apoptotic cells attract
mononuclear phagocytes and not granulocytes, the professional phagocytes that accumulate at sites ofinflam¬
mation, has not been determined. Here, we show that apoptotic human cell lines ofdiverse lineages synthesize
and secrete lactoferrin, a pleiotropic glycoproteinwith known antiinflammatory properties.We further demon¬
strated that lactoferrin selectively inhibitedmigrationofgranulocytes butnotmononuclear phagocytes,both in
vitro and in vivo. Finally, we were able to attribute this antiinflammatory function oflactoferrin to its effects on
granulocyte signaling pathways that regulate cell adhesion andmotility. Together, our results identify lactofer¬
rin as an antiinflammatory component ofthe apoptosismilieu and definewhatwe believe to be a novel antiin¬
flammatory property of lactoferrin: the ability to function as a negative regulator ofgranulocytemigration.

Introduction

Apoptosis is a programmed, physiological form ofcell death that,
in inflammatory terms, is quiet: apoptotic cells are rapidly phago-
cytosed by their neighbors or by mononuclear phagocytes that are
attracted by chemotactic factors such as lysophosphatidylcholine
(1) and fractalkine (2) released by apoptotic cells. The rapid engulf-
ment ofapoptotic cells militates against the potential tissue-injur¬
ing and proinflammatory features ofdead cells as exemplified by
necrosis (3-6). Indeed, failed or delayed clearance ofapoptotic cells
can have detrimental inflammatory consequences, including the
development ofautoimmune pathologies (7-9). The mechanisms
underlying the non- or antiinflammatory nature of the apoptosis
program are not understood in detail. Antiinflammatory media¬
tors such as TGF-|51 and IL-10 are known to be produced at sites
ofapoptosis, both directly by apoptotic cells themselves and indi¬
rectly through interaction ofapoptotic cells with phagocytes (10,
11). Apoptotic cells selectively attract mononuclear phagocytes
(1, 12), but, curiously, the other class of professional phagocytes,
granulocytes or polymorphonuclear phagocytes, do not migrate
toward apoptotic cells in vitro (12) and do not normally engage in
apoptotic cell engulfment. The absence ofgranulocytes from sites
of homeostatic and developmental apoptosis suggests that apop¬
totic cells have the potential to selectively regulate the recruitment
ofmononuclear leukocytes.
In marked contrast to sites ofapoptosis, sires ofacute infection

are characterized by the presence ofgranulocytes, most commonly
neutrophils, as a means to protect the host by engulfing, killing,
and digesting invading infectious agents. Neutrophils, as a first
line of immune defense, are rapidly recruited to the site of infec¬
tion in response to a variety of inflammatory stimuli, including

Conflict of interest: C.D. Gregory and J.D. Pound are founders of the company,
ImmunoSolv Ltd., that supplied 2 of the monoclonal anti-Iactoferrin antibodies used
in Supplemental Figure 1.
Nonstandard abbreviations used: BL, Burkitt lymphoma; [Ca2*]„ intracellular calci¬
um concentration; fMLP, formyl-methionyl-lcucyl-phcnylalanine; LTBq, leukotrienc B4.
Citation for this article: J. Clin. Invest. doi:10.1172/JCI36226.

chemokines, cytokines, leukotrienes, and bacterial components
such as LPS and AT-formylated peptides (13, 14). Comparative stud¬
ies on the slime mold Dictyostelium discoideum have shown that in
response to chemoattractants, neutrophils orient themselves and
migrate in an "ameboid motion" by anterior pseudopod extension
accompanied by simultaneous posterior contraction and retrac¬
tion. Such polarized morphology is characterized by the forma¬
tion of a lamellipodium at the leading edge and a uropod at the
trailing edge of the neutrophil (15-18). This process is tightly con¬
trolled not only to ensure the efficient migration ofneutrophils to
inflammatory sites, but also to prevent their aberrant infiltration
and consequent tissue-damaging activities. Detrimental effects of
neutrophils — caused, for example, by release of their proteolytic
enzymes — contribute to many pathological inflammatory condi¬
tions, ranging from vasculitis and ischemia/reperfusion injury to
glomerulonephritis, rheumatoid arthritis, and acute graft rejection
(19). Therefore, at inflammatory sites, negative signals exist that
prevent neutrophil recruitment, dampen neutrophil responsive¬
ness, and counterbalance or terminate the inflammatory response.
This antiinflammatory program is characterized by cessation of
neutrophil infiltration, as arachidonic acid-derived prostaglan¬
dins and leukotrienes are switched to lipoxins, resolvins, and pro-
tectins (20, 21). Resolution of inflammation is ultimately achieved
through neutrophil apoptosis, and apoptotic neutrophils are sub¬
sequently phagocytosed by macrophages, a process that leads to
the release not only ofantiinflammatory cytokines but also ofsuch
antiinflammatory and proresolving lipid mediators as lipoxin A4,
resolvin El, and protectin D1 (22-25).
Given (a) the production of negative signaling molecules at

inflammatory sites to limit neutrophil recruitment and func¬
tion and (b) failure ofneutrophil migration to sites of apoptosis,
we sought to determine whether apoptotic cells actively produce
negative regulators ofneutrophil chemotaxis. We postulated that
the production by apoptotic cells of factors that inhibit neutro¬
phil migration contribute to the non-phlogistic nature of the
apoptosis program. Here, we present evidence that apoptotic cells
actively inhibit neutrophil migration through the production of
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Figure 1
Apoptotic cells release factor(s) that inhibit neutrophil migration. (A) Immunohistochemical analysis of neutrophils in BL (left) and spleen (positive
control; right) sections. Inset images represent isotype control. (B) Representative images of stained Transwell filters. (C) Neutrophil chemotaxis
toward increasing concentrations of BL cells was assessed in the presence of fMLP (100 nM). n = 3; *P < 0.05 vs. time 0. (D) BL cell-conditioned
media obtained at the indicated time points were used to analyze fMLP-induced neutrophil chemotaxis. n = 3; *P < 0.05 vs. fMLP. (E) Neutrophil
chemotaxis toward fMLP was analyzed in the presence of control or Bcl-2-transfected BL2 cells obtained following a 0- and 5-hour incubation
at 37°C. n = 3; *P < 0.05 vs. BL2 0 h; NS vs. BL2/Bcl-2 0 h. Apoptosis levels were assessed by flow cytometry following staining with annexin V/
propidium iodide. Error bars indicate SEM. Original magnification; x400 (A; A, insets; B). hpf, high-power field.

lactoferrin, an 80 kDa antiinflammatory glycoprotein that spe¬
cifically inhibits chemotaxis ofneutrophils but not mononuclear
phagocytes. Lactoferrin was found to be synthesized de novo fol¬
lowing triggering of apoptosis and released by apoptotic cells
of diverse lineages. Lactoferrin impaired neutrophil activation
and prevented mobilization of the cells by inhibiting migratory
polarization of the cell body. These results demonstrate that the
non-phlogistic constitution ofapoptotic cells includes an anti¬
inflammatory molecule, lactoferrin, that we show, for the first
time to our knowledge, has potent negative regulatory effects on
neutrophil migration. These findings provide a rationale for the
absence ofneutrophils from apoptotic sites and have important
implications for understanding the mechanisms involved in the
resolution phase of inflammation.

Results

Apoptotic cells activelyproducefactor(s) that inhibit neutrophil chemotaxis.
To address whether apoptotic cells influence migratory activ¬
ity of neutrophils, we carried out a series of in vitro Boyden-type
chemotaxis assays to investigate neutrophil migration toward
Burkitt lymphoma (BL) cells. We initially employed BL as a model
tissue as these tumor cell populations display high levels ofapop¬
tosis, a property that is retained constitutively in the tumor-derived
cell lines. As at all sites ofapoptosis, there is marked infiltration of
macrophages that engulf the apoptotic cells, giving rise to the typi¬
cal "starry sky" histological appearance ofthis tumor. As shown in
Figure 1A (left), while macrophages were abundant in histological
sections ofBL, neutrophils were absent. We assessed the effects of
BL cells on the migratory activity ofneutrophils in vitro by add¬
ing neutrophils to the top compartment ofa Transwell filter and
inducing them to migrate toward the lower chamber containing BL

cells in the presence of the powerful neutrophil chemoattractant
formyl-methionyl-leucyl-phenylalanine {fMLP) (Figure IB). As
shown in Figure 1C, neutrophilmigration was significantly inhib¬
ited in BL cells in a concentration-dependentmanner.We observed
a similar effect irrespective ofthe chemoattractant used (inhibition
ofneutrophil migration induced by C5a, IL-8, and leukotriene B-t
[LTBJ; data not shown, but see below). We carried out subsequent
chemotaxis assays using BL-conditioned medium obtained over
a 7-hour time course and found that BL cells actively released an
inhibitory factor(s) (Figure ID). The release of the inhibitory fac¬
tor appeared to be linked to the levels ofapoptosis in the BL cell
populations, since the inhibitory activity was significantly lower in
further chemotaxis assays using BL-conditioned medium derived
from cells overexpressing the apoptosis inhibitor Bcl-2, as com¬
pared with that ofparental cells (Figure IE).
Biochemical characterization of neutrophil migration-inhibitory

factor(s). In an attempt to gain further insight into the biochemi¬
cal nature of the factor(s) that BL cells secrete in order to exclude
neutrophils from their environment, we initially estimated the
molecular weight range of the inhibitory factor(s) by using filters
with molecular weight cutoffpoints of approximately 3, 10, 30,
50, and 100 kDa. BL-conditioned media obtained after 24-hour
incubation were fractionated, and each fraction was examined in
vitro using the neutrophil chemotaxis assay described above. The
results revealed that fractions containing molecules of less than
50 kDa failed to display any inhibitory effect on neutrophil migra¬
tion (Figure 2A). However, the use of 100 kDa filters revealed that
both fractions {>100 kDa and <100 kDa) displayed an inhibitory
effect on neutrophil migration, indicating that at least 1 factor
has a molecular weight that ranges between 50 and 100 kDa.
The presence of inhibitory activity in the filtrate of the 100 kDa
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Figure 2
Biochemical characterization of the inhibitory factor. Conditioned media from BL2 cells cultured for 24 hours were size fractionated using filters
with 50 kDa (A) molecular weight cutoff sizes. Unfiltered medium was included as control. *P < 0.001 compared with the corresponding positive
control. Error bars indicate SEM. Ion exchange analysis included the use of Q Sepharose beads (positively charged) in order to distinguish posi¬
tively and negatively charged molecules in the <100 kDa fraction (B) of the BL medium. Unbound molecules (Q1 fraction) were collected, where¬
as bound molecules were eluted from the beads (Q2 fraction). Neutrophil migration toward these fractions in the presence of fMLP (100 nM)
was assessed. Q1 and Q2 fractions (unbound and eluant fraction) of serum-free medium (no BL) were included as control. fP < 0.05 compared
with the corresponding control. Error bars indicate SEM. (C) Chemotaxis assay of neutrophils toward BL-conditioned medium that was heat
inactivated (90°C for 10 minutes). (D) MALDI-TOF mass spectrum for the tryptic digest of the peptide band identified as lactoferrin.

cutoffmembrane is likely to result from (a) imprecise molecular
weight cutoffofmolecules in the 50-100 kDa range, (b) complex
formation through multimerization of the 50-100 kDa factor or
through interaction with other molecules, or (c) the existence of a
distinct inhibitory activity of greater than 100 kDa. It should be
noted that the selected isolation approach is skewed in favor of
proteins and that additional low-molecular-weight (for example,
lipid) mediators ofneutrophil migration inhibition would not be
identified by these procedures.
To investigate further the biochemical properties of the reten-

tate and fdtrate of the 100 kDa cutoffmembrane, we first deter¬
mined the charge (pi value) of the migration-inhibitory activity
by means of an ion exchange analysis of BL-conditioned media.
Using positively charged ion exchange beads (Q Sepharose), the
100 kDa membrane retentate and filtrate were separated into posi¬

tively charged (Q-supernatant) and negatively charged (Q-eluant)
fractions. As shown in Figure 2B, the filtrate of the 100 kDa mem¬
brane (<100 kDa fraction) contained migration-inhibitory activity
in both the supernatant (positive charge) and the eluant (nega¬
tive charge) of the Q beads. By contrast, analyses of the retentate
(> 100 kDa fraction) revealed that only the negatively charged elu¬
ant displayed significant activity in inhibiting neutrophil migra¬
tion. These results indicate that at least 2 moietieswith neutrophil
migration-inhibitory activitywere present in BL cell-conditioned
medium: one of 50-100 kDa with positive pi and a second of
100 kDa or more and negatively charged.
We subsequently determined whether the neutrophil migration-

inhibitory activity was heat labile. As shown in Figure 2C, heat
inactivation completely abrogated all chemotaxis inhibitory activ¬
ity in BL cell-conditioned medium, suggesting that the inhibitory
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faetor(s) were most likely protein in nature. We then analyzed the
proteins released from BL cells in viable and apoptotic states by
protein fingerprinting. Polypeptide bands ofgreater than 50 kDa
were excised from a 10% SDS polyacrylamide gel. Tryptic peptides
were gel extracted, and matrix-assisted laser desorption/ioniza-
tion-time offlight (MALDI-TOF) mass spectrometric analysis was
carried out (Figure 2D). Also, given the crude biochemical char¬
acteristics described above, we undertook a candidate approach
based on the proteins released from apoptotic BL cells. We iden¬
tified the factor released by BL cells that prevented neutrophil
chemotaxis as lactoferrin.

Lactoferrin specifically inhibits neutrophil chemotaxis toward a range
ofchemoattractants. Lactoferrin is a glycoprotein ofapproximately
75-80 kDa that belongs to the transferrin family ofproteins due
to its iron-binding properties. It is awell-characterized component
ofneutrophil secondary granules, lacrimal fluid, colostrum, saliva,
and mucosal secretions, in which it confers antibacterial activity.
We observed that addition ofanti-lactoferrin antibody to BL-con-
ditioned medium neutralized its neutrophil migration-inhibi¬
tory activity using either polyclonal or monoclonal antibodies
(Figure 3A and Supplemental Figure 1; supplemental material
available online with this article; doi:10.1172/JCI36226DSl).
Similar results were observedwith supernatants obtained from the
mammary carcinoma line MCF-7, indicating that the neutrophil
migration-inhibitory activity is not restricted to BL cell-derived
lactoferrin (Figure 3B). Furthermore, lactoferrin purified from
humanmilk displayed dose-dependent inhibitory activity toward
neutrophil migration in response to fMLP (Figure 3E) and also
inhibited migration toward C5a, IL-8, and LTB4 to similar levels
(Figure 4A). The neutrophil migration-inhibitory effect was also

displayed by lactoferrin purified from human neutrophils (Fig¬
ure 4D). It should be noted that both types ofpurified lactoferrin
used in this study were free of endotoxin contamination, and the
observed inhibitory effect did not appear to be due to any lactofer-
rin-associated molecules such as LPS. Furthermore, inhibition of
lactoferrin expression by shRNA in BL cells provides additional
support for the specificity of the observed lactoferrin effect.
Thus, we found that neutrophil chemotaxis toward supernatants
obtained from BL2 cells transfected with shRNA vectors targeted
against lactoferrin was higher compared with supernatants from
BL control or mock-transfected cells (Figures 3, C and D). Lac¬
toferrin exerted no toxic effects on neutrophils, as assessed by
annexin V/propidium iodide staining of control and lactoferrin-
treated neutrophils (>98% cell viability). These results suggested
that lactoferrin binds to neutrophils and inhibits their ability to
undergo chemotaxis. To exclude the possibility that the observed
inhibitory activity of lactoferrin was due instead to its ability to
bind and functionally neutralize the chemoattractants, additional
chemotaxis assays were performed using chemoattractants (fMLP,
C5a, IL-8) that were preabsorbed with lactoferrin. To achieve this,
we preincubated chemoattractants with lactoferrin. Subsequently,
anti-lactoferrin antibody was used to remove the lactoferrin with
the aid ofmagnetic beads. As shown in Figure 4B, no difference
in neutrophil chemotactic activity was observed between the con¬
trol and lactoferrin-absorbed chemoattractants, which excludes
the possibility that lactoferrin binds to, and alters the activity of,
the chemoattractants. Further supporting our conclusion that
lactoferrin exerts its inhibitory effects through binding to neutro¬
phils, we also observed that purified lactoferrin can directly associ¬
ate with neutrophils (Figure 4C). In addition, Scatchard binding

4 TheJournal ofClinical Investigation http://www.jti.org



\U-
research article

30

O 10-

HB-LTF
i i+LTF

n
Control C5a IL-8

Control fMLP Neutrophil

LTF + fMLP

h- 140
Q.
-c 120

w 80

q. 60
2 40

0 20
2

0
+ + fMLP
+ - Top
- + Bottom

Biotin-LTF
Purified + _

75 kDa

C5a

_ 150-!
Q.
-C 125

8.100
(/)

75

8 50
c
o 25

H 175
Q-150

^ 100
Q. 75

HI-LTF
i i+LTF

F _ 5°i
Q.

fl 40-j
<D
CL

(/> 30
<D
cn

sz 20

IL-8

Hi-LTF
i "l+LTF

■0- JBB-

X

Control C5a Control C5a

LTF

Control fMLP Apo- Partial- Holo- Purified TF

LTF

+fMLP

Figure 4
Neutrophil chemotaxis toward lactoferrin is irrespective of the chemoattractant used and its iron saturation status. (A) Neutrophil chemotaxis
toward different chemoattractants. n = 3; *P < 0.05. (B) Neutrophil chemotaxis toward chemoattractants (control) or chemoattractants that were
incubated with lactoferrin (10 ug/ml) followed by the addition of isotype or anti-lactoferrin monoclonal antibody (10 pg/ml). Antibodies were
removed using magnetic IgG beads, n = 3; *P < 0.05, NS compared with chemoattractant control. (C) Immunoblot analysis of lysates of neu¬
trophils incubated with or without biotinylated lactoferrin (10 ug/ml) at 37°C for 1 hour. (D) Neutrophil chemotaxis toward lactoferrin (10 ug/ml)
purified from human neutrophils or human milk. **P < 0.001 vs. fMLP. C5a-induced monocyte (E) or macrophage (F) chemotaxis. (G) Neutrophil
migration in the presence of lactoferrin (10 pg/ml) in the top or bottom compartment of the Transwell insert (n = 3; NS vs. corresponding +LTF
controls). (H) Chemotaxis assay to determine neutrophil migration toward purified recombinant iron-depleted (Apo-), partially iron-saturated, and
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added as control, n = 4; tp < 0.001 compared with fMLP control. Error bars indicate SEM.

analysis of 125I-labeled apolactoferrin indicated, in accordance with
earlier findings (26,27), that lactoferrin bound to neutrophils via
2 classes of receptor that differ in affinity and number ofbinding
sites per cell. We determined the higher-affinity receptors to be
expressed at a density of9,100 ± 2,500 binding sites per cell, with
an affinity of 350 ± 65 nM, and the lower-affinity receptors to be
expressed at a density of2.5 x 106 ± 0.7 x 106 per cell, with an affin¬
ity of20 ± 10 pM (Supplemental Figure 2).
To determine whether the migration-inhibitory effects of lacto¬

ferrinwere specific to neutrophils among professional phagocytes,
we analyzed its effects on monocyte and macrophage migration
in vitro. As shown in Figure 4, E and F, C5a-induced chemotaxis
ofmononuclear phagocytes was unimpaired by lactoferrin. We
further assessed whether lactoferrin acted by inhibiting neutro¬
phil migration or promoting neutrophil repulsion. In chemotaxis
assays, in which we added lactoferrin to the upper chamber along
with neutrophils, we observed inhibition ofneutrophil migration

toward fMLP and control medium (Figure 4G), suggesting that
lactoferrin exerts a direct effect on neutrophils by inhibiting their
migratory ability and not by forcing them to migrate in all direc¬
tions away from the chemoattractant.
Neutrophil migration-inhibitory effects oflactoferrin are not related

to its iron-bindingproperties and are demonstrable in vitro and in vivo.
Iron and iron-associated molecules have been previously shown
to play an important role inmany immunomodulatory functions.
Indeed, suppression of IL-1 release by monocytes is observed by
purified iron-saturated lactoferrin, whereas an inhibition ofGM
colony-stimulating activity production by monocytes and mac¬
rophages correlated with the iron saturation status of lactoferrin
(28-30). Therefore, we further examined whether differences in
the iron saturation profile oflactoferrin affect its ability to inhibit
neutrophil migration. Chemotaxis assays to determine neutro¬
phil migration toward iron-depleted (apo-lactoferrin), partially
iron-saturated, or fully iron-saturated (holo-lactoferrin) lactofer-
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Figure 5
Lactoferrin inhibits neutrophil migration in
vivo. Total cell (A) or neutrophil number (Gr-1+;
B) obtained from peritoneal lavage. "P < 0.05
vs. transferrin; tp < 0.05 vs. thioglycollate
(TG) control, **P < 0.01 vs. transferrin con¬
trol. Error bars indicate SEM. (C) Charac¬
teristic cytospin images. Original magnifica¬
tion, x400, top; x200, bottom.

Control

rin revealed chat the level of iron saturation was not responsible
for the observed inhibition in neutrophil migration (Figure 4H).
Also, as lactoferrin belongs to the transferrin family ofproteins
sharing 74% sequence homology with transferrin (both of them
are 80 kDa cationic iron-binding glycoproteins), we reasoned
that, if the underlying neutrophil migration-inhibitory mecha¬
nism of lactoferrin was rooted in its ability to chelate iron, trans¬
ferrin might show similar effects on neutrophil migration. To
explore this possibility, we performed chemotaxis assays in which
neutrophils were induced to migrate toward fMLP in the pres¬
ence of partially iron-saturated transferrin. Our results showed
that transferrin, unlike lactoferrin, had no effect on neutrophil
chemotaxis, further supporting the conclusion that the observed
neutrophil migration-inhibitory effect is lactoferrin specific and
is unlikely to require iron-chelating activity (Figure 4H).
Having established the inhibitory effects oflactoferrin on neutro¬

phil chemotaxis in vitro, we then used amurine peritonitis model
to assess the effect oflactoferrin on leukocyte recruitment in vivo.
Lactoferrin and transferrin were tested for their ability to affect
thioglycollate-induced leukocyte recruitment to the peritoneal
cavity. As shown in Figure 5, A and B, thioglycollate caused rapid
recruitment of leukocytes compared with vehicle alone, and the
recruited leukocytes were predominantly neutrophils (88%). In the
presence of lactoferrin, the total number of neutrophils recruited
to the peritoneal cavity was reduced by 52% compared with con¬
trol, whereas transferrin had no effect. Lactoferrin reduced specifi¬
cally the proportion and number ofneutrophilsmigrating into the
cavity but did not affect recruitment ofother types of leukocytes in
response to thioglycollate (Figure 5C). These results demonstrate
that, similar to its effect on neutrophil chemoattraction in vitro,
lactoferrin is a potent inhibitor ofneutrophil migration in vivo.
Impairment ofneutrophil activation profile by lactoferrin. Neutrophil

migration involves activation, adhesion, and extravasation pro¬

cesses that are accompanied by gross changes in cell morphology:
whereas nonactivated neutrophils are rounded, activated neutro¬
phils acquire a polarized morphology with spreading and adhe¬
sion to the available substratum (15). In order to initially assess
the effects of lactoferrin on neutrophil activation, we performed
time-lapse video microscopy ofneutrophils and recorded directly
their activation morphology, cell spreading, and locomotion.
During a 1-hour time course, lactoferrin-pretreated neutrophil
populations stimulated with fMLP displayed a greater propor¬
tion of nonadherent cells as well as cells presenting a rounded,
nonactivatedmorphology as compared with neutrophils treated
with fMLP alone (Figure 6, A and B). These quantitative differ¬
ences between lactoferrin-treated and untreated neutrophils
stimulated with fMLP were reflected in the locomotion of the
cells around the substratum, with lactoferrin-treated cells dis¬
playing markedly reduced movement.
Changes in cell morphology following stimulation with fMLP or

other neutrophil agonists are characterized by a rapid increase in
intracellular cytoplasmic calcium levels through mobilization of
calcium from ER stores and activation ofcalcium influx channels
of the plasma membrane, mediated by the inositol triphosphate
(IPj) and diacylglycerol/PLC (DAG/PLC) pathways (31-33). In order
to determine whether the observed cell shape alterations following
lactoferrin treatment are related to changes in intracellular calcium
concentrations ([Ca2+],), we measured the levels of [Ca2*], in control
and lactoferrin-treated cells in response to fMLP stimulation (1 nM
or 10 nM). No changes were observed in the fMLP-mediated [Ca2*];
response between control and lactoferrin-treated neutrophils, sug¬
gesting that lactoferrin acts downstream or independently of the
mechanisms involved in intracellular calcium flux (Figure 6C).
As lactoferrin was shown to prevent neutrophil migration, we

next explored whether it could also affect the neutrophil activa¬
tion state. To this end, we chose to measure the expression of 2
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Figure 6
Effect of lactoferrin on neutrophil polarization morphology and spreading. (A) Time-lapse video microscopy frames of control or lactoferrin-pre-
treated neutrophils (10 pg/ml; 40 minutes at 37°C) stimulated with 1 pM fMLP over a 1-hour incubation time course. Original magnification, x400.
(B) Quantification of neutrophils (nonpolarized) counted from 5 different fields; *P < 0.05, "P < 0.01 vs. corresponding +LTF control. Error bars
indicate SEM. (C) Representative plot (of 3 independent experiments) showing measurement of [Ca2+]i levels in neutrophils incubated in the
presence or absence of lactoferrin (10 yg/ml; 30 minutes at 37°C) followed by stimulation with 10 nM fMLP.

known neutrophil activation-associated markers, CD62L (L-selec-
tin) and CD1 lb, using 2-color flow cytometry. Upon activation,
CD62L is cleaved from the neutrophil surface, whereas CD lib
expression is upregulated following translocation from cytoplas¬
mic granules to the cell membrane. Freshly isolated neutrophils
were pretreated with lactoferrin and then exposed to the activa¬
tion stimuli fMLP, TNF-a, and PMA. As shown in Figure 7, A-D,
we found that, in lactoferrin-treated neutrophils compared with
control cells, CD62L expression was significantly higher, whereas
CD lib levels were lower. These effects were common to all acti¬
vation stimuli used. Transferrin-treated neutrophils were also
included but showed no significant differences compared with
control cells. It is noteworthy that the lactoferrin effect was also
evident when PMA, a specific PKC activator, was used as an ago¬
nist, indicating that lactoferrin acts downstream ofPKC and not
on pathways involved in PKC activation and Ca2+; responses, such
as the IP3 and DAG/PLC pathways. This finding prompted us to
investigate putative downstream targets of PKC involved in the
late signaling cascades following neutrophil activation that also
regulate cell motility and actin reorganization. Such cascades
involve the activation ofMAP family kinases (34), and we there¬
fore examined the phosphorylation ofp44/42 (ERK1 and ERK2)
MAPKs. Whereas in untreated neutrophils, ERK1 and ERK2 were

phosphorylated following fMLP stimulation (100 nM), lower levels
ofphosphorylated ERK1/2 were observed in neutrophils that had

been pretreated with lactoferrin prior to stimulation with fMLP
(Figure 7E). Collectively, these data suggest that lactoferrin has a
clear impact on neutrophil activation, including impairment of
neutrophil degranulation, inhibition ofexpression of (L integrins,
and reduction ofactivationof intracellular kinases, with profound
effects on cell migration and motility.
Induction ofapoptosis upregulates lactoferrin expression and release

in diverse cell types. Pursuing our initial hypothesis, which was
strengthened by early observations that inhibition ofneutrophil
migration by BL cells appeared to be correlated with BL cell apop¬
tosis (Figure IE), we assessed lactoferrin expression following
induction of apoptosis in a panel of cells of diverse lineages. By
transcriptional analysis using RT-PCR, we found that lactofer¬
rin was expressed, as reported previously (35), by MCF-7 mam¬
mary epithelial cells in their viable state but not byJurkat, BL2, or
A549 cells. Upon apoptosis induction, lactoferrin expression was
upregulated in MCF-7 cells and expressed de novo inJurkat, BL2,
and A549 cells (Figure 8). More specifically, lactoferrin was tran¬
scribed de novo early after induction of apoptosis in A549 cells
by either 100 nM etoposide or 1 u.M staurosporine (Figure 8B).
Levels of lactoferrin induced by etoposide were reduced in cells
treated in the presence of the broad-spectrum caspase inhibitor
zVAD-fmk, which prevented apoptosis induction (Figure 8C). The
link between lactoferrin expression and apoptosis induction was
further supported by the effects of the apoptosis inhibitor Bcl-2.
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Figure 7
Effect of lactoferrin on neutrophil activation status. The
expression of CD62L (A and B) and CD11 b (C and D)
was assessed in fMLP- (100 nM), TNF-a- (1 ng ml), or
PMA-stimulated (100 nM) neutrophils (30 minutes at
37°C) that were preincubated (40 minutes at 37°C) in
the presence or absence of lactoferrin (10 ng/ml). Rep¬
resentative flow cytometry overlays of CD62L (A) and
CD11 b (C) expression in control (gray) and stimulated
neutrophils (lactoferrin-treated: red; untreated: blue).
n = 3; *P < 0.05, **P < 0.01. Error bars indicate SEM.
(E) Western blot analysis to determine levels of ERK1/2
phosphorylation. Neutrophils were incubated with lacto¬
ferrin (10 ug/ml; 40 minutes at 37°C), followed by stimu¬
lation with fMLP (100 nM) for the indicated times. Mem¬
brane was stripped and reprobed for total ERK2. Results
are representative of 3 independent experiments.

fMLP
LTF - -

(min) 0 3 5 10 3 5 7 10

42kDa P-ERK1/2

I 42 KDa ERK2

BL cells expressing exogenous Bcl-2 that provided protection from
apoptosis expressed lower levels of lactoferrin upon exposure to
staurosporine than did their parental counterparts (Figure 8, A
and D). Not only was apoptosis-related lactoferrin expression dem¬
onstrated at the transcriptional level, lactoferrin protein was also
recovered from supernatants ofcells undergoing apoptosis (Figure
8D). Treatment of A549 cells with brefeldin A, which interferes
with intracellular transport ofnewly synthesized proteins, resulted
in inhibition of apoptosis-induced lactoferrin release, providing
further evidence for de novo synthesis and secretion of lactoferrin
by cells undergoing apoptosis (Figure 8E). An analogous effect was
also evident from supernatants obtained from primary lympho¬
cytes induced to become apoptotic in the presence of 1 |J.M stauro¬
sporine. Finally, immunoblotting analyses and chemotaxis assays
using supernatants of BL cells undergoing primary necrosis fur¬
ther revealed that the release of lactoferrin is not linked to necrosis
but that lactoferrin is expressed and actively released from cells as
a consequence ofactivation oftheir apoptosis program (Figure 8F
and Supplemental Figure 3).

Discussion

Apoptosis plays a key role in regulating cell populations through
programmed cell death, an intrinsically non-phlogistic process
that contrasts with accidental, necrotic cell death, which has pro¬
inflammatory consequences. Defining the properties ofapoptotic
cells that contribute to the noninflammatory or antiinflammato¬
ry nature of the apoptosis program is critical to our understand¬
ing of this fundamental biological process. We have now identi¬
fied lactoferrin as a cell-autonomous antiinflammatorymediator

that is produced by cells ofdiverse lineages undergoing apoptosis.
Furthermore, these studies demonstrate a hitherto unrecognized
immunomodulatory function of lactoferrin: to inhibit directly
themigration ofneutrophil granulocytes. Lactoferrin is therefore
a constitutive antiinflammatory component of apoptotic cells
that, in addition to its known antiinflammatory properties, mili¬
tates against the proinflammatory recruitment of granulocytes
to sites ofapoptosis.
First discovered inmilk almost 70 years ago, lactoferrin is ahighly

pleiotropic iron-binding glycoprotein closely related to transfer¬
rin that is a well-known constituent of exocrine secretions and

secondary granules ofneutrophils. It has many antiinflammatory
and immunoregulatory properties, and the majority of these are
not related to its ability to chelate iron, although some of its bacte¬
riostatic features are dependent on iron binding (36, 37). Its ability
to inhibit neutrophil migration, as described here, is an additional
antiinflammatory feature of the molecule that is independent of
its iron-chelating activity. In addition to its well-established anti¬
microbial properties, lactoferrin can inhibit proinflammatory
responses not only through its ability to bind to key components
of bacteria and viruses, but also through its direct activity on
innate immune cells and molecules (36, 37). Thus, lactoferrin can
inhibit production ofproinflammatorymediators such as TNF-a
and IL-6 (38, 39) and can promote production ofantiinflamma¬
tory mediators including IL-10, IL-4, and TGF-|31 (40, 41).
The identification of specialized high- or low-affinity lactofer¬

rin receptors on human neutrophils provides an initial mechanis¬
tic insight into how lactoferrin exerts its inhibitory effect on the
neutrophil migration machinery. This is in accordance with our

8 The Journal ofClinical Investigation http://www.jci.org



research article

MCF7 Jurkat BL2 BL2/Bcl-2 R

LTF (254 bp)
GAPDH (592 bp)
% Apoptosis

C ZVAD + n E F vP
Con zVAD Etop Etop LTF BL2 A549 Lymph Brefeldin Qv" <4°

75 kDa^M|

13.1 4.8 17.4 27.8 % Apoptosis

Figure 8
Induction of apoptosis upregulates lactoferrin expression and release. (A) RT-PCR analysis in cell lines stimulated to undergo apoptosis (A) and
unstimulated controls (V). MCF7 cells transfected with caspase-3 (25.4% apoptosis; 100 uM etoposide, 20 hours), Jurkat (18.4% apoptosis;
1 p,M staurosporine, 3 hours), BL2 (12.46% apoptosis), and BL2/Bcl-2 (7.42% apoptosis; 1 nM staurosporine, 1 hour). The lanes were run on the
same gel but, where indicated by the vertical lines, were noncontiguous. (B) Lactoferrin expression in A549 cells at defined time points (hours) fol¬
lowing stimulation with 100 [xM etoposide or 1 |xM staurosporine. (C) Addition of pan-caspase inhibitor zVAD-fmk (100 |xg/ml) for 12 hours in order
to prevent etoposide-induced apoptosis in A549 cells. (D) Immunoblot analysis of cell supernatants from: BL2 and primary lymphocytes in the
presence (+) or absence (-) of staurosporine (1 |xM) in serum-free conditions for 1 hour. A549 cells were stimulated with (+) orwithout (-) 100 nM
etopuside for 5 hours. All samples were run on the same gel. Noncontiguous samples of A549 cells and lymphocytes (Lymph) are indicated
by the vertical lines. (E) A549 cells were induced to become apoptotic (100 uM etoposide; 20 hours) in the presence or absence of brefeldin A
(1 pg/ml), a protein release inhibitor. (F) Immunoblot analysis of cell supernatants from control BL2 cells (1 x 106/ml) induced to undergo apop¬
tosis (1 uM staurosporine, 1 hour) or primary necrosis (56°C, 1 hour) in serum-free conditions. St, staurosporine; con; control; Etop, etoposide.

results demonstrating that lactoferrin binds directly to neutro¬
phils and impinges on intracellular signaling events coupled to
neutrophil activation, rather than interacting with chemoattrac-
tants and modulating their activity. Moreover, the latter possibility
was further excluded by the fact that the observed inhibitory effect
oflactoferrin was (a) specific to neutrophil, not monocyte, migra¬
tion, (b) observed with a diversity ofchemoattractants, and (c) not
directly neutralized by chemoattractants. Consistent with other
studies (26, 27), our results demonstrated 2 classes of lactoferrin
receptor on the surface ofhuman neutrophils. Our results indicate
that a relatively high-affinity receptor is expressed at relatively low
density and that a relatively low-affinity receptor is expressed at
relatively high density. However, the detailed characterization of
the lactoferrin receptor(s) and dissection ofdownstream signaling
pathways remain a significant challenge, as lactoferrin has been
extensively reported to interact with a range of molecules and
receptors in a cell-specific manner and therefore has the potential
to elicit different signaling cascades in different cell types. Indeed,
many researchers over many years have attempted the detailed
characterization of lactoferrin receptors from various cell types
with only partial success, and many candidate receptors have been
proposed for different cell types. Importantly, as has been sug¬
gested elsewhere (42), critical difficulties in the identification of
specific lactoferrin receptors stem from the cationic nature of the
lactoferrin protein, allowing it to bind to anionicmolecules found
in virtually all cell types.
Here, we have observed several effects of lactoferrin on cell acti¬

vationwith clear implications formigration, adhesion, and motil¬
ity of neutrophils. The initial phase of neutrophil activation fol¬
lowing agonist stimulation is characterized by a rapid increase in
[Ca2*];, which in turn triggers the activation ofPKC as well as a
range ofcalcium-dependent signaling pathways that control key
neutrophil effector functions, including degranulation, cytoskel-
etal rearrangements, and cell migration (32, 43-45). Our data

clearly suggest that the observed lactoferrin-mediated inhibitory
effects on neutrophil chemotaxis could be attributed to modula¬
tion ofmolecules other than those involved in the Ca2h response
following agonist stimulation. In addition, analysis of the expres¬
sion of early activation markers such as CD62L and CD lib fol¬
lowing stimulation with diverse neutrophil agonists, including
PMA, a specific synthetic intracellular activator of PKC, further
suggests that lactoferrin acts downstream or independently of the
PKC pathway, affecting signaling cascade components ofthe later
phases ofneutrophil activation. This notion was strengthened by
our observation that lactoferrin inhibited the phosphorylation
of p44/42 (ERK1 and ERK2) MAPKs, indicating that its action
is mediated, at least in part, via the MAPK pathway, a key path¬
way downstream of PKC with a crucial role in the regulation of
cytoskeletal rearrangement and cell adhesion (46-48). The previ¬
ously reported specific interaction oflactoferrin with the calcium-
calmodulin complex (Ca2*/CaM) provides further insight into the
potential intracellular signaling targets of lactoferrin (49). The
Ca2+/CaM complex is formed following the increase in [Ca2H"]i and
PKC accivation and regulates the activityofa number ofpathways
involved in cell adhesion and migration, including the ERK1/2
kinases (50). Indeed, the use of specific inhibitors of calmodulin
activity has been demonstrated to mimic the effect of lactoferrin
— inhibition ofneutrophilmigration — reported here (51-53).
Lactoferrin has been shown previously to bind to receptors on

mononuclear phagocytes and to inhibit proinflammatory respons¬
es via NF-kB (39, 54, 55). Taken togetherwith the evidence that
apoptotic cells can suppress proinflammatory responses ofmono¬
nuclear phagocytes and can elicit antiinflammatory responses by
these cells (10,11), our results indicate that it is now reasonable to
suspect that these effects aremediated, at least in part, by lactofer¬
rin produced by apoptotic cells. However, the involvement of the
NF-kB pathway in the inhibition of neutrophil migration seems
unlikely, since lactoferrin-mediated inhibition of chemotaxis of
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neutrophils treated with gliotoxin, a specific NF-kB inhibitor, was
found to be identical to that of untreated cells (data not shown).
In addition, no changes in the levels of IkB, an inhibitor ofNF-kB
that is degraded following NF-kB activation, were observed in
Western blot analysis of fMLP-stimulated neutrophils treatedwith
orwithout lactoferrin (data not shown).
In general terms, in professional phagocytes, sensing mecha¬

nisms that are not yet well defined allow these cells to navigate
to apoptotic cells through chemotactic processes involving lipid
signaling molecules and classical chemokine mechanisms (1, 2).
It is noteworthy that of the 2 categories of professional phago¬
cytes — mononuclear (monocytes and macrophages) and polymor¬
phonuclear (granulocytes) — apoptotic cells attract mononuclear
phagocytes selectively (12). Indeed, the lack of recruitment of
granulocytes to apoptotic zones is a hallmark of the non-phlogis¬
tic apoptosis program, distinguishing normal areas of cell death
from sites ofaccidental or pathological tissue damage or infection.
Recent evidence suggests that certain recombinant preparations
of lactoferrin have the potential to chemoattract monocytes (56).
Although we failed to observe monocyte attraction to lactoferrin
in our studies with milk-derived lactoferrin, these results indi¬
cate that lactoferrin has the potential to function in the selective
attraction ofmonocytes but exclusion of granulocytes from sites
of apoptosis. Our observation that lactoferrin, released into the
supernatants of apoptotic cells, is able to inhibit the migration
ofneutrophils, demonstrates not only that physiological concen¬
trations of lactoferrin are functional in mediating this effect but
also that apoptotic cells are active in producing a factor that can
potently suppress migration of neutrophils, the major subset of
professional phagocytes among circulating leukocytes, to sites of
apoptosis. Although it is clear that the secretory events inhibited
by brefeldin A treatment (transport from the ER and Golgi net¬
work) are important for the release of lactoferrin from apoptotic
cells, further work will be required to elucidate the details of this
secretory process — including whether lactoferrin is transported
directly from Golgi membranes for release from the cell surface.
While neutrophils may lack the sensing mechanisms to guide

them to sites of apoptosis, the constitutive production of a fac¬
tor that blocks neutrophil migration to such sites is likely to be
important when the apoptosis program is activated in the pres¬
ence of signals that promote neutrophil recruitment during
inflammatory responses. In this context, it is noteworthy that
lactoferrin is active in inhibiting IL-8 production by endothelial
cells (57). Furthermore, lactoferrin's ability to inhibit neutrophil
migration is likely to be important in the resolution of acute
inflammation. Thus, our results suggest that lactoferrin arising
from the secondary granules of neutrophils and from apoptotic
cells constitutes a negative feedback component that limits the
influx ofneutrophils to inflammatory sites. We would speculate
that neutrophils undergoing apoptosis en route to resolution of
inflammation would release lactoferrin as do other apoptotic cells
but would be unlikely to be required to synthesize the protein de
novo. The negative regulatory activity of lactoferrin described here
places it as one of the few molecules, alongside lipoxins, netrin-1,
and annexin-1, that negatively regulate neutrophil migration
(21, 58, 59). More importantly, based on the high specificity of
its migration-inhibitory properties to neutrophils, lactoferrin is
identified here as a promising therapeutic target for a range of
chronic inflammatory conditions, including vasculitis, pulmonary
fibrosis, and ischemia/reperfusion injury, that are characterized by

excessive neutrophil infiltration leading to neutrophil-mediated
host tissue damage and remodeling (19).
Since the properties of lactoferrin extend well beyond its ability

to regulate infection, immune responses, and inflammation, the
link established here between lactoferrin production and apop-
tosis has many additional implications. First, lactoferriris ability
to act as a growth factor (60, 61) extends evidence coupling the
apoptosis program with tissue repair responses (62, 63). Second,
additional recent evidence suggests that its protease activity may
be instrumental in activating the caspase cascade. In particular,
endogenous lactoferrin has been reported by 2 groups to induce
apoptosis through activation of caspase-3 (64, 65). It is tempting
to speculate that the de novo synthesis of lactoferrin by cells trig¬
gered to undergo apoptosis in our studies is linked to the initia¬
tion of the apoptosis program as well as to its antiinflammatory
features. Therefore, lactoferrin may have multiple properties in
apoptosis: (a) regulating the initiation of the program, (b) influ¬
encing repair in the tissue microenvironment, and (c) promoting
the non-phlogistic nature of the process.
Lactoferrin's functions in relation to tumor biology are cur¬

rently unclear. Proteolyzed forms of exogenous lactoferrin have
been reported to have proapoptotic and antitumor activities. In
addition, lactoferrin appears to promote antitumor host immune
responses (37), and activation of antigen-presenting cells has
recently been 1'eported using high doses of recombinant lactoferrin
produced in Aspergillus (56). Its observed effects on cell growth are
inconsistent, and both growth-promoting and growth-inhibiting
effects have been reported (60, 61, 66, 67), suggesting the possible
importance of tissue context. Since lactoferrin has potent ability
to inhibit neutrophil migration, it seems likely that in tumors in
which neutrophils play a supportive role, limitation ofneutrophil
infiltration through lactoferrin administration could be thera¬
peutically beneficial. However, in tumors in which neutrophils are
absent, we propose that, given the known antitumor effects ofneu¬
trophils (68-71), encouragement ofneutrophil infiltration through
inhibition of lactoferrin may effect tumor destruction. Our results
might predict that tumors in which apoptosis is prominent would
produce lactoferrin in situ. While this suggestion requires proper
investigation, at least in one category, BL, a high-grade malignancy
in which high-rate apoptosis occurs, in situ production of lactofer¬
rin protein has been known for many years (72).
In conclusion, we describe a novel homeostatic function for the

highly pleiotropic immunomodulatory glycoprotein lactoferrin.
We demonstrate that lactoferrin production is closely coupled to
the fundamental cell death program, apoptosis. In this respect,
lactoferrin is much more generally expressed than previously real¬
ized. Our results show that lactoferrin endows apoptotic cells with
antiinflammatory properties, including the capacity to inhibit
neutrophil migration. Given the multifunctional abilities of lac¬
toferrin, these results have broad implications for the influence
ofapoptotic cells on multiple physiological processes, including
cell growth, differentiation, and innate and adaptive immune
responses, as well as the pathological processes of inflammatory
and malignant diseases.

Methods
Antibodies and reagents. The following antibodies and reagents were used in
this study: rabbit polyclonal anti-human lactoferrin IgG antibody (Sigma-
Aldrich), mouse monoclonal anti-human lactoferrin antibodies (LF-2B8,
AbD Serotec; imab75 and imab77, ImmunoSolv), rabbit polyclonal immu-
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noglobulin (IgG) negative control (Dako), IgGl isotype control (Sigma-
Aldrich), allophycocyanin-conjugated (APC-conjugated) anti-CDllb
(mlgGl; BD), FITC-conjugated anti-CD62L (mlgGl; AbD Serotec), puri¬
fied human lactoferrin from milk (Sigma-Aldrich), purified human lacto-
ferrin from neutrophils (Athens Research and Technology), recombinant
human lactoferrin (Sigma-Aldrich), human recombinant apolactoferrin/
hololactoferrin (ProSpec), purified human transferrin (Sigma-Aldrich),
recombinant human TNF-a (R&D Bioscience), PMA (Sigma-Aldrich),
fMLP (Sigma-Aldrich), C5a (Sigma-Aldrich), IL-8 (Sigma-Aldrich), LTB4
(Sigma-Aldrich), brefeldin A (Sigma-Aldrich), staurosporine (Sigma-
Aldrich), and gliotoxin (Sigma-Aldrich). For lactoferrin absorption che-
moattractants, each chemoattractant was incubated with purified human
milk lactoferrin (10 pg/ml), and a mouse monoclonal anti-human lacto¬
ferrin antibody (LF-2B8; 10 pg/ml) or isotype control was added. Antibod¬
ies were completely removed by BioMag goat anti-mouse IgG (QIAGEN)
magnetic beads, and the efficiency of antibody removal was assessed by
analysis of the preabsorbed chemoattractants by anti-mouse IgG ELISA
(data not shown). Furthermore, the depleted antibody was readily recov¬
ered from the beads (data not shown).
Cell isolation. Fresh human venous blood was collected from volunteers

according to the Royal Infirmary ofEdinburgh (Scotland) Research Eth¬
ics Committee (approval 1702/95/3/11), and mononuclear and polymor¬
phonuclear (PMN) leukocytes were isolated as previously described (73).
Neutrophils represented more than 95% of isolated PMN cells. Monocytes
(>90% CD14+ cells) were positively selected from isolated mononuclear
leukocytes using CD 14 magnetic beads (Miltenyi Biotec). Human mono-

cyte-derived macrophages were obtained following culture ofmonocytes
for 6 days in Iscove's modified Dulbecco's medium (IMDM) containing
10% autologous serum.
Chemotaxis assay. In vitro leukocyte chemotaxis was measured following

a well-established transfilter cell migration assay, as previously described
(12) using polyvinyl uncoated Transwell inserts (5 pm pore size; Costar,
Corning). Time of incubation (37°C; 5% CO2) varied for cell type (neu¬
trophils: 60 minutes; monocytes: 90 minutes; macrophages: 4 hours).
Unless otherwise stated, lactoferrin was used at 10 pg/ml. Chemotactic
agents included fMLP (100 nM; Sigma Aldrich), C5a (6.25 ng/ml; Sigma
Aldrich), IL-8 (50 11M; R&D Systems), and LTB4 (100 nM; Sigma Aldrich).
For neutralization experiments, rabbit polyclonal anti-human lactoferrin
antibody (SigmaAldrich) or negative control (Dako) were used. Filters were
observed using an inverted microscope (Zeiss Axiovert 25), and relative cell
migration was determined by enumerating the number ofmigrated cells
in 10 random high-power (x400) fields.
shRNA lentiviral transduction ofBL cells. Lactoferrin expression was downreg-

ulated using shRNA lentiviral vectors (MISSION; Sigma-Aldrich). Briefly,
lactoferrin-targeted shRNA lentiviral plasmids (pLKO.l-puro) were cotrans-
fected with ViraPower Lentiviral packaging mix (pLPl, pLP2, pLP-VSV-G;
Invitrogen) to 293FT cells using Lipofectamine LTX (Invitrogen). BL2 cells
were transduced with the shRNA-expressing lentivirus, and stable cell lines
were generated by selection with puromycin (2 pg/ml; Sigma-Aldrich).
RT-PCR analysis. Total RNA was extracted (RNeasy kit; QIAGEN) and

reverse transcribed (2 pg) using Superscript III RT (Invitrogen). Result¬
ing cDNAs were used as template in PCR experiments at a concentration
of 1 ng/50 pi of PCR mixture. The primers used were: forward lactoferrin
(5'-TGTCTTCCTCGTCCTGCTGTTCCTCG-3') and reverse lactoferrin
(5'-CTGCCTCGTATATGAAACCACCATCAA-3'), forward GAPDH primer
(5'-CGACAGTCAGCCGCATCTTCTTTTGCGTCG-3') and reverseGAPDH
primer (5'-GGACTGTGGTCATGAGTCCTTCCACGATAC-3'). Cycle param¬
eters (lactoferrin: 40 cycles; GAPDH: 28 cycles) were: denaturation 94°C for
1 minute, primer annealing at 67°C (lactoferrin) or 50°C (GAPDH) for 1 min¬
ute, and extension at 72°C for 45 seconds, with a first denaturation step at

94°C for 7 minutes and a final extension at 72 °C for 5 minutes. Purified PCR

products (QIAquick gel extraction kit; QIAGEN) were sequenced to confirm
validity by the Sequencing Service of the School of Life Sciences, University
ofDundee, using Applied Biosystems BigDye 3.1 chemistry on an Applied
Biosystems model 3730 automated capillary DNA sequence analyzer.
Peritonitis model. All animal procedures were carried out under a UK

Home Office Animals (Scientific Procedures) Act 1986 project licence. Mice
(8- to 12-week-ord female C57BL/6 mice; n = 7 per group) were injected i.p.
with purified human lactoferrin or transferrin (500 ng in saline/0.1%; BSA
Sigma Aldrich) or saline/0.1% BSA alone followed by a second i.p. injec¬
tion with 1% thioglycollate (500 pi) or saline/0.1% BSA after 20 minutes.
Recruited leukocytes were harvested after 4 hours by peritoneal lavage with
ice-cold saline containing 2mM EDTA. Harvested cells were counted using
a NucleoCounter (ChemoMetec), which excluded nonnucleated cells. To
determine the number ofneutrophils (Gr-14), cells were immunolabeled
with PE-conjugated anti-mouse Ly6-Gr-1 and counted using Flow-Count
beads (Beckman Coulter).
Histology and immunohistochemistry. Six- to 10-week-old BALB/c SCID mice

were injected i.p. with 107 BL2 cells. Tumors developed i.p. within 2 months
of injection. Mice were sacrificed and tumors excised. For positive control,
BALB/c mice were immunized with sheep red blood cells and spleens har¬
vested and frozen 7 days after i.p. injection. Immunohistochemistry was
performed on frozen acetone-fixed sections (5 pm) ofBL or spleen tissues
using biotinylated anti-mouse Gr-1 antibody (10 pg/ml; BioLegend) or
isotype control (AbD Serotec). Nonspecific adsorption of antibodies was
blocked using serum-free Protein Block (Dako). Reactions were amplified
using VECTASTAIN Elite ABC avidin-biotinylated peroxidase complexes
(Vector Laboratories). Hematoxylin was used as counterstain.
Flow cytometry. Unless otherwise stated, cells were suspended in PBS

containing 5% normal mouse serum or 0.1% BSA, and all antibody incu¬
bations were performed for 20 minutes on ice. Mouse neutrophils were
defined based on the expression ofGr-1 epitope using PE-conjugated rat
anti-mouse Ly6G (Gr-1; eBioscience). For the assessment of neutrophil
activation, the following antibodies were used: FITC-conjugated anti-
CD62L (FMC46, mIgG2b; AbD Serotec) and APC-conjugated anti-CD 1 lb
(ICRF44, mlgGl; BD). Isotype controls included mouse IgGLFITC (AbD
Serotec), mouse IgGLAPC (BD), and rat IgG2b:PE (eBioscience). Cell apop-
tosis was determined by labeling with annexin V and propidium iodide.
Samples were analyzed using a BD FACSCalibur or FACScan cytometer,
and data were analyzed using BD CellQuest software.
Sizefractionation and ion exchange chromatography. Size fractionation ofBL2

cell conditioned media was performed using filters with specific molecular
weight cutoffsizes (Amicon Centrifugal filters YM-50 and YM-100; Milli-
pore), following the manufacturer's instructions. Ion exchange chromatog¬
raphy was carried out using Q Sepharose Fast Flow beads (Sigma-Aldrich).
Beads were washed with neutralizing buffer, and bound proteins were then
eluted by addition of 10 mM NaAc, 0.5 M NaCl, pH 4. BL2 cell-condi¬
tioned medium or control medium (RPMI1640) was mixed with the beads
and incubated at room temperature for 5 minutes. Samples were centri-
fuged (300 g, 5 minutes) and supernatants stored. Beads were washed with
neutralizing buffer, and bound proteins were then eluted by addition of
the corresponding elution buffer (for S beads: 10 mM Tris, 0.5 M NaCl,
pH 10; for Q beads: 10 mM NaAc, 0.5 M NaCl, pH 4). After a 5-minute
incubation at room temperature, beads were centrifuged (300g, 5 minutes)
and supernatants collected and analyzed. Prior to chemotaxis analysis, the
supernatants were diluted (1:100), and pH was adjusted to 7.0. Proteins
were identified by peptide mass fingerprinting using MALDI-TOF mass

spectrometry. The procedure was carried out by the Scottish Instrumenta¬
tion and Resource Centre for Advanced Mass Spectrometry (SIRCAMS),
School ofChemistry, University ofEdinburgh.
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Immunoblotting. Conditioned media from viable and apoptotic BL2 and
A549 cells were collected, and their protein content was TCA precipitated.
Briefly, 100 pi TCA was added in 1 ml conditioned medium at 4°C. Sam¬
ples were centrifuged at 18,000gand the pellets washed in ice-cold acetone
before resuspension in sample buffer (NuPAGE; Invitrogen). Neutrophils
(5 x 106 cells/ml) were lysed for 15 minutes with 1% NP-40 in TBS con¬

taining protease inhibitor cocktail (Sigma Aldrich), aprotinin, leupeptin,
pepstatin A, 4-(2-aminoethyl)benzenesulfonyl fluoride, sodium orthovan-
adate, benzamidine, ievamisole, and ^-glycerophosphate. Samples were
centrifuged (20,000 g, 4°C, 15 minutes) and resolved by SDS-PAGE using
4%-12% Bis-Tris gels (NuPAGE; Invitrogen). Proteins were then electroblot-
ted onto a nitrocellulose membrane (NuPAGE; Invitrogen), blocked with
0.5% (for lactoferrin) or 3% BSA (for ERK), and probed with monoclonal
mouse anti-human lactoferrin (1:100; LF.2B8; AbD Serotec) or mouse
monoclonal anti-MAPK activated (diphosphorylated ERK1 and ERK2)
antibody (1:1,000; Sigma-Aldrich) or polyclonal mouse ERK2 (1:1,000;
Santa Cruz Biotechnology Inc.) or rabbit monoclonal anti-lKBa (74)
(1:2,500; El30; Abeam) followed by HRP-conjugated goat anti-mouse IgG
(1:2,000; Amersham) or HRP-conjugated goat anti-rabbit IgG (1:2,500;
Dako) and visualized using ECL (GE Healthcare).
Binding studies. Biotinylation ofhuman milk-derived lactoferrin was per¬

formed using EZ-Link Sulfo-NHS-LC-Biotin (Pierce, Thermo Scientific).
Fresh neutrophils were exposed to biotinylated lactoferrin (10 fxg/ml) at 37°C
for 1 hour, afterwhich the cells werewashed and lysates prepared, resolved by
SDS-PAGE, electroblotted, blocked with 0.1% PBS-Tween, and probed with
HRP-conjugated streptavidin (Dako). For Scatchard analyses, 12SI-labeled
human milk-derived lactoferrin, prepared using Pierce Iodination Reagent
(Thermo Scientific), was added at a constant amount to fresh human neu¬

trophils in the presence of increasing amounts ofcold, unlabeled lactoferrin.
After 30 minutes at 4°C, cells were washed 3 times before gamma counting.
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Supplemental Figure 1: Neutralisation experiments using monoclonal antibodies

against human lactoferrin.

Neutrophil chemotaxis assays in the presence of three independent anti-lactoferrin

monoclonal antibodies (grey) or isotype control (black) using conditioned media from BL (A-C)

and MCF-7 (D) cells (n=3; *p<0.05 vs isotype control, NS=non significant vs fMLP anti-

lactoferrin control, **p<0.001 compared to fMLP control.) Error bars indicate SEM.
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Supplemental Figure 2: Analysis of 125l-labelled-lactoferrin binding to human

neutrophils.

Neutrophils (2.5x106 ml"1) were incubated with 10 nM 125l-labelled human milk-derived

lactoferrin (12.9x106 dpm pg1) in the presence of increasing amount of either cold labeled

human lactoferrin (10 nM - 20 pM)(specific competitor) or cold BSA (10 nM - 20 pM)(non-

specific competitor) for 30 min at 4°C. Cells were washed three times prior to y measurement

and all data were corrected for non-specific binding. Results are reported as dpm bound at the

indicated ligand (cold) concentrations (togM) and Scatchard analysis plot is shown as inset.

Each point represents the mean of three experiments.
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Supplemental Figure 3: Necrotic BL cells do not produce mediators of neutrophil

migration inhibition.

Neutrophil chemotaxis assay to determine neutrophil migration towards supernatants from

BL2 cells stimulated to undergo apoptosis (staurosporine-triggered) or primary necrosis

(incubation at 56°C for 1 h) in serum-free conditions (n=3; *p<0.001 compared to fMLP

control; **p<0.05 vs apoptotic control; NS=non significant vs fMLP control). Error bars indicate

SEM.
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Macrophage phagocytosis of apoptotic neutrophils
is critically regulated by the opposing actions of
pro-inflammatory and anti-inflammatory agents: key
role for TNF-cx

Sylwia Michlewska,1 Ian Dransfield, Ian L. Megson,2 and Adriano G. Rossi
MRC Centre for Inflammation Research, The Queen's Medical Research Institute, University of
Edinburgh Medical School, Edinburgh, Scodand, UK

abstract Apoptosis of inflammatory cells and
their subsequent clearance (efferocytosis) by macro¬
phages (Mips) are key mechanisms orchestrating suc¬
cessful resolution of inflammation. Although the pow¬
erful proinflammatory agents lipopolysaccharide (LPS)
and tumor necrosis factor a (TNF-a) influence rates of
inflammatory cell apoptosis, little is known about their
effects on efferocytosis. We have demonstrated that
LPS and TNF-a potently inhibit efferocytosis of neu¬
trophils by monocyte-derived Mips. Inhibition was both
concentration and time dependent, although the effect
of TNF-a was more rapid. We have found that soluble
TNF receptor-I attenuated LPS inhibition of phagocy¬
tosis, indicating that TNF-a production is critical. Inhi¬
bition of efferocytosis by LPS was found to be posi¬
tively associated with Mip production of TNF-a, but
negatively with interleukin-10 (IU10) release. A critical
role for IL-10 in the regulation of phagocytosis was
suggested by 2 important findings: LPS inhibition was
observed more rapidly in the presence of an anti-
human IL-10 receptor-a antibody, and efferocytosis by
EL-IO-deficient Mips was markedly reduced compared
to wild-type Mips. Furthermore, exogenous IL-10 and
glucocorticoids reversed inhibitory effects of LPS on
efferocytosis via suppression of TNF-a production. We
suggest that efferocytosis is regulated in an autocrine
manner by pro- and anti-inflammatory mediators, and
the inflammatory milieu determines whether inflamma¬
tion successfully resolves.—Michlewska, S., Dransfield,
I., Megson, I. L., Rossi, A. G. Macrophage phagocytosis
of apoptotic neutrophils is critically regulated by the
opposing actions of proinflammatory and anti-inflam¬
matory agents: key role for TNF-a. FASEB J. 23,
000-000 (2009)

Key Words: efferocylosis • interleukin-10 ■ glucocorticoids • sol¬
uble TNF-receplors

Inflammation is normally a tightly regulated physi¬
ological process playing a critical role in defense
against pathogens and other injurious agents (1). How¬
ever, loss of control and consequent exaggeration and

prolongation of the inflammatory response can lead to
tissue damage associated with chronic inflammatory
conditions, such as rheumatoid arthritis, atherosclero¬
sis, and chronic obstructive pulmonary disease. Evi¬
dence indicates that defects in the resolution of inflam¬
mation are likely to be major contributory factors to the
pathogenesis of chronic inflammation (2, 3). In partic¬
ular, the process of inflammatory cell apoptosis results
in secretory shutdown (4) and exposure of surface
molecules that allow their recognition by macrophages
(Mips) (5, 6). These processes prevent the apoptotic
cells from undergoing secondary necrosis and disgorge¬
ment of their histotoxic contents and, importantly,
signals to the phagocytes to inhibit secretion of proin¬
flammatory mediators while actively promoting anti¬
inflammatory mediator release (7).

Sites of chronic inflammation (such as the rheuma¬
toid synovium) are characterized by overexpression of
various proinflammatory cytokines (8), and ligation of
Toll-like receptors (TLRs) on leukocytes is an effective
inducer of proinflammatory cytokine production (9).
The proinflammatory cytokine tumor necrosis factor a
(TNF-a) is one of the most rapidly released cytokines
after leukocyte exposure to the bacterial product and
TLR4 ligand lipopolysaccharide (LPS). This cytokine
plays a pivotal role in orchestrating inflammatory pro¬
cesses by switching on a TNF-a-dependent cytokine
cascade. Consequently, blockade of the TNF-a pathway
reduces production of cytokines such as IL-1, GM-CMF,
II-6, or IL-8 (10). These findings suggested that target¬
ing the overexpression of proinflammatory cytokines
via blockade of one particular mediator (e.g., TNF-a) is
a viable option for anti-inflammatory therapy. In order
for TNF-a to exert its biological function it has to be
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released and bind to specific cell surface receptors.
Therefore a reasonable strategy for therapy involves
specific anti-TNF-a antibodies or soluble TNF receptors
to reduce effective concentrations of TNF-a (11, 12).
Although the regulatory effects of TNF-a on proinflam¬
matory cytokine production and its contribution to
development of chronic inflammation are well estab¬
lished, the effects induced by TNF-a that lead to
prolonged inflammatory responses and its harmful
consequences remain to be fully defined. Two key
processes involved in efficient resolution of inflamma¬
tory responses are apoptosis of inflammatory cells and
their efferocytosis by phagocytes. Several reports de¬
scribe the influence of proinflammatory mediators on
apoptosis of inflammatory cells. For example, LPS
markedly delays neutrophil apoptosis (13-15), whereas
TNF-a may both inhibit or enhance neutrophil apopto¬
sis depending on the time when apoptosis is assessed
following TNF-a treatment (16). Data concerning the
impact of proinflammatory cytokines on Mip uptake of
apoptotic targets are limited and not consistent through¬
out the literature. Ren and Savill reported that treat¬
ment of human monocytc-derived Mips (MDMips) with
granulocyte-macrophage colony-stimulating factor,
IFN--y, interleukin (IL) -1(3, or TNF-a for 6 h signifi¬
cantly increased uptake of apoptotic neutrophils (17).
On the other hand, more recent findings demonstrate
that both human MDMips and murine J774 Mips prein-
cubated for 20 min with TNF-a, but not with LPS, have
a reduced capacity for efferocytosis (18).
In this study we sought to thoroughly investigate the

effect of proinflammatory agents (LPS and TNF-a) on
efferocytosis of neutrophils by human MDMips and
determine whether TNF-a plays a central role in any
LPS-mediated effects. In addition, we investigated
whether observed effects were regulated by the anti¬
inflammatory cytokine IL-10 or by the powerful anti¬
inflammatory drugs, the glucocorticoids.

MATERIALS AND METHODS

Reagents

All reagents were obtained from Sigma-Aldrich Co. (Poole,
UK) unless otherwise stated. Iscove's Dulbecco modified
Eagle medium (DMEM), HBSS, PBS, and culture supple¬
ments were purchased from PAA Laboratories (Pasching,
Austria). DMEM F-12 GlutaMAX was obtained from Life
Technologies, Inc. (Paisley, UK). Dextran T500 was obtained
from Amersham Pharmacia Biotech (Buckingham, UK) and
Percoll™ from GE Healthcare Bio-Sciences AB (Uppsala,
Sweden). LPS from E. coli, serotype 0127:B8, was purchased
from Sigma-Chemicals Co. (St. Louis MO, USA). rhTNF-a,
soluble rhTNF receptor I/Fc Chimera (sTNF-RI), rhIL-10,
anti-human IL-10 Ra, and DuoSet® ELISA (human/mouse
TNF-a) were obtained from R&D Systems (Minneapolis, MN,
USA). Roscovitine was purchased from Merck Chemicals Ltd
(Nottingham, UK). BD' M-Cytometric Bead Array (CBA) Hu¬
man Inflammation Kit was obtained from BD Biosciences

Pharmingen (San Diego, CA, USA).

Cell isolation and culture

Human blood cells were isolated from volunteers (15). Mono¬
nuclear cells were suspended in Iscove's DMEM at the con¬
centration 8 X 10n monocytes/ml (monocyte/lymphocyle
ratio was assessed by flow cytometry) and plated at 0.5 ml/well
in 48-well plates. Following 1 h incubation at 37°C, nonad¬
herent cells were removed, and adherent monocytes were
cultured in Iscove's DMEM with 10% autologous serum ±
treatment (all the treatments were added only once apart
from anti-human IL-10 Ra antibody, which was added every
48 h) for 6 days at 37°C and 5% C02 atmosphere to allow
their maturation into MDMips. Human neutrophils (>98%
pure) were cultured at 37°C and 5% COa atmosphere at a
concentration of 5 X !0f'/ml jn Iscove's DMEM with 10%
autologous serum either for 20 h to undergo apoptosis or
alternatively for 8 h, when apoptosis (>90%) was induced
with 20 pM R-roscovitine (15). These neutrophils are termed
"apoptotic neutrophils." Apoptosis of neutrophils was as¬
sessed by oil-immersion light comparative microscopy of
DiffQuik™ stained cytocentrifuge preparations or alterna¬
tively by an annexin-V binding assay (15). Only neutrophils
with <5% necrosis (assessed by propidium iodide uptake)
were used.
IL-10-deficient (IU10™7") C57BL/6 (19) and wild-type

(wt) C57BL/6 mice were bred and maintained under specific
pathogen-free conditions in the School of Biological Sciences
Animal facility, University of Edinburgh. Bone marrow cells
were flushed from dissected femurs of wt and IL10"/_ mice
and cultured for 6 days in Teflon™ pots in DMEM F-12
GlutaMAX medium supplemented with 10% FBS and 10%
L-929 conditioned medium at 37°C and 5% C02 atmosphere
to allow their maturation into BMDMips. On day 6 cells were
harvested, resuspended at 1 X 10® cells/ml, and plated at
0.5ml/well in 48-well plates and cultured at 37°C and 5% C02
(at this point treatment was added).

Assays for Mip phagocytosis of apoptotic neutrophils

Following 6 days differentiation of MDMips, culture superna-
tants were removed, and adherent MDMips were washed with
HBSS with Ca2+/Mg2+ and incubated with apoptotic neutro¬
phils suspended at 5 X 106/ml for 30 min at 37°C, providing
a phagocyte-to-larget ratio of —1:10. For the flow cytometric
phagocytosis assay (20), neutrophils were stained with Cell-
Tracker Green™ (Molecular Probes, Leiden, The Nether¬
lands) for 15 min and resuspended, prior to the assay. After
incubation of MDMips with apoptotic neutrophils, cells were
incubated with trypsin/EDTA for 15 min at 37°C, followed by
15 min on ice. Harvested cells were analyzed by flow cytom¬
etry in a FACSCalibur flow cytometer with CellQuest software
(Becton-Dickinson, Oxford, UK). Neutrophil and MDMip
populations were separated by forward and side scatter pro¬
files, and a minimum of 6000 events within the MDMip gate
were acquired. The number of FL1 + events in the MDMip
gate was divided by the total number of MDMips to obtain the
percentage of MDMips that had internalized neutrophils. For
the microscopic phagocytosis assay, MDMips were incubated
with unstained apoptotic neutrophils and stained as de¬
scribed (21).
For BMDMip phagocytosis assays, culture supernatanls were

removed, and the cells were labeled with 150 pl/well of 2
pg/ml FL4+ Cell Tracker Far Red™ (Invitrogen, Paisley, UK)
for 30 min, followed by addition of 100 |xl FBS for 15 min and
washing with HBSS with Ca2+/Mg2+. Then human apoplolic
neutrophils (CellTracker Green labeled) were added and
assay was performed as described above. The number ofFL1 +
events in the BMDMip FL4+gate was divided by the total
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number of BMDMips to obtain the percentage of BMDMips
that had internalized neutrophils.

Mip phagocytosis of immunoglobulin G
(IgG) -opsonized erythrocytes

Following discontinuous Percoll density gradient centrifuga-
tion, erythrocytes were harvested, washed, and resuspended
at 107/ml in Iscove's DMEM, stained with CellTracker Green
for 3 h and then incubated at 4°C with rabbit polyclonal
anti-human erythrocyte Ab (1:1000) for 30 min. Opsonized
erythrocytes were then washed and resuspended at 4 x
10e/ml, and 2 x 101' erythrocytes were added to each well
with adherentMDMips and incubated at 37°C for 30 min (21).
The percentage phagocytosis was assessed by flow cytometry
following the same protocol as for efferocytosis of neutro¬
phils.

Cytometric bead array

Culture supernatants were collected at 120 h after treatment
with 10 ng/ml LPS ± 1 p.M dexamethasone. All supernatants
were centrifuged (600 g, 6 min) and stored in aliquols at
—70°C. Cytokine concentrations in the culture supernatants
were determined by CBA, performed according to the man¬
ufacturer's instructions.

Enzyme-linked immunosorbent assay for measurement of
TNF-o: and IL-10 concentrations

MDMips were treated for 1, 6, 12, 24, 48, 72, 96, and 120 h
with 10 ng/ml LPS or for 96 h with increasing concentrations
of LPS (0.01, 0.1, 1, 10, 100 ng/ml). Culture supernatants
were collected (day 6 of the culture), centrifuged (600 g; 6
min), and stored in aliquols at —70°C. Concentrations of
TNF-a and IL-10 were assessed by the DuoSet EL1SA Devel¬
opment kit (R&D Systems) according to the manufacturer's
instructions.

sTNF-RI binding assay

Neutrophils, isolated from human blood (as described
above), were cultured at 37°C and 5% C02 atmosphere at a
concentration of 4 x 10f,/ml in Iscove's DMEM with 10% FBS
(human IgG free) for 20 h, then washed twice (300 g, 5 min,
4°C), resuspended at the concentration of 0.8 x 10''/ml in
flow buffer (PBS without Mg2l/Ca2+ with 2% FBS), and
plated at 100 pl/well in 96-well FlexiPlate. Cells were incu¬
bated on ice for 20 min in flow buffer only or in the presence
of 500 ng/ml sTNF-RI or 100 pg/ml heat-aggregated human
recombinant IgG. Cells were washed twice (300 g, 5 min,
4°C), then incubated for 20 min on ice with goat F(ab')2
anti-human IgG, fluorescein isothiocyanate conjugated anti¬
body (1:50; Caltag Laboratories, Burlingame, CA, USA),
washed twice (300 g, 5 min, 4°C), and resuspended in
annexin-V (1:40, APC conjugate) binding buffer. Assessment
of binding was performed by flow cytometry analysis (22).
The percentage of necrotic cells was assessed flow cytometri-
cally by propidium iodide uptake.

Statistical analysis

Results are expressed as the mean ± se of n = number of
independent experiments using MDMips from different do¬
nors. Statistical significance (defined as PC0.05) was evalu¬
ated by ANOVA with comparisons between groups using the

Studenl-Newman-Keuls procedure when « s 5 or the Dunn's
test when n = 4.

RESULTS

LPS inhibits MDMip efferocytosis of neutrophils in a
concentration- and time-dependent manner

To examine effects of LPS on MDMip efferocytosis,
monocytes were treated with LPS (10 ng/ml) for the
duration of 96-144 h and then cocultured with apopto-
tic neutrophils to determine phagocytosis. The percent¬
age of MilMeningesting apoptotic neutrophils, assessed
by flow cytometric analysis, was significandy decreased
by LPS treatment from control levels (Fig. 1A). Ml)Mips
cultured for the same period in the presence of dexa¬
methasone (1 |xM), reported previously to augment
efferocytosis of neutrophils (23, 24), showed increased
uptake of apoptotic neutrophils (Fig. 1A). Treatment
of human blood monocytes with increasing concentra¬
tions of LPS for 120 h or with 10 ng/ml LPS for
different durations indicated that the observed inhibi¬

tory effect is concentration and time dependent (Fig.
If}). The approximate inhibitory concentration 50
(IC50) value for LPS was 0.6 ng/ml, and interestingly,
LPS required at least 96 h to induce significant inhibi¬
tion (96 h, P<0.05; or 144 h, P<0.001). Typical flow
cytometric profiles of MDMip phagocytosis under dif¬
ferent treatments are shown in Fig. 1C, and confirma¬
tion of the different levels of phagocytosis by micros¬
copy is depicted in Fig. 2C.

TNF-tt inhibits MDMip efferocytosis of neutrophils in
a concentration- and time-dependent manner

Since LPS is a powerful inducer of TNF-a production
by Mips (25), we investigated whether TNF-a treatment
of MDMips would also decrease efferocytosis. Thus
human blood monocytes were treated first with increas¬
ing concentrations of TNF-a for 120 h and, as shown in
Fig. 2Al, TNF-a inhibited phagocytosis of apoptotic
neutrophils in a concentration-dependent fashion. The
approximate ICr)0 for TNF-a was 8 ng/ml. However,
TNF-a requires a shorter time to induce significant
inhibition (6 h, P<0.05; or 48 h, P<0.001, n=6) in
comparison to LPS (Fig. 2A2). Figure 2B represents a
typical flow cytometric profile of MDMip phagocytosis
with TNF-a treatment, and its confirmation by micros¬
copy is shown in Fig. 2 C.

LPS and TNF-a inhibit phagocytosis of
R-roscovitine-induced apoptotic neutrophils but not
human IgG-opsonized eiythrocytes

Cultured neutrophils undergo spontaneous apoptosis
at different rates, and therefore after 20 h of culture
apoptotic cell populations contain a small number of
viable and necrotic cells. Therefore we next investi¬

gated the effects of TNF-a (10 ng/ml) and LPS (10
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Figure 1. Effects of dexamethasone and
LPS on MDMcp efferocytosis of neutro¬
phils. A) Human MDMcps cultured in
medium (control) for 6 days and
treated on average for 96-144 h with
either 1 pM dexamethasone or 10
ng/ml LPS were assessed for their abil¬
ity to phagocylose apoptotic neutro¬
phils. Percentage efferocytosis assessed
on day 6 by flow cytometry is expressed
as mean ± se; n = 19 experiments. Bl,
B2) Concentration response and time
dependence of LPS treatment on
MDMcp efferocytosis of neutrophils. Hu¬

man MDMcps were cultured with either increasing concentrations of LPS for 120 h (Bl) or with 10 ng/ml LPS for
increasing durations of time (B2) and then assessed for their ability to phagocytose apoptotic neutrophils. Percentage
efferocytosis assessed on day 6 by flow cytometry is expressed as mean ± se; n = 4 separate experiments. C) Representative
flow cytometric dot plots demonstrating changes in efferocytosis for treatments with either 1 pM dexamethasone or 10
ng/ml LPS for 120 h in comparison to medium control. aN, apoptotic (20 h culture) neutrophils; DX, dexamethasone.
*P < 0.05, **P < 0.01, ***P < 0.001 vs. medium control.

P1 - MDM<!> that ingested aN P2 - MDM<t> that did not ingest aN

ng/ml) on efferocytosis of neutrophils undergoing
early apoptosis without significant contaminating ne¬
crotic cells. For this purpose we induced apoptosis in
neutrophils with the cyclin-dependent kinase inhibitor
R-roscovitine, shown by our group to augment neutro¬
phil apoptosis (15). TNF-a and LPS markedly inhibited
uptake of R-roscovitine-induced apoptotic neutro¬
phils, whereas dexamethasone-treated MDMcps in¬
creased phagocytosis (Fig. 2D1). On the contrary,
MDMcp phagocytosis of IgG-opsonized erythrocytes was
not inhibited by TNF-a and LPS in comparison to
control, whereas dexamethasone (1 pM) significandy
increased phagocytosis (Fig. 2D2).

LPS inhibits MDMip efferocytosis of neutrophils via
stimulation of TNF-a production

As TNF-a inhibits MDMcp efferocytosis (Fig. 2), we
investigated whether the I.PS-mediated effects were
dependent on production of TNF-a. We cotreated
human monocytes for 96-144 h with 10 ng/ml LPS or
10 ng/ml TNF-a and increasing concentrations of
sTNF-RI, which binds TNF-a present in the culture
medium. Addition of 500 ng/ml sTNF-RI reversed both
exogenous TNF-a and LPS-mediated inhibition of
phagocytosis back to control levels (Fig. 3A).
sTNF-RI used in our study is a chimeric protein

containing a fragment crystallizable (Fc) region of
human IgGj. In its mature form, this protein forms
homodimers, which were shown to be ~45-fold more

potent inhibitors of TNF-a than the monomelic soluble

TNF-RI (26). However, presence of an Fc region in
sTNF-RI raises the possibility that in our experiments
reversal of the inhibitory effect of LPS and TNF-a is
accomplished not only by a decrease in TNF-a activity
but also by induction of Fc-mediated phagocytosis,
similar to augmentation of phagocytosis by immune
complexes (ICs; heat-aggregated IgG) (22). Binding of
ICs to Fc receptors is a rapid process, and 30 min is
sufficient to obtain optimal opsonization (22). Thus a
series of control experiments were performed compar¬
ing the effectiveness of sTNF-RI on reversal of LPS- or
TNF-a-induced inhibition of phagocytosis. In all the
experiments monocytes were cultured for 6 days in
culture medium alone or treated for 96 h with either
TNF-a (10 ng/ml) or LPS (10 ng/ml). sTNF-RI was
added either synchronically with LPS or TNF-a for 96 h
to the monocyte culture or for 30 min to the MDMcp or
neutrophil cultures, just prior to the phagocytosis assay.
Alternatively, sTNF-RI was added directly to the MDM(ps
and apoptotic neutrophils during the phagocytosis as¬
say (1 h). Presence of sTNF-RI in monocyte culture for
96 h significantly reversed the inhibitory effects of LPS
and TNF-a, while short durations of sTNF-RI treatment
(30 min and 1 h), sufficient for binding to the cell
surface receptors, did not have any effect on phagocy¬
tosis in comparison to appropriate controls (Fig. 3B).
Furthermore, we compared binding of sTNF-RI and IC
to the apoptotic (20 h culture) neutrophils. As shown
in Fig. 3C, following 30 min incubation, >98% of
neutrophils (viable and apoptotic) were opsonized with
ICs, whereas >98% did not bind sTNF-RI, excluding

4 Vol. 23 March 2009 The FASEB Journal MICHLEWSKA ET AL.



DX LPS TNF-a

C-
V a© '

i
> & „ I.OrA,

B

0.1 1 10

TNF-a fnq/mll
Control 6h 48h 96h

10 ng/ml TNF-a

..'"16
V - MDUv

C- W «
•WflY >

O ® O
c u a

j • 2-
Control-39.9% (P1) TNFa-11.1% (P1)

FSC-M FSC-H
1P-MDM <!> that ingested aN P2 - that did not ingest aN

D1
W 80

S 70
%o 50

05 40
J2 30
Q- 20

55 10
0

D2
*** V) 801

ll.. .Ill
Control DX TNFa LPS Control DX TNFa LPS

Figure 2. Concentration- and time-dependent effect of TNF-a on MDMip efferocytosis of neutrophils. A I, A2) Human MDMips
for concentration-response experiments were cultured for 6 days and treated for 120 h with increasing concentrations ofTNF-a
(Al), whereas for time course experiments, MDMips were treated for increasing durations of time with 10 ng/ml TNF-a (A2).
On day 6, MDMip efferocytosis of neutrophils was assessed by flow cytometry. Percentage efferocytosis is expressed as the mean ±
se of re = 13 (Al) or re = 6 (A2) experiments. IS) Representative flow cytometric dot plots demonsUating changes in efferocytosis
of neutrophils resulting from 96 h treatment with 10 ng/ml TNF-a in comparison to medium control. C) Representative
photomicrographs showing MDMip efferocytosis of neutrophils (treatments the same as in Figs. 1C and 2B). Images were
obtained using an Axiovert S100 inverted microscope (Carl Zeiss), RS Photomeuix camera, and analyzed with Open lab
software, 3.1.5 version. Original view X320. Dl, D2) MDMips were cultured for 6 days and treated for 120 h with either 1 pM
dexamethasone, 10 ng/ml TNF-a, or 10 ng/ml LPS. On day 6, ability of MDMips to phagocytose either apoptotic neutrophils
(apoptosis was induced by 20 pM R-roscovitine, 8 h treatment) (Dl) or human IgG opsonized erythrocytes (1)2) was assessed
by laser flow cytometric analysis. Data are expressed as mean ± se phagocytosis; n = 4 experiments. aN, apoptotic (20 h culture)
neutrophils; DX, dexamethasone. *P < 0.05, **P < 0.01, ***P < 0.001 vs. medium control.

the possibility of Fc-induced augmentation of phagocy¬
tosis in our study (Fig. 3Q. Since some nonspecific
binding of anti-human IgG antibodies to the low levels

of necrotic cells in our cultures were detected (no
difference between control, sTNF-RI and IC, samples),
these cells were excluded from analysis.

LPS 10 ng/ml TNF-a 10 ng/ml LPS 10 ng/ml TNF-a 10 ng/ml
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Figure 3. Neutralization of TNF-a released by
LPS-stimulated MDMip rescue efferocytosis.
A) Human MDMips were cultured for 6 days in
culture medium alone or treated on average for
the duration of 96-144 h with 10 ng/ml LPS or
10 ng/ml TNF-a ± increasing concentrations of
sTNF-RI. On day 6, MDMip efferocytosis was
assessed by flow cytometric analysis. Data are
means ± se; re = 4 separate experiments. **P <
0.01 vs. appropriate control. IS) Human MDMips

were cultured for 6 days in culture medium or treated for the duration of 96 h with either 10 ng/ml LPS or 10 ng/ml
TNF-a alone. sTNF-RI was added to MDMips or alternatively to apoptotic (20 h culture) neutrophils at various times or
was present in the phagocytosis assay, as indicated in IS. On day 6, MDMip efferocytosis was assessed by flow cytometric
analysis. Data are means ± se; re = 4 separate experiments. *P< 0.05, ***p< 0.001 vs. LPS or TNF-a alone, respectively.
Q Apoptotic neutrophils, cultured for 20 h in Iscove's DMEM with 10% FCS, were incubated for 20 min in flow buffer
alone (control) or with 500 ng/ml sTNF-RI or 100 pg/ml heat-aggregated IgG immune complexes, washed twice, and
incubated with anti-human IgG antibody. Percentage of apoptotic neutrophils was assessed by annexin-V binding assay.
N, neutrophils; aN, apoptotic neutrophils; vN, viable neutrophils; IC, immune complexes.
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The ability of MDMips to phagocytose apoptotic
neutrophils depends on the levels of TNF-a in
culture medium

Figure 4A depicts a scatter diagram in which paired
data showing percentage phagocytosis on treatment
with 10 ng/ml LPS (96-144h) vs. percentage phagocy¬
tosis in control conditions are plotted (n=40). Even
though the inhibitory effect of LPS is highly significant,
we found some variation in monocyte response to LPS
between donors. We hypothesized that the extent of
inhibition of phagocytosis induced by LPS was depen¬
dent on endogenous TNF-a produced by cultured
MDMips and consequently on the concentration of
TNF-a in culture medium prior to the phagocytosis
assay. To test this, we isolated monocytes from 6 se¬
lected donors, where we observed variability in re¬
sponse to LPS. Monocytes were cultured for 6 days,
treated with 10 ng/ml LPS for 120 h. On day 6 we
performed paired experiments that involved collection
of culture supernatants, measurement of cytokines by
CBA, and, in parallel, assessment of MDMip efferocyto-
sis by flow cytometry. We observed that the percentage
of MDMips ingesting apoptotic neutrophils was nega¬
tively correlated with the concentration of TNF-a in the
supernatant (7/^=0.84; Fig. 4B). Interestingly, we also
noted that culture supernatants containing low concen¬
trations ofTNF-a showed increased levels of IL-10 (data
not shown), which was reported to augment uptake of
apoptotic cells by Mips (27). Therefore we examined

the production of TNF-a and IL-10 in response to LPS
treatment. Figure 4CI shows changes in concentrations
of TNF-a and IL-10 at different time points after
addition of 10 ng/ml LPS to culture medium. The first
significant increase in TNF-a levels appears at the 6 h
time point, followed by a decrease and then by a
marked rise at the 96 h time point. We also found
significant elevation in IL10 levels at the 12 h time
point with maximum concentration at 24 h, followed by
a continuous decline. As shown in Fig. 4CI, the in¬
crease in the IL-10 levels is associated with a decrease in
TNF-a levels and vice versa. In addition, we measured
concentrations of TNF-a and IL-10 following 96 h
treatment with increasing concentradons of LPS. As
indicated in Fig. 4C2 the increase in TNF-a concentra¬
tion is correlated with the concentration of LPS and is
associated with low levels of IL-10. In the latter experi¬
ment the MDMip efferocytosis following LPS treatment
(1-100 ng/ml) was significantly inhibited in compari¬
son to control (data not shown).

Presence of exogenous IL-10 blocks TNF-a
production and inhibition of MDM<p efferocytosis
induced by LPS

As lower levels of TNF-a in culture supernatants were
associated with elevated concentrations of IL-10 (Fig.
4CI), we sought to investigate if, in our system, IL-10 is
a negative regulator of TNF-a production by MDMips
exposed to LPS. For this purpose increasing concentra-
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Figure 4. Effect of LPS on MDMip efferocytosis depends on concentration
of TNF-u in the culture medium. A) Human MDMips were cultured for 6
days in culture medium (control) or treated on average for the duration
of 96-144 h with 10 ng/ml LPS. On day 6, MDMip efferocytosis was
assessed by flow cytometry. Scatter diagram demonstrates paired data
(control efferocytosis vs. efferocytosis on LPS treatment) from 40 exper¬
iments. Note variation in LPS inhibitory effect on the efferocytosis
process. B) Monocytes isolated from blood of 6 donors were cultured for
6 days and treated with 10 ng/ml LPS for 120 h. On day 6, culture
supernatants were collected, and TNF-a levels were measured by CBA,

, while efferocytosis was assessed by flow cytometry. Negative correlation
1000 (ff=0.84) was identified between efferocylosis levels and TNF-a concen¬

trations. For comparisons, efferocylosis levels were normalized (medium
control levels represented by 100%). CI, C2) Human MDMips were

cultured for 6 days and treated for increasing durations of time with 10 ng/ml l.PS (CI) or treated for 96 h with increasing
concentrations of LPS (C2). On day 6, culture supernatants were collected, and TNF-a and IL10 concentrations were
measured by ELISA. Concentrations of TNF-a and IL-10 are expressed as means ± se for n = 7 (CI) or ra = 4 (C2)
experiments, *P < 0.05, **P < 0.01 vs. respective concentrations at 1 h time point (CI) or samples not treated with
LPS (C2).
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tions of IL-10 (0.1-100 ng/ml) were added to mono¬
cytes treated without (control) and with LPS or TNF-a.
Treatment was performed for the duration of 120 h,
and phagocytosis was assessed by flow cytometry. As
shown in Fig. 5A, IL-10 significandy increased MDMcp
uptake of apoptotic cells. Furthermore, IL-10 reversed
the inhibition of phagocytosis induced by LPS- but not
by TNF-a-treated MDMcps in a concentration-depen¬
dent manner. On LPS treatment, efferocytosis was
decreased, but addition of IL-10 at concentrations 10
ng/ml and 100 ng/ml increased phagocytosis. It is
noteworthy that these levels of efferocytosis are similar
to those represented by MDMcps treated with 10 and
100 ng/ml IL-10 alone. To prove that IL-10 inhibited
production of TNF-a in LPS-treated (120 h) MDMcps,
we measured TNF-a concentrations in MDMip culture
supernatants. As demonstrated in Fig. 5B, IL-10 re¬
duced production ofTNF-a in LPS-treated MDMcps in a
concentration-dependent manner. IL-10 (0.1 and 1
ng/ml) significantly decreased TNF-a production by
MDMcps, although the remaining levels of TNF-a (—11
and —4 ng/ml) were still capable of inhibiting phago¬
cytosis (Fig. 2Al). Higher concentrations of IL-10 (10
and 100 ng/ml) further decreased TNF-a concentra¬
tions (— 1 ng/ml) and effectively reversed LPS-medi-
ated inhibition of efferocytosis. Since the concentra¬
tion-response curve for TNF-a (Fig. 2A 7) indicates that
TNF-a at 1 ng/ml significantly inhibits efferocytosis, we
examined if the presence of high concentrations of
IL-10 may mask the inhibitory action of lower concen¬
tration of TNF-a. For this purpose human monocytes

were cultured for 6 days and treated for 72 h with
increasing concentrations of TNF-a alone or with addi¬
tion of IL-10 (100 ng/ml). In Fig. 5C we show clearly
that phagocytosis levels on combined treatment with
TNF-a (1 or 10 ng/ml) and 100 ng/ml IL-10 are
undistinguishable from medium control levels, whereas
treatment with TNF-a alone causes significant inhibi¬
tion of efferocytosis.

IL-10 produced by LPS stimulated MDMcps delays the
LPS inhibitory effect on efferocytosis

Having found that LPS-induced inhibition of phagocy¬
tosis is blocked by the presence of exogenous IL-10, we
next examined whether endogenous production of
IL-10 delays the LPS inhibitory effect. We differentiated
human monocytes for 6 days and cultured them with 10
ng/ml LPS either alone or in the presence of 10 pg/ml
anti-human IL-10 Ra antibody for different durations
of time: 24, 48, 72, and 96 h prior to phagocytosis
assessed by flow cytometry. Samples treated with LPS
alone showed significant decrease in efferocytosis only
after 96 h of treatment, concurring with our earlier
observation (Fig. 1 B1 and Fig. 6). Interestingly, in the
presence of anti-human IL-10 Ra antibody, LPS treat¬
ment caused significant inhibition at 24 h, and this
effect was maintained at 48, 72, and 96 h after treat¬
ment. Moreover, at 96 h, LPS induced much stronger
inhibition in the presence of anti-human IL-10 Ra
antibody than when used alone (Fig. 6).
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0 0.1 1 10 100 0 0.1 1 10 100

IL-10 [ng/ml]
0 0.1 1 10 100

^ LPS 10 ng/ml
Control

0.1 1 10
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[!□ IL-10 100 ng/ml

0.1 1 10
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Figure 5. Presence of exogenous IL-10 reverses the inhibition of
efferocytosis and production ofTNF-a induced by LPS. Human MDMcps
were cultured for 6 days in culture medium alone or treated for 120 h
with either 10 ng/ml LPS or 10 ng/ml TNF-a alone ± increasing
concentrations of IL-10. A) Efferocytosis was assessed on day 6 by flow
cytometry. Data are means ± se; n = 5 separate experiments. *P< 0.05
vs. medium control; ***!' < 0.001 vs. LPS alone. B) Culture superna¬
tants were collected on day 6 just before phagocytosis assay, and TNF-a
concentration was measured by ELISA. Data are means ± se; n = 4
separate experiments. *P< 0.05, ***P< 0.001 vs. LPS alone. C) Human
MDMcps were cultured for 6 days and treated for 72 h with increasing
concentrations of TNF-« alone or with addition of 100 ng/ml IL-10.
Efferocytosis was assessed on day 6 by flow cytomeUy. Data are means ±
se; n = 5 separate experiments. *P < 0.05, **P < 0.01 vs. medium
control.
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Figure 6. IUO produced by LPS-stimulated MDMips delays
LPS-induced inhibition of efferocytosis. Human MDMips were
cultured for 6 days and treated for 24, 48, 72, and 96 h with
10 ng/ml LPS alone or with addition of 10 pg/ml anti-human
IL-10 Rre antibody. Efferocytosis was assessed on day 6 by flow
cytometry. Data are means ± se; n = 8 separate experiments.
*P < 0.05, **P < 0.01, ***P < 0.001 vs. medium control.

to exert similar effects to IL-10 and rescue LPS-inhib-
ited efferocytosis through inhibition of TNF-a produc¬
tion or reversal of TNF-a action. As shown in Fig. 7A,
dexamethasone augmented phagocytosis in a concen¬
tration-dependent manner with the most prominent
effect at 0.1 p,M concentration or higher. Pretreatment
of MDMcps with dexamethasone markedly reversed the
inhibitory effects of LPS on efferocytosis. Therefore we
next sought to investigate whether dexamethasone
blocks TNF-a or enhances IL-10 production on LPS
treatment. MDMips were cultured in medium (control)
or treated with either 1 p,M dexamethasone alone
(dexamethasone control) or 10 ng/ml LPS alone or
with both LPS and dexamethasone and supernatants
were collected at the 120 h time point, prior to the
phagocytosis assay. We found that dexamethasone par¬
tially decreased production of TNF-a but did not
significantly change production of IL-10 in LPS-stimu¬
lated MDMips (Fig. 7B), and this effect was accompa¬
nied by increases in phagocytosis. TNF-a and IL-10
levels in both controls were barely detectable (data not

To further investigate the role of endogenous IL-10
in maintaining high levels of efferocytosis under proin¬
flammatory conditions we compared efferocytosis of
neutrophils by IL-10~/_ and wt BMDMips. As presented
in Table 1 BMDMips from IL-10-deficient mice have a
much lower ability for phagocytosis in comparison to wt
BMDMips in control conditions and when treated with
LPS or TNF-a.

Dexamethasone rescues the ability of LPS-treated
MDMips to phagocytose apoptotic neutrophils

Glucocorticoids, including the synthetic glucocorticoid
dexamethasone, are recognized for their anti-inflam¬
matory properties and ability to inhibit production of
proinflammatory cytokines such as TNF-a (28). Fur¬
thermore, they are reported to increase nonphlogistic
phagocytosis of apoptotic cells (23, 24). We therefore
aimed to determine whether dexamethasone was able

TABLE 1. Comparison of efferocytosis by wt and
IL-10~/~ BMDMtps

Treatment and genotype Phagocytosis (%) Inhibition (%)

Control wt 36.3 + 1.4
Control IL10-/_ 17.3 + 3.3 52.6 ± 8.4
LPS 24 wt 24.4 + 4.3
LPS24 IL10-/_ 15.0 ± 2.2 37.3 ± 5.9
LPS 48 wt 4.5 + 2.1
LPS 48 IL10-/_ 2.1 0.9 50.2 ± 3.0
TNF-a 24 wt 23.3 + 2.4
TNF-a 24 IL10~/_ 12.0 0.7 47.4 ± 5.5
TNF-a 48 wt 7.5 3.0
TNF-a 48 IL10-/~ 1.9 0.5 75.7 ± 9.4

Phagocytosis by BMDMips was assessed by flow cytometry. Data
are expressed as mean ± se percentage of efferocytosis and percent¬
age inhibition of efferocytosis, where correspondingwt and IL10~/_
treatments were compared. Three animals/group were used.
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Figure 7. Dexamethasone reverses the inhibitory effects of
TNF-a and LPS on efferocytosis. A) Human MDMips were
cultured for 6 days and treated for 120 h with increasing
concentrations of dexamethasone alone or with addition of
either 10 ng/ml LPS or 10 ng/ml TNF-a. Efferocytosis was
assessed on day 6 by flow cytometry. Data are means ± se; n =
4-8 separate experiments. *P < 0.05, **P < 0.01, ***P <
0.001 vs. medium, TNF-a, or LPS control, respectively. B)
Human MDMips were cultured for 120 h in the presence oflO
ng/ml LPS alone or with addition of 1 p,M dexamethasone.
After 120 h, supernatants were collected, and TNF-a and
IL10 concentrations were measured by CBA. Data are
means ± se; n = 5 separate experiments. Combined LPS and
dexamethasone treatment at 120 h significantly changed
TNF-a (*P<0.05) but not IL10 levels as compared to treat¬
ment with LPS alone. DX, dexamethasone.
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shown). As indicated in Fig. 7A, dexamethasone also
markedly reversed the inhibitory effect of TNF-a on
phagocytosis in a concentration-dependent fashion.

DISCUSSION

The precise role of individual proinflammatory cyto¬
kines such as TNF-a at inflamed tissues and their
involvement in the development of chronic inflamma¬
tion is not fully understood. Because chronic inflam¬
mation has been shown to be related to defects in
resolution of inflammation (2, 3), we hypothesized that
an excess of proinflammatory mediators may affect this
process. There are at least 2 main mechanisms involved
in resolution of inflammation: inflammatory cell apo-
ptosis and their subsequent clearance by Mcps (2, 6). It
has been shown that key proinflammatory mediators
such as LPS and TNF-a can influence the rate of

inflammatory cell apoptosis (13, 16). In this study we
focus on effects of proinflammatory mediators such as
LPS and TNF-a on Mtp efferocytosis.
We show for the first time that LPS during MDMip

differentiation decreased their ability to ingest apopto-
tic neutrophils that had undergone either constitutive
apoptosis or R-roscovitine-induced apoptosis. We also
provided convincing evidence that TNF-a is necessary
and sufficient for LPS-mediated inhibition of efferocy¬
tosis because TNF-a depletion by sTNF-RI completely
reverses the effect of LPS. Interestingly, phagocytosis of
human IgG-opsonized erythrocytes was not attenuated
by LPS or TNF-a, indicating that proinflammatory
stimuli do not block all phagocytic pathways in MDMips
and that there are likely to be differential mechanisms
governing phagocytosis of apoptotic cells and IgG-
opsonized cells. These findings agree with other studies
(21) indicating that Mip efferocytosis is likely regulated
by mechanisms distinct from those modulating phago¬
cytosis of cells coated with IgG and complement (29).
TNF-a is a rapidly released cytokine after trauma or

infection (e.g., exposure to bacterial-derived LPS) and
is one of the most abundant mediators in inflamed
tissues (30). TNF-a is not only a "master regulator" of
proinflammatory cytokine production (31) but also
regulates many inflammatory processes such as inflam¬
matory cell activation and recruitment and therefore is
a key molecule involved in development of chronic
inflammation (32). Consequently, TNF-a inhibitors
such as infliximab (mouse-human chimeric antibody),
adalimumab (human monoclonal antibody), or etaner-
cept (TNF receptor II-IgG fusion protein) have been
shown to have therapeutic benefit in the treatment of
chronic inflammatory conditions (33). Etanercept is a
bivalent receptor that binds TNF-a with 50-1000 times
higher affinity to TNF-a than monomelic soluble TNF
receptors and linkage of Fc portion of IgG significantly
prolongs its half-life (34). Therefore in our study we
used chimeric sTNF-RI fused to the portion of human
IgG,, which we found to be much more efficient in
decreasing TNF-a activity than monomelic receptor
(our unpublished observation). Lack of binding of

chimeric sTNF-RI to the surface of neutrophils clearly
indicates that observed increase in efferocytosis does
not involve Fc-mediated phagocytosis and that binding
of TNF-a in the culture supernatants is primarily re¬
sponsible for reversal of inhibitory effects of LPS and
TNF-a. Our data show that a TNF-a concentration as

low as 1 ng/ml can have a significant effect on effero¬
cytosis (Fig. 2Al). Therefore, to achieve significant
reversal of the LPS and TNF-a effects, TNF-a concen¬

trations must be reduced below this threshold level, for
example, by excess sTNF-RI (i.e., 500 ng/ml). So far, it
has not been shown why binding of TNF-a at inflamed
tissues leads to resolution of inflammation. Here we

give evidence that excess TNF-a in inflamed tissue may
result in insufficient efferocytosis of neutrophils and
potentially other apoptotic cells. Consequently, higher
rates of secondary necrosis and damage of the sur¬
rounding tissue will delay the resolution phase of
inflammation and exacerbate chronic inflammatory
conditions such as rheumatoid arthritis. As shown in

Fig. 8, sTNF-RI reduces the biological activity of TNF-a
and, therefore, reverses the influence of proinflamma¬
tory stimuli such as LPS on efferocytosis. Our data
complement a recent study by McPhillips and col¬
leagues indicating that production of oxidants through
cPLA,, mediated arachidonic acid release, and Rho
activation is involved in the inhibition of phagocytosis
of apoptotic Jurkat cells by short-term incubation (20
min) of mature Mips with TNF-a (18). However, work
by Ren and Savill suggests that not fully differentiated
MDMips have increased ability to phagocytose apoptotic
neutrophils when treated for 6 h with TNF-a (17). This
may result from the fact that we used more mature
macrophages (6 days culture) and assessed efferocytosis
using a flow cytometric-based assay. We also focused on
a more prolonged treatment with TNF-a.
Interestingly, we were able to identify significant latency

of the LPS inhibitory effect on phagocytosis in compari¬
son to TNF-a. Previously published data demonstrated
that in monocytes maximal production of proinflamma¬
tory TNF-a, If-la, IL-1 (3, IL-6, or IL-8 appears 4—8 h after
proinflammatory challenge (i.e., LPS or interferon-")/) and
is followed by maximal IL-10 production 24-48 h after
activation (35). Since convincing evidence indicates that
IU10 can up-regulate efferocytosis (36), we sought to
investigate if IL-10 was produced by LPS-activated mono¬
cytes and if its presence contributed to the observed latency.
Following treatment with LPS we identified an increase in
TNF-a concentration at the 6 h time point, followed by an
increase in IL-10 concentrations at 12-24 h time points (the
latter effect is associated with a decrease in TNF-a levels). We
also demonstrated that although the IL-10 concentration
continuously declines, TNF-a levels rise again during the
72-96 h time points, consistent with the time when LPS
treatment markedly inhibits efferocytosis. It is possible that
LPS at later time points may still be present and active in
culture media and/or LPS could be stimulating the produc¬
tion of secondary mediators that trigger production of
TNF-a once IL-10 levels subside. Importandy, we demon¬
strated that endogenous IL-10 plays a protective role on
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Figure 8. Glucocorticoid steroids, Il.-iO, and TNF-a
inhibitors exert their powerful anti-inflammatory
properties in part by influencing the TNF-a pathway.
Overproduction of TNF-a at inflamed sites and
subsequent inltibilion ofefierocytosis of neutrophils
may have harmful consequences such as a higher
rate of secondary necrosis, damage of surrounding
tissues, and development of chronic inflammation.
A decrease in local TNF-a concentrations or inhibi¬
tion of its activity may prevent development of
chronic inflammatory conditions such as rheuma¬
toid arthritis. In our study, dexamelhasone mimics
the action of the anti-inflammatory cytokine IL-10 by
inhibiting the production ofTNF-a in MDMips chal¬
lenged with proinflammatory stimuli. In addition,
dexamethasone augments phagocytosis in MDMips
exposed to TNF-a. sTNF-Rl and possibly other
TNF-u inhibitors rescue efferocytosis by binding ex¬
tracellular TNF-a and thus decreasing its biological
activity.

phagocytosis by blocking the biological action of IL-10 using
the anti-human IL-10 Ra antibody and achieving the LPS
inhibitory effect much earlier. Experiments with IL10_/~
animals further support the importance of endogenous
IL10 in maintaining high levels ofphagocytosis in control
and proinflammatory conditions. There are a number of
other reports showing that IL10 can exert opposite
effects to LPS. For example, LPS-induced survival of
neutrophils is reversed by IL10 through a mechanism
that involves inhibition of extracellular regulated kinase
activation (37). We also report that IL10 enhances
MDMtp efferocytosis and, to a smaller extent, reverses
inhibitory effects ofTNF-a on phagocytosis. Therefore, we
conclude that the presence of IL10 in culture medium
(especially in view of its inhibitory effects on TNF-a
production) may at least in part explain the significant
delay of LPS-induced inhibition.
We therefore conclude that the MDMcp efferocytosis is

dramatically regulated by their environment. After expo¬
sure to proinflammatory stimuli, at the onset of inflam¬
mation, the balance between cytokines shifts toward
proinflammatory mediators (e.g., TNF-a). However, dur¬
ing the resolution phase the balance of cytokines shifts
toward anti-inflammatory mediators (e.g., IL10), thereby
augmenting efferocytosis and facilitating resolution of
inflammation. Because EL10 is a very powerful inhibitor of
proinflammatory cytokine production (38, 39), defects in
either IL10 secretion or function may represent a critical
factor in development of inflammatory diseases. It is also
noteworthy that uptake of various phagocytic targets may
alter cytokine production in Mips and consequently influ¬
ence their environment in an autocrine fashion. Phagocy to¬
sis ofapoptotic cells actively inhibits, whereas phagocytosis of
IgG-opsonized cells induces production of proinflammatory
cytokines such as TNF-a, IL1(3, or IL-8 in both control or
LPS-treated Mips (40). It has been also reported that apopto¬
tic cells may have therapeutic potential in LPS-induced septic
shock by reducing release of proinflammatory cytokines and
enhancing EL10 production (41).
The other successful approach that we used to rescue

efferocytosis of neutrophils by MDMips exposed to proin¬

flammatory stimuli was treatment with the synthetic glu-
cocorticosteroid dexamethasone. This anti-inflammatory
agent was reported to augment, in a concentration- and
time-dependent manner, Mip efferocytosis (23) as well as
inhibit production of proinflammatory cytokines in Mips
(28). Dexamethasone, like IL10, may regulate the pro¬
duction of TNF-a by influencing key signaling pathways
such as NF-kB and MAPK kinase activation. However, in
comparison to IL10, dexamethasone is a much more
powerful suppressor of TNF-a-induced inhibition of
phagocytosis. Because glucocorticoid treatment neither
completely inhibits TNF-a production nor elevates IL10
release in LPS-treated MDMips (see Fig. 7B), its effect
seems to be more complex and likely involves modulation
of other pathways. Our findings provide further insight
into anti-inflammatory properties of glucocorticoids and
may explain, in part, their efficacy in treatment of chronic
inflammatory diseases.
In summary, we have determined that prolonged

proinflammatory challenge may affect resolution of
inflammatory responses via inhibition of Mip efferocy¬
tosis. We have shown that TNF-a is a key mediator in
this process and that IL-10 exerts an important regula¬
tory effect on TNF-a production and consequently on
efferocytosis. As summarized in Fig. 8, data presented
here indicate the significance of cytokine regulation in
the resolution of inflammation as well as TNF-a in the

development of chronic inflammation. Furthermore,
we found several approaches to successfully decrease
TNF-a production and activity, and consequently re¬
verse LPS-mediated inhibition of efferocytosis. These
findings provide important mechanistic information
into the mode of action of steroids and anti-TNF-a

agents and may help to explain their clinical success in
treatment of chronic inflammatory diseases. [tj]
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Abstract

Background: Nitric oxide (NO) can be both pro- and anti-apoptotic in various cell types,
including macrophages. This apparent paradox may result from the actions of NO-related species
generated in the microenvironment of the cell, for example the formation of peroxynitrite
(ONOO-). In this study we have examined the ability of NO and ONOO- to evoke apoptosis in
human monocyte-derived macrophages (MDMcp), and investigated whether preconditioning by
cyclic guanosine monophosphate (cGMP) is able to limit apoptosis in this cell type.
Methods: Characterisation of the NO-related species generated by (Z)-1 - [2-(2-aminoethyl)-N-
(2-ammonioethyl)amino]diazen-l-ium-l,2-diolate (DETA/NO) and 1,2,3,4-oxatriazolium, 5-amino-
3-(3,4-dichlorophenyl)-, chloride (GEA-3162) was performed by electrochemistry using an isolated
NO electrode and electron paramagnetic resonance (EPR) spectrometry. Mononuclear cells were
isolated from peripheral blood of healthy volunteers and cultured to allow differentiation into
MDMcp. Resultant MDMcp were treated for 24 h with DETA/NO (100 - 1000 pM) or GEA-3162
(10 - 300 pM) in the presence or absence of BAY 41-2272 (I pM), isobutylmethylxanthine (IBMX;
I pM), IH- [1,2,4]oxadiazolo [4,3-a]quinoxalin-l-one (ODQ; 20 pM) or 8-bromo-cGMP (I mM).
Apoptosis in MDMcp was assessed by flow cytometric analysis of annexin V binding in combination
with propidium iodide staining.
Results: Electrochemistry and EPR revealed that DETA/NO liberated free NO radical, whilst
GEA-3162 concomitantly released NO and 02", and is therefore a ONOO-generator. NO (DETA/
NO) had no effect on cell viability, but ONOO- (GEA-3162) caused a concentration-dependent
induction of apoptosis in MDMcp. Preconditioning of MDMcp with NO in combination with the
phosphodiesterase inhibitor, 3-lsobutyl-l-methylxanthine (IBMX), or the NO-independent
stimulator of soluble guanylate cyclase, BAY 41-2272, significantly attenuated ONOO'-induced
apoptosis in a cGMP-dependent manner.
Conclusion: These results demonstrate disparities between the ability of NO and ONOO- to
induce apoptosis in human MDMcp. Furthermore, this study provides evidence for a novel cGMP-
dependent pre-conditioning mechanism to limit ONOO -induced apoptosis in human MDMcp.
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Background
Apoptosis is a highly regulated and fundamental biologi¬
cal process governing cell survival. During apoptosis, the
integrity of the cell membrane is maintained, therefore
preventing release of the histotoxic cell contents. Because
apoptotic cells are instantly recognised by phagocytes and
removed from the inflammatory site, successful apoptosis
is now recognised to be crucial to the resolution of inflam¬
mation. Failure of inflammatory cells to undergo apopto¬
sis, or failure of subsequent phagocytic removal of
apoptotic cells is believed to result in incomplete resolu¬
tion and an exacerbation of the inflammatory response
[1-4], Thus, apoptosis is a non-inflammatory mechanism
for the removal of inflammatory cells from a site of tissue
damage.

The propensity of a cell to undergo apoptosis is deter¬
mined by the net balance ofmany pro- and anti-apoptotic
exogenous and endogenous factors [5-7]. The signalling
molecule, nitric oxide (NO), has previously been reported
to induce apoptosis in various cell types, including mac¬
rophages [8-12]. However, the role ofNO in apoptosis is
complicated by a number of reports indicating that it can
be both pro- and anti-apoptotic [13-15]. The generally
accepted paradigm is that lower NO concentrations pro¬
duced constitutively by endothelial NO synthase (eNOS)
and neuronal NO synthase (nNOS) are cytoprotective via
primarily cGMP-dependent mechanisms, whilst higher,
supraphysiological concentrations generated in some
pathologies by the inducible form of NOS (iNOS) medi¬
ate apoptosis via mechanisms independent of cGMP sig¬
nalling [16].

This apparent paradox may be explained, at least in part,
by the production of intermediary NO-related species,
with the ultimate outcome of any NO-mediated response
being dependent on the precise NO-related species
formed in the microenvironment, as well as the cell type
in question. In biological systems NO often reacts with
superoxide anions (02*), resulting in the formation of the
powerful oxidising agent, peroxynitrite (ONOO) [17-20],
ONOO has been shown to induce apoptosis in human
inflammatory cells, such as neutrophils [21,22].

Disparities between the sensitivity ofdifferent cell types to
apoptosis induced by NO (or NO-related species), sug¬
gests the presence of protective mechanisms in those cell
types resistant to NO-evoked apoptosis. Such protective
mechanisms may depend on the anti-apoptotic qualities
ofNO itself. Indeed, non-toxic concentrations ofNO, and
agents that act to elevate cGMP independently of NO,
have been demonstrated to protect rodent macrophages
and vascular smooth muscle cells (VSMC) against subse¬
quent NO-induced cell death [23-26],

Here, we test the hypothesis that the NO-related species,
ONOO-, but not NO, induces apoptosis in human macro¬
phages derived from the monocyte population of periph¬
eral blood. Furthermore, we investigate whether low
concentrations of NO, and the novel NO-independent
stimulator of soluble guanylate cyclase, BAY 41-2272, are
able to precondition human macrophages against subse¬
quent ONOO-induced apoptosis.

Methods
Electrochemical Detection ofNO
NO radical released in Iscove's modified Dulbecco's tissue
culture medium (IMDM; Gibco Life Technologies, UK)
from (Z)-l- [2-(2-aminoethyl)-N-(2-ammonioe-
thyl)amino]diazen-l-ium-l,2-diolate (DETA/NO; Axxora
Ltd, UK) and 1,2,3,4-oxatriazolium, 5-amino-3-(3,4-
dichlorophenyl)-, chloride (GEA-3162; Axxora Ltd, UK)
was measured by an isolated NO electrode (Iso-NO II,
World Precision Instruments, UK). NO production by
DETA/NO (300 pM) was recorded for 30 min.

Superoxide dismutase (SOD; 50-500 U.ml"1; Sigma-
Aldrich, UK) was added cumulatively in stepwise incre¬
ments to unmask NO produced by GEA-3162 (300 pM)
[21]. Each bolus addition of SOD was added to the elec¬
trode chamber once the signal from the previous addition
ofSOD had reached a plateau, usually after approximately
3-5 min. Alternatively, GEA-3162 and 500 U.ml-1 SOD
were introduced simultaneously to the electrode chamber
and the signal recorded until it decayed to baseline.
Finally, because the structurally similar compound, SIN-1,
can generate ONOO- in vitro, but NO in the presence of
biological tissues (27], we investigated whether GEA-3162
could generate NO in the presence of a suspension of
monocyte-derived macrophages (1 * 106 cells/ml).

The NO scavenger, haemoglobin (Hb; 5 pM) [28], was
introduced to the electrode chamber to confirm NO gen¬
eration in experiments where the signal had not decayed
to baseline at the end of the incubation period.

Electron Paramagnetic Resonance Studies
The concentration of oxidising free radical species gener¬
ated by GEA-3162 in the presence or absence ofSOD was
assessed in IMDM tissue culture medium by electron par¬
amagnetic resonance (EPR) spectrometry (electron spin
resonance). GEA-3162 (10-300 pM) was incubated for 30
min at 37°C in the presence or absence of SOD (500
U.ml]) plus the chemical spin trap Tempone-H hydro¬
chloride (1 mM; Axxora, UK; prepared in water containing
EDTA (10 mM) [29,30], The intensity of the EPR signals
corresponding to the formation of the radical adduct, 4-
oxo-tempo (triplet centred around 3360 G), were
recorded using a Miniscope MS100 X-band spectrometer
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(Magnettech, Germany) with the following parameter set¬
tings: field sweep 51.2 G, microwave frequency 9.5 GHz,
microwave power 20 mW, modulation amplitude 1500
mG. Control experiments, consisting of tempone-H in
IMDM in the absence of radical-generating compounds,
were found to generate small signals due to the auto-oxi-
dation of tempone-H to 4-oxo-tempo; these control sig¬
nals were subtracted from the corresponding
experimental signals. There experiments were repeated
with GEA-3162 which had undergone spontaneous
decomposition at 37°C for 7 days.

Cell Isolation and Culture

Mononuclear cells (MNC) and polymorphonuclear cells
were isolated from human blood as previously described
[31,32], Briefly, whole, citrated blood was centrifuged
(200 x g; 20 min) and platelet-rich plasma (PRP) aspi¬
rated. Leukocytes were separated from erythrocytes by
dextran sedimentation, then further divided into MNC
and granulocyte populations by centrifugation through a
discontinuous Percoll® (Pharamcia, UK) gradient (720 x g;
20 min). MNC were harvested at the 55:68% interface and
re-suspended at a density of 4 x 106 cells/ml in IMDM sup¬
plemented with penicillin and streptomycin (both 100
U.ml1), prior to enrichment for monocytes by selective
adherence to 48-well (2 x 106 cells/well) tissue culture
plates for 1 h at 37°C in 5% C02. Adherent monocytes
were washed three times in phosphate buffered saline
(PBS) and then allowed to differentiate into MDMip for 5
days (37 °C; 5% C02) in IMDM containing penicillin/
streptomycin and 10% autologous serum prepared by
recalcification of PRP. Medium was replaced every 2-3
days throughout the differentiation period.

Experimental Protocols
In order to investigate the effect of NO radical and
ONOO' on cell viability, MDMip were treated for 24 h
with the NO donor, DETA/NO (100-300 pM), the
ONOO- generator, GEA-3162 (10-300 pM), or vehicle
control (DMSO; 1%) prior to assessment ofapoptosis and
necrosis by flow cytometry as described below. The exper¬
iments were repeated for GEA-3162 in the presence of the
anti-oxidant enzymes SOD, or a combination of SOD
plus catalase (both 500 U.ml-1). In order to investigate the
actions of the breakdown products of the compound,
additional experiments were conducted with GEA-3162
which had been allowed to decompose at 37°C for 7 days.
The known pro-apoptotic agent, gliotoxin (1 pg.ml1;
Sigma Aldrich, UK) was used as a positive control for the
assay [33-35],

To investigate the role ofNO:cGMP signalling in ONOO
-induced apoptosis, MDMip were pre-treated for 24 h with
DETA/NO (10 pM) plus either the NO-independent sGC
stimulator, BAY 41-2272 (1 pM; Bayer, Germany; [36], or
the non-specific phosphodiesterase (PDE) inhibitor, 3-

isobutyl-l-methylxanthine (IBMX; 1 pM; Axxora, UK).
BAY 41-2272 was used in combination with DETA/NO
(10 pM) because recent evidence has suggested that,
rather than acting via direct stimulation of sGC, the
actions of this compound are a result of the synergistic
effects of inhibition of PDE V coupled with sensitisation
of sGC toward endogenous NO [37,38]. As IBMX also
raises intracellular cGMP by inhibiting its breakdown,
DETA/NO is used to provide the initial stimulus for cGMP
production because human macrophages are unlikely to
generate enough endogenous NO to result in cellular
cGMP production. The ability of the NO:cGMP pathway
to inhibit ONOO" dependent apoptosis was further inves¬
tigated by pre-treating MDMip for 24 h with the cell per¬
meable cGMP analogue, 8-bromo-cGMP (1 mM), or a
higher concentration of DETA/NO (300 pM) in the pres¬
ence or absence of the sGC inhibitor, 1-H- [l,2,4]oxadia-
zolo [4,3-a]quinoxalin-l-one (ODQ; 20 pM).

Following this pre-treatment period, cells were washed
twice in PBS to remove pre-treatment compounds prior to
incubation for a further 24 h in the presence of the
ONOO" generator, GEA-3162 (100 pM). At this concen¬
tration, GEA-3162 induces significant apoptosis in
MDMip without causing necrosis. Finally, a set of cells
were treated for the final 24 h period only with the apop-
totic agent, gliotoxin (1 pg.ml1), which serves as a posi¬
tive control for the assay.

Flow Cytometric Analysis ofAnnexin V Binding and
Propidium Iodide Staining
Cell death was assessed by flow cytometric detection of
fluorescein isothiocyanate (FITC)-conjugated annexin V
binding to phosphatiylserine (PS) exposed on the surface
of apoptotic cells, or propidium iodide (PI) staining of
late apoptotic/necrotic cells. Following the experimental
protocol detailed above, cells were removed from tissue
culture plates (0.25% trypsin with EDTA) and recovered
cell suspensions incubated for 10 min on ice in the pres¬
ence of FITC-annexin V in annexin V-binding buffer (pre¬
pared as a 1:500 dilution of annexin V in Hank's balanced
salt solution (HBSS) containing 5 mM CaCl2). Following
this incubation period, PI (final concentration 2 pg.ml1)
was added to the cell suspension/annexin V binding
buffer mix for 1 min prior to analysis by Coulter EPICS XL
flow cytometer (Beckman Coulter, USA) equipped with
EXPO™ 32 data analysis software.

Quantification of cGMP
Levels of cGMP produced byMDMip following incubation
with DETA/NO in the absence and presence of BAY 41-
2272 or IBMX were measured by enzyme-linked immuno-
sorbant assay (ELISA; R&D Systems, UK) according to the
manufacturer's instructions. Briefly, cell culture superna-
tants were aspirated and adherent cells lysed (2% Triton X
100). Recovered solutions were acidified (0.1 M HC1) and
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acetylated prior to performing the assay. Optical density
(405 nm) was measured by a Multiskan Ascent plate
reader and the concentration of cGMP was calculated
from a standard curved produced from serial dilutions of
acetylated cGMP solutions (0.08 - 50 pmol.ml1). All
standards and samples were assayed in duplicate.

Statistics
Data are expressed throughout as mean + SEM, with n val¬
ues as indicated. Statistical tests are described in figure leg¬
ends and were performed using GraphPad Prism software
version 3.03 (GraphPad Software Inc., San Diego, USA).
Results were considered to be statistically significant when
P< 0.05.

10 20

Time/min

Results
NO Re/ease from DETAINO and GEA-3162
DETA/NO (300 pM) generated a slow and prolonged NO
release in IMDM that remained steady throughout a 30
min recording period. Introduction of the NO scavenger,
haemoglobin (Hb; 5 pM), to the electrode chamber suc¬
cessfully quenched the signal from the electrode, confirm¬
ing NO release from DETA/NO (figure 1A).

In common with previous findings [21], GEA-3162 (300
pM) failed to generate a detectable NO signal except in the
presence of the superoxide scavenger, SOD (50 - 500
U.mH), when stepwise, incremental concentrations of
NO were detectable. MDMip did not alter the inability of
GEA-3162 to liberate NO in the absence of SOD, and did
not alter concentration ofNO released from GEA-3162 in
the presence of SOD. Hb quenched the signal from GEA-
3162 (figure IB). In the presence of SOD to unmask the
NO released by GEA-3162, NO decayed from a max value
of 2.2 pM over a period of ~4 h (figure 1C).

ONOO- Generation by GEA-3162
GEA-3162 generated an EPR signal consistent with the
production of the radical adduct, 4-oxo-tempo. SOD sig¬
nificantly attenuated the intensity of this signal by a max¬
imum of61% (figure 2). Incubation ofGEA-3162 at 37 °C
for 7 days resulted in partial decomposition of the com¬
pound. The EPR signal from GEA-3162 treated in this way
was diminished, but not completely abolished; the signal
was reduced from an intensity of 6894 + 810 (n = 6) to
2939 ± 650 (n = 3). This remaining signal was also
quenched by SOD to 1443 ± 290.

Quantification of cGMP
Levels of cGMP were undetectable (< 0.08 pmol.ml"1) in
vehicle treated control MDMip. Those cells that had been
treated with DETA/NO plus BAY 41-2272 or IBMX gener¬
ated 0.325 and 0.40 pmol.ml"1 cGMP per 1 x 106 cells
respectively. Levels of cGMP generated by DETA/NO
alone were below the limit of detection of the assay.

|
o

o

-IMDM

-IMDM + MDMtj,

100 200 300 400 500 600

SOD [U.ml"1]

Figure I
NO generation by DETA/NO and GEA-3162 meas¬
ured by isolated NO electrode A - NO liberated by
DETA/NO (300 pM) recorded for 30 min (n = 6). B - GEA-
3162 (300 pM) failed to liberate free NO in solution except
in the presence of SOD. Each addition of SOD is added
approximately 3-5 min following the previous addition. The
concentration of NO liberated in the presence of SOD was
unchanged by MDMip (n = 3). Arrows indicate addition of
Hb. C - In the presence of 500 U.ml"1 SOD, GEA-3162 (300
pM) liberated NO over a period of approximately 4 h (n =
6).

Peroxynitrite, But Not NO, Induces Apoptosis in Human
MDMip
The NO donor, DETA/NO, at concentrations of up to 1
mM, had no affect on the levels of annexin V binding or
PI staining in human MDMip. In contrast, the ONOO"
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Figure 2
Oxidising radical generation by GEA-3 162. A - repre¬
sentative EPR spectra generated by GEA-3 162 (300 pM) in
the presence and absence of SOD (500 U.mH). B - SOD
reduced the intensity of the GEA-3162 EPR signal by a maxi¬
mum of 61 %. *P < 0.05, ***P < 0.001 (Two-way ANOVA fol¬
lowed by post hoc Bonferroni's test; n = 6).

generator, GEA-3162 (10-300 pM) |21], caused a concen¬
tration-dependent induction of apoptosis in human
MDMip, as demonstrated by an increase in annexin V
binding (figure 3). At concentrations up to 100 pM, the
increase in annexin V binding occurred in the absence of
significant PI staining. However, at higher concentrations
(300 pM) a significant level of PI staining was also
observed. Therefore, in order to specifically induce apop¬
tosis, a concentration of 100 pM GEA-3162 was selected
for subsequent experiments. Whereas fresh GEA-3162
(100 pM) induced a maximum of 61 ± 7% (n = 9) apop¬
tosis, this was reduced to 39 ± 9% (n = 3) following treat¬
ment with partially decomposed GEA-3162.

The level of apoptosis (annexin V binding) induced by
GEA-3162 (10-300 pM) was further enhanced when
MDMcp were treated with GEA-3162 in the presence of
SOD (figure 3C). The additional elevation of apoptosis
induced by SOD was suppressed when MDMcp were
treated with GEA-3162 in the presence of a combination
of SOD plus catalase (figure 3C). This combination did
not, however, reduce overall levels of apoptosis induced
by GEA-3162. Neither SOD nor catalase had any impact
on the level of PI staining.

cGMP Signalling Protects MDMcp Against Peroxynitrite
Induced Apoptosis
Control sets of cells demonstrated that 24 h pre-treatment
of MDMcp with DETA/NO (10 pM) in combination with
BAY 41-2272 or IBMX (both 1 pM) had no effect on cell
viability compared to untreated cells. Similarly, higher
concentrations ofDETA/NO (300 pM) alone or in combi¬
nation with the sGC inhibitor, ODQ (20 pM), did not
affect cell viability (figure 4A).

Treatment with GEA-3162 (100 pM) alone induced apop-
totic cell death (annexin V binding) in MDMcp. However,
levels of apoptosis were significantly attenuated in those
cells that had been subjected to previous 24 h pre-treat-
ment with DETA/NO (10 pM) in combination with BAY
41-2272 or IBMX (P< 0.05 for both treatments compared
to GEA-3162 treated cells; figure 4). Pre-treatment with
the cell permeable cGMP analogue, 8-bromo-cGMP, also
significantly attenuated subsequent GEA-3162 induced
apoptosis. Similarly, DETA/NO (300 pM) afforded pro¬
tection against GEA-3162 induced apoptosis and this pro¬
tection was reversed in the presence ofODQ (figure 4).

Discussion
This study reveals disparities between the ability of NO
radical and NO-related species to induce apoptosis in
human macrophages. Our study highlights the opposing
effects ofONOO and NO is this setting and demonstrates
that ONOO', but not NO radical, induces apoptosis in
human MDMcp. Furthermore, our data demonstrate for
the first time that the pro-apoptotic effects of ONOO' are
limited in human macrophages by pre-conditioning the
cellswith agents that act to elevate intracellular concentra¬
tions of cGMP.

During inflammation, neutrophilic leukocytes are
recruited and activated during an initial wave of inflam¬
matory cell recruitment. These inflammatory cells gener¬
ate reactive oxygen and nitrogen species, which can
combine to form ONOO" [39], thus resulting in a pro-oxi¬
dising environment within the inflammatory site. A sec¬
ond wave of cellular recruitment then results in an influx
of monocytes that differentiate within the inflammatory
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Figure 3
GEA-3162 induces apoptosis in human MDMip. A - representative flow cytometry plots. B - induction of apoptosis by
GEA-3I62 but not DETA/NO. **P < 0.01 significantly greater annexin V binding compared to control; #P < 0.05 significantly
greater PI staining compared to control (unpaired, one-way ANOVA followed by post hoc Dunnett's test; n = 6 - 9). C -
apoptosis (annexin V binding; left panel) induced by GEA-3162 was elevated by SOD (500 U.mH). A combination of SOD and
catalase (both 500 U.mh1) blunted the SOD-induced elevation of apoptosis but not reduce GEA-3162-induced apoptosis. PI
staining (right panel) was unaffected by SOD or catalase. **P <0.01; matched two ANOVA followed by post hoc Bonferroni's
test; n = 6.
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Figure 4
cGMP signalling inhibits apoptosis. MDMip were sub¬
jected to 24 h pre-treatment as shown below each column. A
- The pre-treatments had no effect on cell viability after 24 h
compared to vehicle (l% DMSO) treated cells (first column).
B - The groups indicated were then treated for a further 24
h with GEA-3I62 (100 pM). Pre-treatment with 8-bromo-
cGMP, 300 pM DETA/NO, and 10 pM DETA/NO in combi¬
nation with BAY 41-2272 or IBMX, all significantly attenu¬
ated GEA-3162-induced apoptosis. ODQ prevented the
attenuation of apoptosis induced by 300 pM DETA/NO. **P
< 0.01 significantly different from vehicle (I % DMSO) treated
control cells (first column). #P < 0.01 significantly different
from GEA-3162 treated cells (second column; one-way
ANOVA followed by post hoc Dunnet's test; n = 3 - 9).

site into macrophages. These macrophages play a crucial
role in phagocytosing and removing apoptotic cells dur¬
ing the resolution of inflammation and tissue healing
[40,41]. Macrophages resident in an inflammatory site
will therefore be exposed to pro-apoptotic oxidising spe¬
cies, including ONOO, generated during the inflamma¬
tory process.

In agreement with previous studies [21], our electrochem¬
istry and EPR studies confirm that GEA-3162 decomposes

to co-generate NO and 02' , and is therefore a ONOO"
generator, whilst DETA/NO liberates NO radicals in solu¬
tion. In subsequent experiments, only ONOO- induced
apoptosis, and the level of apoptosis induced was related
to the activity of the compound. ONOO- is well docu¬
mented to be cytotoxic in many cell types [42,43]. How¬
ever, although ONOO has previously been demonstrated
to be pro-apoptotic in several cell types, includingmurine
macrophages [44,45], this is the first report of ONOO-
inducing apoptosis in human macrophages. Interestingly,
in contrast to the actions of ONOO-, NO radical had no

affect on cell viability. It is particularly surprising that NO
radical was so ineffectual at causing either apoptosis or
necrosis, even at these supraphysiological concentrations;
this is in direct contrast to the observations of others who
have demonstrated NO-induced apoptosis in a variety of
inflammatory cells, including neutrophils [46] and
murine, but not human, macrophages [9,47]. This dispar¬
ity between the ability ofONOO- and NO to induce apop¬
tosis may go some way to rationalise the apparently
paradoxical reports ofNO being both pro- and anti-apop-
totic. Our results suggest that it is NO-related species, and
ONOO- in particular, which might be formed in the
microenvironment ofthe cell, that are responsible for pro-
apoptotic signalling in human macrophages.

In rat thymocytes ONOO -induced apoptosis was inhib¬
ited by the antioxidant, Trolox, indicating that oxidising
species are the apoptotic trigger [48],We observed that the
anti-oxidant and 02'~ scavenger, SOD, actually elevated,
rather than inhibited, ONOO-mediated apoptosis. As our
electrochemical data demonstrate, in both the absence
and presence of cells, SOD effectively 'unmasks' NO pro¬
duction from GEA-3162 by removing 02from the system.
Therefore, the NO liberated from GEA-3162 in the pres¬
ence ofSOD could itselfbe pro-apoptotic. However, given
that we found that far higher NO concentrations released
from DETA/NO failed to induce apoptosis, perhaps a
more likely explanation is that hydrogen peroxide
(H202), formed by SOD [49] during the enzymatic con¬
version of 02*-, is a more effective mediator of apoptosis
than ONOO" per se. Indeed, H202 has previously been
shown to be responsible for NO-induced apoptosis in
murine macrophages by activating pro-apoptotic caspase
enzymes [50]. Although H202 can inhibit caspase
enzymes under certain circumstances, this usually occurs
at very high H202 concentrations (higher that those likely
to be generated in our experiments), and only once apop¬
tosis has already been initiated [51]. Furthermore, inhibi¬
tion of caspases once apoptosis has been initiated results
in a switch from apoptosis to necrosis, which did not
occur in this study. It is therefore possible that H202
would activate, rather than inhibit, caspase enzymes in
our study. IfH202were formed by SOD in our experimen¬
tal system, it would be predicted that a combination of
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SOD plus catalase (to eliminate H202) would inhibit
overall levels of apoptosis. However, although the SOD-
induced elevation of apoptosis was blunted by catalase,
overall levels of GEA-3162-induced apoptosis were not
inhibited by a combination ofSOD plus catalase. The rea¬
sons for this are not entirely clear, however, it has been
reported that the enzymatic activity of catalase can be
inhibited by NO via interactions with the ferric group of
the enzyme [52,53]. It is therefore possible that catalase
becomes inhibited by the NO unmasked from GEA-3162
in the presence of SOD and so cannot breakdown H202,
thus apoptosis is not inhibited.

Earlier reports on the anti-apoptotic actions of NO in
murine cells suggested that resistance to pro-apoptotic sig¬
nals from NO, and/or NO-related species, may be a pre¬
conditioning response dependent on the anti-apoptotic
properties of cGMP produced in response to the NO itself
[23-25], In commonwith these observations, our findings
demonstrate that ONOO-induced apoptosis is attenu¬
ated in human MDMip following prior incubation with a
low concentration of NO radical in combination with
BAY 41-2272 (a sGC stimulator) to augment cGMP pro¬
duction, orwith IBMX (a PDE inhibitor) to prevent cGMP
breakdown. Similarly, the cell permeable cGMP analogue,
8-bromo-cGMP, and a higher concentration of the NO
donor compound, DETA/NO, also reduced apoptosis fol¬
lowing subsequent exposure to ONOO. As the cGMP-ele-
vating agents were washed out of the cells in advance of
ONOO- treatment, we believe this to be a cGMP-depend-
ent pre-conditioning mechanism that protects human
MDMip from subsequent apoptosis. That this pre-condi¬
tioning response is dependent on cGMP signalling, rather
than NO radicals per se, is further underlined by the obser¬
vation that the sGC inhibitor, ODQ, reversed the protec¬
tion against ONOO-induced apoptosis afforded by
higher concentrations of DETA/NO.

In rodent macrophages, the observation that cGMP
primes cells against subsequent pro-apoptotic signals has
been proposed as a self-defence mechanism against high
iNOS-derived NO concentrations generated by macro¬
phages during host defence against invading pathogens
[24,25]. Recently, it was reported that eNOS-derived NO
plays a critical role in promoting iNOS induction and
function in response to lipopolysaccharide (LPS) treat¬
ment in rodent macrophages and blood vessels [54,55],
Thus, it appears that during host defence, auto-regulation
between NOS isoforms allows lower concentrations of
NO to induce the production of supraphysiological NO
concentrations whilst simultaneously affording cGMP-
dependent cellular protection against these high NO con¬
centrations. Therefore it seems that NO is able to provide
the cell with a means to finely balance pro- and anti-
apoptotic NO signals. However, because NO production

by human macrophages is either absent or exceedingly
low [56-58], self-defence is unlikely to account for the
phenomenon in human cells. The studies conducted in
murine cells used relatively high concentrations (~100
pM) of NO donor compounds to induce cytoprotection
and crucially, the concentration of NO radical generated
by the NO donor compounds was not measured in such
studies. From our electrochemistry data we have esti¬
mated that the concentration ofNO released from 10 pM
DETA/NO is likely to be in the nM range and arguably a
more realistically physiological model of endogenous
endothelial-derived NO. Our observations in human cells
could, therefore, represent a cGMP-dependent mecha¬
nism by which, in the disease-free state, eNOS-derived
NO from the healthy endothelium is able to limit apopto¬
sis in macrophages. Protecting macrophages against the
pro-apoptotic oxidising milieu of an inflammatory site
would ensure maintenance of a sufficient population of
phagocytes to effectively remove those cells that have
undergone apoptosis, thus promoting the successful reso¬
lution of inflammation and preventing the tissue damage
that can occurwhen apoptotic cells remaining in situ even¬
tually rupture their membranes and release their histo¬
toxic contents causing widespread necrosis [59].

The downstream signalling events responsible for cGMP-
dependent inhibition of apoptosis in human MDMip
remain to be elucidated. Apoptosis involves multiple
pathways and signalling cascades and is controlled by the
regulation of various pro- and anti-apoptotic factors
within the cell. It is likely that cGMP, possibly via activa¬
tion of protein kinase G (PKG; [24]) ultimately results in
a shift in the pro-/anti- apoptotic balance of the cell in
favour of the later.

In summary, we have demonstrated the differential ability
of NO and NO-related species to induce apoptosis in
human MDMip, and have established that ONOO , but
notNO radical, is pro-apoptotic in this cell type (figure 5).
Furthermore, our results demonstrate the presence of a
cGMP-dependent pre-conditioning mechanism to limit
ONOO -induced apoptosis in human macrophages.

Abbreviations
cGMP: cyclic guanosine monophosphate; DETA/NO: (Z)-
1- [2-(2-aminoethyl)-N-(2-ammonioethyl)amino]dia-
zen-l-ium-l,2-diolate; DMSO: dimethylsulphoxide; EPR:
electron paramagnetic resonance spectrometry; GEA-
3162: 1,2,3,4-oxatriazolium, 5-amino-3-(3,4-dichloroph-
enyl)-, chloride; Hb: haemoglobin; IBMX: isobutylmeth-
ylxanthine; IMDM: Iscove's modified Dulbecco's tissue
culture medium; MDMip: monocyte-derived macro¬
phages; MNC: Mononuclear cells; NO: nitric oxide; 02*-:
superoxide; ONOO": peroxynitrite; PBS: phosphate buff¬
ered saline; PDE: phosphodiesterase; PI: propidium
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Figure 5
Schematic representation of the roles of NO,
ONOO", & cGMP in macrophage apoptosis. NO and
02'~ combine to form ONOO" which promotes macrophage
apoptosis. Agents that act to elevate cGMP are able to limit
ONOO -induced apoptosis.

iodide; PRP: platelet-rich plasma; SOD: superoxide dis-
mutase.
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Selective and timely induction of apoptosis is an effective means of resolving inflammation. The effects
and putative mechanisms by which cyclic AMP (cAMP) modulates leukocyte apoptosis in vivo are still
unclear. The present study aims at identifying intracellular pathways underlying the ability of cAMP
elevating agents to resolve eosinophilic inflammation in a model of allergic pleurisy in mice. Ovalbumin
(OVA) challenge of immunized mice induced eosinophil recruitment that peaked at 24 h and persisted
till 48 h. Treatment with the PDE4 inhibitor rolipram, cAMP mimetic db-cAMP or adenylate cyclase
activator forskolin, at 24 h after antigen-challenge resulted in profound resolution of eosinophilic
inflammation, without a decrease of mononuclear cell numbers. There was a concomitant increase in
number of apoptotic cells in the pleural cavity. The effects of rolipram and db-cAMP were inhibited by
the PKA inhibitor H89. Inhibition of PI3K/Akt or NF-kB induced resolution of inflammation that was
associated with increased apoptosis. OVA-challenge resulted in a time-dependent activation of Akt and
NF-kB, which was blocked by treatment with rolipram or PI3K/Akt pathway inhibitors. Thus, cAMP
elevating agents resolve established eosinophilic inflammation by inducing leukocyte apoptosis.
Mechanistically, the actions of cAMP are dependent on PKA and target a PI3K/Akt-dependent NF-kB
survival pathway.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Eosinophils are effectors cells that play an important role in the
pathophysiology of allergic diseases [1,2]. In allergic diseases, such
as asthma, eosinophils are a crucial source of cytotoxic proteins,
lipid mediators, oxygen metabolites, and cytokines, which may
contribute to the severity of disease [3]. The accumulation of
eosinophils in tissue depends not only on the number of cells being
recruited at any particular time, but also on the number of cells
that are cleared or leave the tissue [4]. Thus, defective removal of
these cells may play an important role in the initiation and
propagation of chronic inflammatory diseases. There are two main

Abbreviations: cAMP, cyclic adenosinemonophosphate; db-cAMP, dibutyryl-cAMP:
i.pl., intrapleural: PDE4, phosphodiesterase 4; PI3K, phosphatidylinositol 3-kinase;
NF-kB, nuclear factor kappa B; Akt/PKB, protein kinase B; EMSA, electrophoretic
mobility shift assay.

* Corresponding author at: Av. Antonio Carlos, 6627. Pampulha, 31270-901, Belo
Horizonte, MG, Brazil. Tel.: +55 31 3409 2651; fax: +55 31 3409 2651.

E-mail address: mmtex@icb.ufmg.br (M.M. Teixeira).
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mechanisms that underlie the clearance of inflammatory cells from
tissues, namely apoptosis followed by their subsequent removal by
phagocytes and necrosis. Whereas the latter is undoubtedly
associated with enhanced inflammation and tissue injury, the
former is accompanied by shut down of cellular activity and
inhibition of the inflammatory response [4]. Apoptosis is
characterized by specific morphologic and biochemical events
including cell shrinkage, cytoplasmic vacuolation, membrane
blebbing, chromatin condensation and nuclear fragmentation
associated with endonucleolytic DNA cleavage |5],

More recently, there has been great interest in understanding of
the signal transduction pathways relevant for induction of the
apoptosis or survival of leukocytes in vivo [6-8], Cyclic adenosine
3',5' monophosphate (cAMP) is an important intracellular second
messenger produced after adenylate cyclase activation that
regulates different cellular processes by cAMP effectors [9,10],
Phosphodiesterases (PDEs) controls the intracellular cAMP levels
by catalyzing its hydrolysis and inactivating these second
messengers [10], PDE isoenzymes have been classified into eleven
distinct families [10], Of these, PDE3, PDE4 and PDE7 are the most
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important for the regulation of cAMP in various types of cells. In
neutrophils, eosinophils, mast cell and basophils, PDE4 isoenzymes
appear to play a more important function in the regulation of cAMP
in leukocyte [ 10], Indeed, PDE4 inhibitors induce an increase in the
intracellular levels of cAMP in leukocytes and have potent anti¬
inflammatory activity [11-14], Intracellular actions of cAMP can be
mimicked by administration of the cell permeable analogue
dibutyryl-cAMP (db-cAMP) or the adenylate cyclase activator
forskolin. Similarly to rolipram, these compounds also inhibit
leukocyte function and possess significant anti-inflammatory
effects in vivo [15]. In vitro, inhibition of PDE4 enzymes and
increase of intracellular levels of cyclic AMP may modify the
survival of eosinophils. Indeed, cAMP elevating agents may
enhance or prevent apoptosis of eosinophils depending on their
activation status [16], The effects of cAMP elevating/mimetics on
leukocyte apoptosis and survival in vivo are not well-established.

The PI3K/Akt pathway has been also shown to mediate survival
in many cell types [17]. Recently, we have demonstrated [8] that
the PI3K/Akt pathway was important for the survival ofeosinophils
in vivo. It has been reported that there is a cross-talk between the
cAMP-dependent and phosphatidylinositol 3-kinase (PI3K) path¬
ways, but the effects of cAMP on PI3K/Akt activity are quite varied
[18,19] and cAMP can either stimulate or inhibit Akt activity. For
example, cAMP activates PI3K/Akt in thyroid cells and hepatocytes
[20,21), whereas inhibition of PI3K/Akt pathway by cAMP has been
reported in fibroblast and leukemia cells [22,23], The transcription
factor nuclear factor kappa B (NF-kB) is a key regulator of several
cellular functions, including leukocyte activation and survival [24—
26]. The pro-survival/anti-apoptotic effects ofAkt can be mediated
by NF-kB. For example, Akt may phosphorylate IkB kinase (IKK)
leading to NF-kB activation [27,28]. It is not known whether the
pro-survival effect of the PI3K/Akt pathway during allergic
inflammation is mediated via modification of NF-kB function.
Hence, it is of interest to examine whether any resolving effect of
cAMP on allergic inflammation is mediated by prevention of the
function of PI3K/Akt and consequent change in NF-kB function.

In the present study, we examined the ability of the PDE4
inhibitor rolipram and of cAMP-inducers/mimetics, forskolin and
db-cAMP, to resolve eosinophilic inflammation in a model of.
allergic pleurisy in mice [1,8,29,30], We show that rolipram, db-
cAMP and forskolin resolve established eosinophilic inflammation
by promoting apoptosis of inflammatory cells and by inhibiting a

PI3K/Akt-dependent NF-kB survival pathway.

2. Materials and methods

2.1. Animals

All procedures described here had prior approval from the
Animal Ethics Committee of Universidade Federal de Minas Gerais.
Male C57/BF6 mice (8-10 weeks) obtained from the Bioscience Unit
of Instituto de Ciencias Biologicas were housed under standard
conditions and had free access to commercial chow and water.

2.2. Drugs, reagents and antibodies

Rolipram (Biomol®, Plymouth Meeting, PA), forskolin and Akt
inhibitor-IV (both from Calbiochem, San Diego, CA), gliotoxin
(Glio) (Fluka Biochemika, Switzerland), FY294002 (Alamone labs,
Jerusalem, Israel), and pyrrolidine dithiocarbamate (PDTC, Sigma-
Aldrich, St Fouis, MO) were diluted in DMSO and further in PBS.
Dibutyryl-cAMP was from Sigma and was diluted in PBS. Annexin-
V Detection Kit was from Caltag Laboratories (Burlingame, CA).
Rabbit anti-P-Akt (Ser 473), anti-Akt, anti cleaved caspase-3 and
mouse anti-phospho-lKB-a were from Cell Signaling Technology
(Beverly MA, USA). Rabbit anti-lKB-a (C-21 /sc-371), anti p65/Re/A

(C-20/sc-372), anti p50/NF-KBl (H-119/sc-7178) and anti Bax (P-
19/sc-526) or secondary anti-rabbit peroxidase conjugate anti¬
bodies were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, EUA). Anti (i-actin and anti-mouse peroxidase conjugate
antibodies were from Sigma.

2.3. Induction of pleurisy

Animals were immunized with OVA (Sigma) adsorbed to
aluminium hydroxide gel as described [1,8,29,30]. Briefly, mice
were injected s.c. (subcutaneous) on days 1 and 8 with 0.2 ml of a
solution containing 100p,g of OVA and 70 peg of aluminium
hydroxide (Reheiss, Dublin, Ireland). Sensitized mice were
challenged by i.pl. (intrapleural) administration of antigen (OVA)
or PBS. The cells present in the pleural cavity were harvested at
different times after antigen-challenge by washing the cavity with
2 ml of PBS and total cell counts performed in a modified Neubauer
chamber using Turk's stain. For the experiments evaluating
leukocyte apoptosis, infiltrating leukocytes were examined 2 h
(annexin-V, DNA fragmentation assays, caspase-3 cleavage) and
24 h (morphologic apoptosis) after drug treatment. Differential cell
counts were performed on cyto-centrifuge preparations (Shandon
III) stained with May-Grunwald-Giemsa using standard morpho¬
logical criteria to identify cell types. The results are presented as
the number of cells per cavity.

2.4. Treatment with drugs

The role of cAMP on eosinophil accumulation into pleural cavity
was investigated by using rolipram (a specific PDE4 inhibitor),
forskolin (an adenylate cyclase activator), and db-cAMP (a cell
permeable cAMP analogue). Rolipram was administered systemi-
cally (i.p.)atdoseof 150 p.g/mouse(6.0 mg/kg), 24 h after i.pl. OVA-
challenge. This dose was shown to be effective in other experimental
system [14], Forskolin 10 p.g/mouse (0.4 mg/kg), Db-cAMP 100 |xg/
mouse (4 mg/kg), LY294002 (30 |xg/mouse, 1.0 mg/kg), AKT inhi¬
bitor-IV 10|i.g/mouse (0.4 mg/kg) and gliotoxin 20 pig/mouse
(0.8 mg/kg) were gived i.pl. at a volume of the 100 |xl, 24 h after
OVA-challenge. PDTC was administered systemically (i.p.) at a dose
of 100 mg/kg, 24 h after the i.pl. administration of OVA. As a positive
control for anti-inflammatory activity, we used the synthetic
glucocorticoid dexamethasone at dose of 2.0 mg/kg in PBS buffer.
Glucocorticoids have been shown to induce eosinophil apoptosis
and to enhance macrophage phagocytosis of apoptotic bodies [31 ].
Drugs were dissolved in DMSO and further diluted in PBS. Control
mice received drug vehicle only.

2.5. Assessment of leukocyte apoptosis

2.5.1. Morphology
Apoptosis was assessed as previously described by us [8,24],

Briefly, cells (5 x 104) collected 48 h after antigen-challenge were
cyto-centrifuged, fixed and stained with May-Grunwald-Giemsa
and counted using oil immersion microscopy (xlOO objective) to
determine the proportion of cells with distinctive apoptotic
morphology (cells presented chromatin condensation, nuclear
fragmentation and formation of apoptotic bodies out or inside
macrophages). Twenty-five fields were counted per slide and
results are expressed as the mean ± S.E.M of number of apoptotic
cells in 25 fields.

2.5.2. Annexin-V binding and propidium staining
Assessment of apoptosis was also performed by flow cytometry

using FITC-labeled annexin-V (Caltag laboratories), which binds to
phosphatidylserine exposed on the surface of apoptotic cells, and
propidium iodide, as an index of loss of cell membrane integrity.
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Annexin-V was added to 100 |jl1 of 2.5 x 105 cells collected 2 h and
6 h after drugs treatment, in binding buffer. Following 20 min
incubation at room temperature, these samples were treated with
5 |xl of propidium iodide (50 p.g/ml) and analyzed using a Becton
Dickenson FACScan (San Jose, CA) and Flowjo 7.2.2 software (Tree
Star Company). Results are expressed as cells undergoing the early
stage of apoptosis quantified by staining with annexin-V but not
propidium iodide. The cells were selected based on size and
granularity, allowing separate analysis of granulocyte population.
At the time point evaluated (26 h after OVA-challenge), morpho¬
logical analysis showed that granulocytes were eosinophils (>95%,
data not shown).

2.6. Lysate preparation and Western blot analysis

Inflammatory cells harvested from the pleural cavity were
washed with PBS and total cell extracts or nuclear and cytoplasmic
cell extracts were prepared, as described [32,33]. Protein amounts
were quantified with the Bradford assay reagent from Bio-Rad
(Bio-Rad, USA). Total cell extracts (40 p.g), Nuclear (15 p.g) and
cytoplasmic (40 |xg) extracts were separated by electrophoresis on
a denaturing 10-15% polyacrylamide-SDS gel and transferred onto
nitrocellulose membranes, as described [32], Membranes were
blocked overnight at 4 °C with PBS containing 5% (w/v) nonfat dry

milk and 0.1% Tween-20, washed three times with PBS containing
0.1% Tween-20 and then incubated with specifics antibodies
(1:1000) in phosphate-buffered saline containing 5% (w/v) BSA and
0.1% Tween-20. After washing, membranes were incubated with
appropriated horseradish peroxidase-conjugated secondary anti¬
body (1:3000). Immunoreactive bands were visualized by using
ECL detection system, as described by the manufacturer (GE
Healthcare, Piscataway, NJ).

2.7. Electrophoretic mobility shift assay (EMSA)

Band shift assay was carried out of 10 |jcg nuclear extracts
essentially as described [32,33], using a 5' [32P]-end-labeled
double-stranded probe (only one strand is shown) corresponding
to the consensus-binding site of NF-kB (5'-AGT TGA GGG GAC 111
CCC AGG C-3'). Heterologous competition assays were performed
with a 100-fold molar excess of cold oligonucleotide correspond¬
ing to c-fos SRE.

2.8. Statistical analysis

All results are presented as the mean ± S.E.M. Normalized data
were analyzed by one-way ANOVA, and differences between groups
were assessed using the Student-Newman-Keuls post-test. A P-value
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<0.05 was considered significant. Calculations were performed using
the prism 4.0 software program for Windows (GraphPad software,
San Diego, CA).

3. Results

3.1. Cyclic AMP elevating agents promote resolution of allergic
pleurisy by inducing leukocyte apoptosis

The model of allergic pleurisy used in the present experiment is
a well-established model of acute eosinophilic inflammation

previously described by our group [1,8,29,30] and by others
[13]. Injection of 1 p,g of OVA into the pleural cavity of sensitized
mice induced a time-dependent influx of leukocytes. As shown in
Fig. 1A-D, there was an increase in the total number of leukocytes,
eosinophils, mononuclear cells and neutrophils in OVA-challenged
mice. Total leukocyte influx reached a maximum at 48 h and
decreased at 72 h as compared with PBS-treated mice (Fig. 1A).
Eosinophil influx was first detectable at 12 h, reached maximal at
24-48 h and dropped thereafter (Fig. 1C). The time-course of
mononuclear infiltratemirrored the total leukocyte influx (Fig. 1B).
Antigen-challenge of sensitized mice also induced an early
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recruitment of neutrophil peaking at 4 h [29] and dropping rapidly
to background levels by 24h (Fig. ID).

The next experiments were designed to investigate whether
agents that promote increase of cAMP levels could interfere with
eosinophil accumulation in the pleural cavity. We initially used
rolipram, a selective PDE4 inhibitor [12). Eosinophil influx was
maximal at 24-48 h, with minor neutrophil contamination in the
exudates at these times (compare Fig. 1C and D). Hence, we treated
mice with rolipram 24 h after OVA-challenge, when inflammatory
cell influx was already established, and performed the pleural
lavage 24 h after rolipram treatment (i.e. 48 h after OVA-challenge)
(See schematic representation in Fig. 1E).

Mice that were treated with rolipram showed a significant
reduction in the accumulation of eosinophils in the pleural cavity at
48 h after challenge (Fig. 2A), without change in the number of
mononuclear cells (Fig. 2B). The reduction of eosinophils was
associated with an increase in the number of apoptotic cells at the
pleural cavity, as demonstrated by morphologic criteria (Fig. 2C). The
morphologic features of leukocytes at 24 h after treatment with
rolipram are show in Fig. 2E. In agreement with the morphological
assessment, there was a rapid increase in annexin-V+ cells 2 h after
treatment with rolipram, when compared with vehicle treated mice
(Fig. 2D). Treatmentwith rolipram also induced the expression of the
pro-apoptotic protein Bax (Fig. 2F).

PDE4 inhibitors enhance intracellular levels of cAMP by
inhibiting its degradation [12], To investigate whether increases
in cAMP by other means affected eosinophil apoptosis, we studied
the effects of forskolin, an adenylate cyclase activator, and db-
cAMP, a cell permeable cAMP analogue. The administration of
forskolin or db-cAMP in the pleural cavity, when the inflammatory
process was established, decreased eosinophil accumulation
(Fig. 3A) and increased the number of apoptotic cells (Fig. 3B).
Treatment with forskolin also enhanced Bax expression (Fig. 2F). A
PKA inhibitor H89 prevented the resolution of eosinophilic
inflammation caused by rolipram and db-AMP (Fig. 3C), implicat¬
ing PKA as the cAMP effector in this resolving process.

3.2. Resolution ofOVA-induced pleurisy by rolipram is associated with
inhibition of P13K/Akt

The Pl3K/Akt pathway has been shown to mediate survival in
many cell types [17]. Recently, we have demonstrated [8] that the
PI3K/Akt pathway was important for the survival of eosinophils in
vivo. With this in mind, we examined the levels of Akt
phosphorylation after antigen-challenge and showed that there
was a time-dependent increase of Akt phosphorylation in the
inflammatory cells recovered from pleural cavity (Fig. 4A). The
time-course of Akt phosphorylation mirrored the eosinophil influx
into the pleural cavity (compare Fig. 4A and 1C). Treatment with
rolipram 24 h after antigen-challenge (24 h of OVA + 2 h of
rolipram) rapidly inhibited Akt phosphorylation to baseline levels
(Fig. 4B). Similarly, treatment with db-cAMP or forskolin reduced
Akt phosphorylation (data not shown). As a positive control,
treatment with the PI3K inhibitor LY294002 also prevented Akt
phosphorylation (Fig. 4B).

To explore the importance of the P13K/Akt pathway for
eosinophil recruitment/survival to the pleural cavity after anti¬
gen-challenge of immunized mice, we used the PI3K inhibitor
LY294002 and the Akt inhibitor-IV. Treatment with the LY294002
or Akt inhibitor-IV reduced the number of eosinophils in the
pleural cavity induced by antigen-challenge and increased the
number of apoptotic cells (Fig. 4C and F). Altogether, these
experiments show that inhibition of PDE4 or administration of
cAMP mimetic induces clearance of eosinophils by preventing the
phosphorylation ofAkt, an important signal for eosinophil survival
in the system.
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Fig. 3. Delayed treatment with cAMP elevating agents resolves eosinophilic
inflammation in a PKA-dependent manner. Immunized mice were challenged with
an intrapleural (i.pl.) injection of OVA (1 pug/cavity) or PBS and 24 h later were
treated with a local (i.pl.) injection of forskolin (10 pig/mouse), db-cAMP (100 |xg/
mouse) or drug vehicle. In (C), mice were pre-treated by 30 min with H89 (60 |xg/
mouse, i.pl.) before receive rolipram or db-cAMP treatment. (A and C) Eosinophil
recruitment and (B) number of apoptotic cells were evaluated 24 h after drug
treatment, i.e. 48 h after antigen-challenge. Results are expressed as the number of
eosinophils per cavity or as number of apoptotic cells in 25 fields and are shown as
the mean ± SEM of at least five mice in each group. *P < 0.05 or ***P < 0.001, when
compared with PBS-injected mice or with vehicle treated OVA-challenged mice.

3.3. Inhibition ofNF-kB promotes resolution of established
eosinophilic inflammation via induction of apoptosis

The transcription factor nuclear factor kappa B is a key regulator
of several cellular functions, including leukocyte activation and
survival [24-26). The pro-survival/anti-apoptotic affects ofAkt can
be mediated by NF-kB. For example, Akt may phosphorylate IkB
kinase leading to NF-kB activation [27,28], To better characterize
the involvement of NF-kB in allergic pleurisy, we determined the
time-course and role of NF-kB activation in the model of OVA-
induced pleurisy. As shown in Fig. 5, the kinetics of NF-kB
activation in cells of pleural exudates, analyzed by NF-kB-DNA-
binding activity (Fig. 5A), nuclear accumulation of the NF-kB p65
and p50 and IkB-c< phosphorylation (Fig. 5B), paralleled the



LP. Sousa et al. /Biochemical Pharmacology 78 (2009) 396-405

(A) OVA (Ijig/cavity)

401

PBS 12h 24h 48h 72h

P-Akt

Akt

(B) OVA (1 jig/cavity >

P-Akt

Akt

£
!c
a
o
c >»

-4-4

>
o <0
o o
«4-
o o

T~

<1> X
n

E
3
z

(C)

PBS Vehicle LY294002

OVA(1gg/cavity)

20-|

Q. ^
O 45M5
£ '>
tf) TO
o o
& «r* io-
O

O T-

1m V

X 5-
E
3

(E)

~1

PBS Vehicle Akt inhibitor-IV

OVA(1ng/cavity)

o 20-]
♦3
3 c/>
Q.TJ

Q-I
ra»-
^ tf>
O™ 10

cc o 5-

(D)

PBS Vehicle LY294002

OVA{1^g/cavfty)

10-i
o
♦3
2 co
CLT3

o C}
S J2
c °i° 2-

6-

4-

(F>

PBS Vehicle Akt inhibitor-IV

OVA(1|jg/cavity)

Fig. 4. Akt phosphorylation is decreased by rolipram and delayed treatment with inhibitors of the PI3K/Akt pathway resolve eosinophilic inflammation. Immunized mice
were challenged with an intrapleural (i.pl.) injection of ovalbumin (OVA, 1 |xg/cavity) or PBS at indicated times (A) or were treatment with rolipram (6 mg/kg, i.p.) or
LY294002 (30 p.g/mouse, i.pl.) 24 h after OVA-challenge (B). Akt phosphorylation was evaluated at indicated times (A) or after 26 h after antigen-challenge (24 h OVA-
challenge + 2 h rolipram) (B) byWestern blot analysis performed of total cell extracts obtained of pools of cells from at least five animals as shown in Section 2. Data shown are
representative of three independent experiments. In (C-F), the P13K inhibitor LY294002 (30 p-g/mouse, i.pl), Akt inhibitor-IV (10 pg/mouse, i.pl) or drug vehicle were
administered in 24 h-OVA-challenged mice and eosinophil recruitment (C and E) and number of apoptotic cells (D and F) were evaluated 24 h after drug treatment, i.e. 48 h
after antigen-challenge. Results are expressed as the number ofeosinophils per cavity or as number ofapoptotic cells in 25 fields and are shown as the mean ± SEM of at least
five mice in each group. *"P < 0.01 or "*P < 0.001, when compared with PBS-injected mice or with vehicle treated OVA-challenged mice.

kinetics of total inflammatory cell influx into the pleural cavity, i.e.
NF-kB activation was first detectable at 12 h, peaked at 24-48 h of
OVA-challenge and decreased thereafter (72 h).

We also evaluated whether the use of the NF-kB inhibitors

given in the same way as cAMP elevating agents, i.e. at 24 h after
antigen-challenge (Fig. IE), could enhance resolution of eosino¬
philic inflammation. As seen in Fig. 6A, gliotoxin treatment given at
24 h after OVA-challenge drastically reduced the accumulation of
eosinophils observed at 48 h but did not alter the number of
mononuclear cells (PBS, 23.4 ± 0.8 x 10s mononuclear per cavity;
OVA + vehicle, 43 ±3.3 x 105 mononuclear per cavity; OVA + Clio,

47.7 ± 2.7 x 105 mononuclear per cavity; n = 5, P< 0.001 when
compare PBS x OVA). The reduction ofeosinophil number at 48 hwas
also seen when another structurally distinct NF-kB inhibitor, PDTC,
was given at 24 h (OVA + vehicle, 10.9 ±1.5 x 105 eosinophils per
cavity; OVA + PDTC, 2.5±0.8xl05 eosinophils per cavity; n = 5,
P < 0.001). For comparison, treatment with dexamethasone (Dexa), a
potent anti-inflammatory drug with various cellular targets [31], at
24 h after challenge diminished the accumulation of eosinophils in
the pleural cavity (Fig. 6A).

Next, we evaluated the efficacy of the compounds at blocking
NF-kB activity at 2 h after compound administration (i.e. 26 h after
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Fig. 5. Kinetics of NF-kB activation in allergic inflammation. Immunized mice were
challenged with an i.pl. injection ofOVA (1 jxg/cavity) or PBS. The cells in the pleural
cavity were colleted at indicated times and processed for protein extraction for
EMSAs (A) and Western blot (B) analysis as described in Section 2. (A) EMSA was
carried out of lOp-g of nuclear protein incubated with an end-labeled probe
containing the consensus NF-kB site. Specificity of the interactions was confirmed
by competition of the probe with 100-fold molar excess of the indicated cold
oligodeoxynucleotide. (B) Nuclear extracts (15 pg) or cytoplasmic extracts (40 jxg)
were fractionated on 10% SDS-PAGE, transferred onto nitrocellulosemembrane and
then probed with anti p65, anti p50 or anti-phospho-lKB-a antibody. Re-probing of
membrane with anti (3-actin was used as control. Data are representative of three
independent experiments in pools of cells from at least five animals.

antigen-challenge). As seen in Fig. 6B, treatment with gliotoxin
inhibited OVA-induced NF-KB-DNA-binding activity and nuclear
levels of p65.

The next experiments were performed in order to evaluate
whether induction ofapoptosis was involved in the ability ofNF-kB
inhibitors to resolve eosinophilic accumulation. To this end,
apoptosis was assessed in several ways after the treatment with
NF-kB inhibitors. The number of apoptotic cells, as accessed by
morphologic criteria at 24 h after drug treatment, was markedly
elevated in the pleural cavity of antigen-challenged mice treated
with gliotoxin (Fig. 6C). Similarly, treatment with PDTC (OVA + ve¬
hicle, 0.5 ± 0.8 apoptotic cells/25 fields; OVA + PDTC, 6.0 ±0.5
apoptotic cells/25 fields n = 5, P < 0.01) or dexamethasone (Fig. 6C)
significantly increased the number ofapoptotic events observed in the
cavity of antigen-challenged mice. In agreement with the morpholo¬
gical assessment, there was a rapid increase in annexin-V positive cells
2 h after treatment with gliotoxin or dexamethasone when compared
with vehicle treated mice (Fig. 6D and E). Chromatin fragmentation
assay showed a similar result (data not shown). Caspase activation may
be involved in gliotoxin-induced apoptosis in granulocytes [24].
Consistent with the latter possibility, treatment with gliotoxin or
dexamethasone increased caspase-3 cleavage in cells of the pleural
cavity of OVA-challenged mice, as analyzed 2 h after drug treatment
(Fig. 6B). Altogether, the results suggest that inhibition of NF-kB
induces inflammatory cell clearance from the pleural cavity of OVA-
challenged mice by enhancing apoptosis of inflammatory cells.

3.4. Resolution ofOVA-induced pleurisy by rolipram is associated with
inhibition of NF-kB

Next, we evaluated whether NF-kB inhibition was associated
with rolipram-induced resolution. NF-kB activation was evaluated

by EMSA and Western blot analysis for IkB-cx in cells recovered
from the pleural cavity. Treatment with rolipram or LY294002 24 h
after OVA-challenge greatly inhibited NF-KB-DNA-binding activity
and prevented IkB-cx degradation (Fig. 7A and B). Similarly,
treatment with forskolin or db-cAMP also prevented the antigen-
associated increased in IkB-o degradation (Fig. 7B).

4. Discussion

An understanding of the mechanisms involved in eosinophil
recruitment, activation and survival in sites of allergic inflamma¬
tion may be useful for the development of novel pharmacological
therapies to control allergic diseases. In the present study, we
demonstrate that increase of cAMP levels by means of PDE4
inhibition, adenylate cyclase activation or by mimicking cAMP
action is effective at resolving eosinophilic inflammation after
antigen-challenge of immunized mice. These agents induce the
apoptosis of eosinophils resident in the pleural cavity in a PICA-
dependent manner and by preventing signaling via the P13K/Akt
pathway and, consequent, NF-kB activation.

Treatment with the PDE4 inhibitor, forskolin or db-cAMP at
peak of eosinophil accumulation greatly reduced the number of
these cells. The reduction of eosinophil number was associated
with an increase in the number of apoptotic events, as assessed by
morphologic criteria, annexin-V binding and enhanced expression
of Bax. Of note, eosinophil clearance was not associated with a
decrease ofmononuclear cells, suggesting that apoptotic cells were
indeed eosinophils. Our findings that rolipram and forskolin
treatment induced Bax accumulation is in agreement with
previous findings showing that PDE4 inhibitors suppressed the
expression of anti-apoptotic members of the Bcl-2 family and
induced the pro-apoptotic protein Bax, thereby shifting the
balance between pro- and anti-apoptotic members of the Bcl-2
family towards a pro-apoptotic direction in CLL cells [34,35]. In
different cell lineages, cAMP-mediated signaling can be either anti-
apoptotic or pro-apoptotic. There have been conflicting reports on
the effects of cAMP elevating agents on eosinophil survival/
apoptosis in vitro. In some experiments, cAMP has been shown to
enhance survival and prevent apoptosis [36-38], whereas cAMP
was shown to be involved in the induction of apoptosis in other
experiments [39-41], These discrepancies are probably due to
differences in the source of eosinophils, dynamic abundance and
distribution of intracellular cAMP effectors, previous priming of
the cells and whether apoptosis-inducing agents were used or not.
In our experiments, in vivo administration of compounds with
different mechanism of action was clearly associated with
resolution of eosinophilic inflammation. Hence, the net effect of
cAMP elevation in the course of allergic inflammation is to resolve
eosinophil, but not macrophage, accumulation.

Drugs that elevate cAMP may inhibit several eosinophil
functions, including respiratory burst, degranulation, aggregation
and lipid mediator production [12,42], Because the agents were

given to the whole animal and may have had access to several cell
types in addition to the eosinophil, it is difficult to pin-point their
major site ofaction. Known eosinophil survival factors such as GM-
CSF and IL-5 peak at 6 h after antigen-challenge [8,29,30], hence
much earlier than the schedule of administration (given at 24 h
after challenge) of the compounds tested here. Moreover,
treatment with anti-IL-5 or anti-GM-CSF at 24 h after challenge
did not clear the eosinophils from the cavity (our unpublished
observations). Of note, pre-treatment ofmice with similar doses of
these antibodies blocked OVA-induced eosinophil recruitment in
the pleural cavity (our unpublished observations) suggesting that
they act by mechanisms other than promoting survival in the
system. Thus, administration of PDE4 inhibitors or other cAMP
elevating agents may resolve eosinophilic inflammation by acting
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on eosinophils themselves or by regulating the secretion of
survival factors other than GM-CSF and IL-5.

The binding of cAMP to proteins such as PKA and Epac
(exchange protein directly activated by cAMP) explain most of its
functional activities but there are additional, less well-character¬
ized effector proteins [9,18], Although nonspecific effects of H89
may exist [43], this is a widely used tool to assess the role of PKA in
in vitro and in vivo systems. In ourmodel system, PKA inhibition by
H89 limited cAMP-mediated eosinophil clearance, suggesting that
PKA may be the cAMP effector.

In addition to their central role in cell proliferation and
migration, class I PI3K has also been implicated in the prevention of
apoptotic cell death. For example, studies have demonstrated that
the PI3K/Akt pathway is constitutively activated in the majority of
human pancreatic cancer cell lines [44] and use of selective
inhibitors of PI3K could inhibit growth and survival of tumors [45].
The PI3K pathway has also been shown to be an important factor of
survival in monocytes [46], neutrophils [47], and eosinophils
[8,48]. We have previously demonstrated that treatment with

Wortmannin, a P13K inhibitor, at the peak of eosinophilic
inflammation decreased Akt phosphorylation and promoted
eosinophil apoptosis [8]. Activation of Akt is a major mechanism
by which PI3K provides survival signals [17], Here, we find that
antigen-challenge promoted Akt phosphorylation with a time-
course that was parallel to the influx of eosinophils into the pleural
cavity. The importance of the Akt pathway for eosinophil survival
was evidenced by experiments using PI3K and Akt inhibitors.
Moreover, treatment with rolipram inhibited antigen-induced Akt
phosphorylation, suggesting that Akt is relevant for eosinophil
survival in vivo and is a site for the action of cAMP elevating agents.
Our results are consistent with studies which demonstrate a cross¬

talk between cAMP-dependent and PI3K pathways [22,23].
Particularly, the studies of Smith and colleagues [23] showed that
cAMP-mediated apoptosis in diffuse large B-cell lymphoma was
associated with marked inhibition of P13K/Akt pathway. Although
it is not clear how cAMP modifies Akt activity, a recent report
suggests that cAMP-dependent inhibition of Akt in thyroid cells is
mediated by phosphatase 2A involving both Epac and PKA cAMP
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Fig. 7. Treatment with cAMP elevating agents and LY294002 prevents NF-kB
activation in allergic inflammation. Immunized mice were challenged with an
intrapleural (i.pl.) injection of OVA (1 jxg/cavity) or PBS and 24 h later were treated
with lulipiain (6mg/kg, i.p.), LY294002 (30 (Xg/mouse, i.pl.), forskolin (10|xg/
mouse), db-cAMP (100 p-g/mouse) or drug vehicle. Nuclear and cytoplasmic
extracts obtained of inflammatory cells harvested from the pleural cavity 2 h after
drug treatments (i.e. 26 h after OVA-challenge) were subjected to EMSA (A) and
Western blot (B) analysis, respectively. (A) EMSAs were carried out of 10 pg of
nuclear protein incubated with an end-labeled oligodeoxynucleotide probe
containing the consensus NF-kB site. Specificity of the interactions was
confirmed by competition of the probe with 100-fold molar excess of the
indicated cold oligodeoxynucleotide. In (B) cytoplasmic extracts (40 pg) were
fractionated on 10% SDS-PAGE, transferred onto nitrocellulose membrane and then
probed with anti-lkb-a antibody (upper panel) or with (3-actin antibody (under
panel). Data are representative of two independent experiments in pools of cells
from at least five animals.

including the Forkhead transcription factor and NF-kB [17], In this
regard, Akt can induce cell survival by phosphorylating IkB kinase
and, consequently, activating NF-kB [27-28], The activated NF-kB
may then control cell survival via induction of the expression of
anti-apoptotic genes [24-26], In our experiments, NF-kB activa¬
tion, as evaluated by DNA-binding activity, p65/p50 nuclear
accumulation and IkB-ci phosphorylation correlated temporally
with the infiltration of leukocytes in the pleural cavity of antigen-
challenge mice. Treatment with gliotoxin, PDTC or dexamethasone
at doses that inhibited NF-kB activation, induced resolution of
eosinophilic inflammation and increased leukocyte apoptosis
without decreasing number of mononuclear cells. Importantly,
cAMP elevation or P13K inhibitors decreased antigen-induced NF-
kB activation by preventing IkB-« degradation and NF-kB-DNA-
binding activity in vivo. Previous studies have shown that PDE4
inhibitors prevented NF-kB activation when given before or
shortly after inflammatory stimulation [49-51], a finding con¬
sistent with the ability of PDE4 inhibitors to prevent leukocyte
activation and recruitment [12], However, our results are first to
show the ability of delayed treatment with cAMP elevating agents
to resolve eosinophilic inflammation and emphasize the impor¬
tance ofNF-kB for leukocyte survival in vivo. Moreover, our results
are first to suggest that NF-kB activation is downstream of PI3K/
Akt activation and resolution inducing effects in vivo.

Taken together, our data demonstrate that cAMP elevating
agents or mimetics promote resolution of established eosinophilic
inflammation in a PKA-dependent manner and by inhibiting Akt
phosphorylation and consequent NF-kB activation (see Fig. 8). To
our knowledge, this is the first observation that cAMP promotes
apoptosis in vivo via inhibition of a PI31</Akt/NF-kb pathway.
Hence, we suggest that elevation of cAMP in vivo may represent a
powerful anti-inflammatory strategy for the treatment of diseases
in which eosinophil accumulation is thought to play a relevant
role.

effectors [19], Thus, cAMP may mediate its survival/pro-apoptotic
effects by modifying P13I</Akt. Observations of opposing effects of
Epac and PKA on Akt activation can provide a potential mechanism
for the apparent cell type-specific effects of cAMP [18],

Akt/PKB has direct effects on the apoptosis pathway, for
example by phosphorylating pro-apoptotic proteins such as
caspase-9 and BAD. Akt also have effects in transcription factors,

ATP

Resolution of

eosinophilic
inflammation Cell survival

Fig. 8. Model for the resolution inducing effects of the delayed treatmentwith cAMP
elevating agents in allergic eosinophilic inflammation. Increase in the intracellular
levels of cAMP by means of the delayed treatment with an adenylate cyclase
activator (forskolin), PDE4 inhibitor (rolipram) or db-cAMP promotes activation of a
cAMP effector (PKA), which then inhibits signaling thought PI3K/Akt pathway.
Down regulation of the Akt phosphorylation may itself lead to apoptosis or may
prevent NF-kB activation, which is a relevant signal for eosinophil survival.
.Prevention of eosinophil survival leads to resolution of inflammation.
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ABSTRACT
Cathelicidins are CHDP with essential roles in innate

host defense but also more recently associated with
the pathogenesis of certain chronic diseases. These
peptides have microbicidal potential and the capacity
to modulate innate immunity and inflammatory pro¬
cesses. PMN are key innate immune effector cells with
pivotal roles in defense against infection. The appropri¬
ate regulation of PMN function, death, and clearance is
critical to innate immunity, and dysregulation is impli¬
cated in disease pathogenesis. The efferocytosis of ap¬
optotic PMN, in contrast to necrotic cells, is proposed
to promote the resolution of inflammation. We demon¬
strate that the human cathelicidin LL-37 induced rapid
secondary necrosis of apoptotic human PMN and iden¬
tify an essential minimal region of LL-37 required for
this activity. Using these LL-37-induced secondary ne¬
crotic PMN, we characterize the consequence for
macrophage inflammatory responses. LL-37-induced
secondary necrosis did not inhibit PMN ingestion by
monocyte-derived macrophages and in contrast to
expectation, was not proinflammatory. Furthermore,
the anti-inflammatory effects of apoptotic PMN on acti¬
vated macrophages were retained and even potenti¬
ated after LL-37-induced secondary necrosis. How¬
ever, this process of secondary necrosis did induce the
release of potentially harmful PMN granule contents.
Thus, we suggest that LL-37 can be a potent inducer of
PMN secondary necrosis during inflammation without
promoting macrophage inflammation but may mediate
host damage through PMN granule content release un-

Abbreviations: AV=Annexin V, BALF=bronchoalveolar lavage fluid,
CD40L=CD40 ligand, CHDP=cationic host defense peptide(s),
DC=dendritlo cell, hCAP-18=human cationic antimicrobial protein,
LAL=Limulus amoebocyte lysate, mCRAMP=mouse cathelicidin anti¬
microbial peptide, MDM=rnonocyte-derived macrophage^), MPO=
myeloperoxidase, PI=propidium iodide, PMN=polymorphonuclear granulo¬
cytes, TEM transmission electron microscopy

der chronic or dysregulated conditions. J. Leukoc. Biol.
86: OOO-OOO; 2009.

Introduction

PMN are important first-line innate immune cells, which are
mobilized rapidly in response to infection and injury. How¬
ever, the arsenal of products used by PMN to destroy microbes
is also potentially deleterious to host cells. Appropriate regula¬
tion of PMN influx, activation, death, and removal is therefore
critical, and dysregulation of these processes has been impli¬
cated in the pathogenesis of chronic lung diseases [1, 2].
PMN have a short half-life and undergo spontaneous apop-

tosis. This programmed and regulated form of cell death en¬
ables recognition, ingestion, and removal by macrophages or
DCs, a process involving multiple receptors and adaptors [3].
Efferocytosis (the uptake of apoptotic cells) can protect the
host from the release of toxic PMN intracellular contents and
induce anti-inflammatory and immunosuppressive effects.
These include dampening the LPS-induced, proinflammatory
cytokine response and enhancing anti-inflammatory responses
by macrophages [4-6]. These processes, in addition to an ac¬
tive switch in the lipid mediators generated to the production
of lipoxins, resolvins, and protectins [7], can stimulate the res¬
olution of inflammation. However, in the absence of efferocy¬
tosis, apoplotic PMN will undergo secondary necrosis with loss
of membrane integrity. Although necrosis is typically regarded
as proinflammatory [ I], the effect of PMN secondary necrosis
on inflammation and the mechanisms of clearance of these

cells are relatively poorly understood. Further understanding
of these issues is of great significance to evaluate the impact of
delayed PMN clearance in the resolution of inflammation.
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The survival and death of PMN can be modulated signifi¬

cantly by the inflammatory milieu, including cytokines such as
TNF-a and GM-CSF, TLR agonists (e.g., LPS), and bacterial
products (e.g., pyocyanin) [8], in addition to potential thera¬
peutic modulators [9]. The human CHDP (also known as anti¬
microbial peptide) LC37 can also modulate PMN death pathways
in vitro [10, 11]. We have demonstrated that LC37 promotes
PMN necrosis at the expense of'apoptosis [10], However, the
mechanisms involved and the consequences for inflammation
remain to be determined.

CHDP are key evolulionarily conserved components of in¬
nate host defense systems, which are being modified and de¬
veloped as novel, antimicrobial therapeutic agents. The two
major CHDP families in vertebrates are defensins and catheli-
cidins. LL-37 is the predominant, mature cationic peptide frag¬
ment of the sole human cathelicidin hCAP-18, which is found
at high concentration in neutrophil specific granules and is
cleaved to its active form by proteinase-3 [12, 13]. LL-37 is also
produced by epithelial cells from a variety of tissues in re¬
sponse to infectious and inflammatory stimuli and is expressed
by macrophages and other leukocytes [14]. In addition to di¬
rect microbicidal potential, LL-37 has a broad range of immu¬
nomodulatory functions including antiendotoxic activity and
chemotactic function, modulation of chemokine and cytokine
responses, promotion of cell wound-healing and angiogenesis,
modulation of DC differentiation and function, and the capac¬
ity to modulate cell death pathways [10, 11, 15-27]. In vivo
evidence in humans and mice supports a critical role in innate
defense [28-31], hCAP-18/LL-37 concentration in BALF is
increased significantly in human lung infections [32], and
overexpression of LI.-37 in the murine lung enhanced the
clearance of infection [33]. However, increased levels of
hCAP-18/LL-37 have also been associated with and implicated
in chronic disease processes [34-36]. Thus, despite a funda¬
mental role in innate defense, dysregulated control of LC37
may be detrimental to the host. The key immunomodulatory
properties that contribute to the physiological role of LL-37 in
host defense and how these might contribute to disease patho¬
genesis when dysregulated remain unresolved.
We hypothesized that LL-37-induced necrosis of PMN could

alter efferocytosis and the nature of the subsequent inflamma¬
tory response and could lead to the release of potentially dam¬
aging PMN intracellular contents. To examine the role of LL-
37-induced PMN necrosis on the inflammatory response, we
characterized the dynamics of LL-37-induced PMN necrosis
before evaluating the effect of LL-37-induced PMN necrosis on
efferocytosis and macrophage inflammatory responses and the
consequences for release of PMN intracellular contents.

MATERIALS AND METHODS

Reagents
rhGM-CSF was purchased from Research Diagnostics Inc. (Flanders, NJ,
USA). /?-Roscovitine was supplied by A. G. Scientific (San Diego, CA,
USA). Ultra-pure LPS from the Escherichia coli 0111:B4 strain was pur¬
chased from InvivoGen (San Diego, GA, USA). Dexamethasone was pur¬
chased from Organon Laboratories Ltd. (Cambridge, UK). rhCD40L
and IFN-y were purchased from PeproTech ED Ltd. (London, UK).

LL-37 (LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES) and
mCRAMP (GLLRKGGEKIGEKLKKIGQKIKNFFQKLVPQPEQ) were syn¬
thesized by N-(9-fluorenyl) methoxycarbonyl chemistry at the Nucleic
Acid/Protein Service Unit at the University of British Columbia (Canada), as
described previously [10]. Peptides were purified by reverse-phase HPLC and
were at least 98% pure. The concentration of the peptides in solution was de¬
termined by amino acid analysis. Scrambled LU37 (RSLEGTDRFPFVRLKN-
SRKLEFKDIKGIKREQFVKIL) was purchased from CSSAlbachem Ltd. (Glads-
muir, Scotland, UK), and the panel of 16 overlapping 22-mer partial LL-37
peptides (from N-terminal peptide LLGDFFRKSKEKIGKEFKRIVQ through to
G-terminal peptide EFKRIVQRIKDFLRNLVPRTES) was synthesized byJen W.
Drijfhout at Leiden University Medical Center (The Netherlands) as described
previously [37]. Peptides were dissolved in endotoxin-free water (Sigma-Al-
drich, Poole, UK) and stored at -20°C until further use. All reagents were
tested using a LAL kinetic-quantitative chromogenic LAL assay (Cambrex,
Walkersville, MD, USA) to ensure they were free of endotoxin and reconsti¬
tuted in endotoxin-free water.

Isolation of human blood neutrophils
Human venous blood was collected according to Lothian Research Ethics
Committee approval #08/Sl 103/38 or #1702/95/4/72 using sodium citrate
anticoagulant (Phoenix Pharma Ltd., Gloucester, UK), and cells were sepa¬
rated by Dextran sedimentation, followed by discontinuous, isotonic Percoll
gradient centrifugation as described previously [10]. Granulocytes were
washed in PBS without calcium or magnesium (PAA Laboratories, Somer¬
set, UK) and resuspended in IMDM (PAA Laboratories) with 10% FCS
(Biosera, East Sussex, UK). Purity was assessed by morphological criteria
using cytocentrifuge preparations and FACS analyses and antibodies against
human CD 16 (Caltag-Medsystems Ltd., Towcester, UK) and CD66b (BD
Biosciences, San Diego, CA, USA) to distinguish PMN from eosinophils
and against CD 14, CD4, CD8, and CD 19 (Caltag-Medsystems Ltd.). Granu¬
locyte purity of >98% was yielded by this method, and granulocytes were
typically 95-98% PMN. However, high eosinophil donors were also studied,
demonstrating no significant effect of eosinophil number on LL-37-induced
secondary necrosis of apoptotic PMN. Total cell number was assessed by
hemacytometer counts and by NucleoCounter YC-100 (ChemoMetec,
Allerpd, Denmark) automated cell number counting.

Assessment of PMN death

Freshly isolated PMN were incubated at 37°C, 5% C02, at 5 X 106/m! in
IMDM with 10% (v/v) FCS in the presence of LC37, GM-CSF, R-Roscovi-
tine, LPS, mCRAMP, scrambled LL-37, or partial LL-37 peptides at the
stated concentrations or in control media in triplicate over the time peri¬
ods detailed. To induce primary necrosis, freshly isolated cells were heated
at 65°C for 30 min. Cell death was assessed by light microscopic evaluation
of apoptotic morphology as described [10] and also by examining cells
stained at 4°C with FITC-labeled AV (Roche Applied Sciences, West Sussex,
UK), diluted 1:2000 in HBSS with 5 mM CaCl2, and 3 pg/ml PI (Invitro-
gen Ltd., Paisley, UK) for flow cytometric evaluation using a FACSCalibur,
counting >10,000 cells, and analyzed using Flojo software (TreeStar Inc.,
Ashland, OR, USA). High concentrations of LL-37 can lead to a complete
loss of cells from analysis [10, 38]. To evaluate this accurately, the concen¬

tration-dependent induction of necrosis was determined by FACS, and the
total detectable PMN numbers were determined using a NucleoCounter
YC-100 (ChemoMetec) after 20 h culture over a range of LL-37 concentra¬
tions (<25 pg/ml). An approximate EC50 = 3.8 pg/ml was determined for
LL-37-induced necrosis, and LL-37 ^10 pg/ml (~2 pM) was found to in¬
duce a significant and concentration-dependent loss in total detectable cell
number (total cell number as a proportion of control sample=81%±5% at
20 h, LL-37 10 pg/ml; P<0.01; n=20). In contrast, incubation with ^5
pg/ml LL-37 did not result in a significant decrease, although a degree of
cell loss was observed sometimes. LL-37 was therefore used at ^5 pg/ml
for further studies examining LL-37-mediated modulation of PMN cell
death.
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TEM

Freshly isolated PMN were incubated with or without 5 /xg/ml LL-37 for
20 h, as described above, centrifuged at 250 g for 5 min at room tempera¬
ture, and resuspended gently in 1 ml 2.5% glutaraldehyde (Sigma-Aldrich)
in 0.1 M sodium cacodylate buffer, pH 7.3 (Sigma-Aldrich), for 1 h. Cells
were washed in three 10-min changes of 0.1 M sodium cacodylate and post-
fixed in 1% osmium tetroxide in 0.1 M sodium cacodylate for 45 min be¬
fore three 10-min changes of 0.1 M sodium cacodylate. Samples were then
dehydrated in 50%, 70%, 90%, and 100% normal grade acetones before
two 10-min changes in analar acetone and embedded in Araldite resin. To-
luidine blue-stained sections (1 \±m) were previewed before 60 nm ultra-
thin sections were cut from selected areas, stained in uranyl acetate and
lead citrate, and then viewed in a Philips CM 120 transmission electron mi¬
croscope (FEI UK Ltd., Cambridge, UK). Images were taken on a Gatan
Orius charged-coupled device camera (Gatan UK, Oxon, UK).

Western immunoblotting
Freshly isolated PMN were incubated as described above over a range of
LL-37 concentrations. At Time 0 h or after 20 h, cells were washed with
PBS without Ca2+ and Mg2+, and proteins were extracted using Mamma¬
lian Protein Extraction Reagent (Pierce/Perbio Science UK, Cheshire, UK)
containing 30 pl/ml Halt™ protease inhibitor cocktail, 30 pl/ml Halt™
phosphatase inhibitor cocktail, 10 /xl/ml EDTA solution (all Pierce/Perbio
Science UK), 30 pM pepstatin (Sigma-Aldrich), and 10 pM lactacystin (Cal-
biochem/Merck Biosciences Ltd., Nottingham, UK). Total protein concen¬
trations were determined by bicinchoninic acid assay (Pierce/Perbio Sci¬
ence UK). Equivalent total protein (20-50 pg) was resolved in Pierce
Precise gels (Pierce/Perbio Science UK) transferred to Immun-Blot
polyvinylidene difluoride membranes (Bio-Rad Laboratories, Hercules,
GA, USA) and immunoblotting performed as described [10] with anti-hu¬
man cleaved caspase-3 rabbit polyclonal antibody and reprobed with anti-
pan-actin antibody (both Cell Signaling Technology, Beverly, MA, USA) for
protein loading correction via densitometric analysis using ImageJ software
(National Institutes of Health, Bethesda, MD, USA).

Phagocytic studies
Human PBMC were isolated by isotonic Percoll gradient centrifugation as
described above and incubated at 4 Xl06/ml in IMDM at 37°C, 5% C02,
for 1 h. Nonadherent cells were removed and adherent monocytes cul¬
tured for 5-7 days in IMDM and 10% autologous serum to generate MDM.
For light microscopic analyses of phagocytosis, PMN were incubated previ¬
ously for 20 h, with or without LL-37 (or scrambled LL-37) at the slated
concentrations (as described above), and the level of apoptosis was assessed
as described. PMN (2.5X106; ~2.5:1 ratio of PMN:MDM) were overlaid
onto HBSS-washed MDM monolayers for 1 h at 37°C. MDM were then
washed gently four times with IMDM to remove noningested PMN and
fixed with 2.5% paraformaldehyde (Sigma-Aldrich) for 10 min. PMN MPO
was stained with 0.1 mg/ml dimethoxybenzidine (Sigma-Aldrich) and
0.03% (v/v) H202 (Sigma-Aldrich) before analysis by light microscopy,
counting at least 200 MDM in five randomly selected fields of view to evalu¬
ate the proportion of MDM-containing peroxidase-positive cells, with n — 2
replicates/experiment. Only MDM that had engulfed PMN clearly were
scored as positive. For flow cytometric analyses of phagocytosis, freshly iso¬
lated PMN were stained with Cell Tracker Green (Molecular Probes, Eugene,
OR, USA) at 37°C for 20 min, according to the manufacturer's instructions,
and then washed twice with PBS before incubation for 20 h in the presence or
absence of LL-37, as described. The effects of LLr37 were not altered by Cell
Tracker Green staining (data not shown). MDM were exposed to PMN as
described above, but after 1 h incubation, cells were detached and col¬
lected using 0.05% trypsin/0.02% EDTA solution (Cambrex). Samples were
analyzed by FACSCalibur as described previously [39], with n — 2 repli¬
cates/experiment. The number of Cell Tracker Green-positive events in the
macrophage gate (based on forward- and side-scatter) represented the
number of macrophages that had ingested PMN and was evaluated as a

proportion of total number of MDM. As a positive control, wells of adher-
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ent monocytes were also cultured in the presence of 1 pM dexamethasone
for 5 days, a process demonstrated previously to up-regulate MDM phagocy¬
tosis of dead PMN [40].

MDM cytokine production
Freshly isolated PMN at 5 X 10(>/ml were incubated for 20 h in the pres¬
ence or absence of LL-37, scrambled LL-37, or partial LL-37 peptides pi
(LLGDFFRKSKEKIGKEFKRIVQ), p2 (KIGKEFKRIVQRIKDFLRNLVP), or
p3 (EFKRTVQRIKDFLRNLVPRTES) at the concentrations indicated in 10%
FCS as described above. Samples (1 ml) were collected and each split in
two, and half of each sample was centrifuged at 230 g before collection of
the supernatant and resuspension of the cells in 0.5 ml X-vivo 10 media
(Lonza Biologies, Slough, UK), with or without 10% FCS. Washed MDM,
with or without concomitant exposure to 10 ng/ml E. coli 0111 :B4 LPS or 3
pg/ml rhCD40L/5 ng/ml rhIFN-y, were then incubated at 37°C, 5% C02,
for 18 h with 0.5 ml PMN in fresh X-vivo 10, PMN in the original IMDM
with 10% FCS, IMDM with 10% FCS supernatant collected from overnight-
incubated PMN, or media alone. MDM alone and PMN alone in the pres¬
ence of absence of LPS and/or LL-37 were also studied as controls. Super-
natants were collected, centrifuged at 230 g for 6 min to remove cells and
particulate debris, and then stored in aliquots at -70°C. The concentrations
ofTNF-a, IL-6, IL-10, IL-12p70, and IL-1/3 in the supernatants were mea¬
sured using BD Cytometric Bead Array human inflammation kits with a BD
FACSArray (BD Biosciences) or Human TNF-a DuoSet ELISA (R&D Sys¬
tems, Minneapolis, MN, USA), according to the manufacturer's instruc¬
tions.

MPO release

Freshly isolated PMN were incubated with different concentrations of
LL-37 or scrambled peptide for 20 h as described above, centrifuged at 230
g for 6 min, and placed immediately on ice, and the supernatants were col¬
lected. To detect MPO, 100 pi supernatant samples (used neat or diluted
in PBS) were incubated in the dark for 20 min at room temperature with
100 pi substrate solution (1:1 mixture of FI202 and tetramethylbenzidine;
R&D Systems), followed by addition of 50 pi 2 N H2SO., stop solution and
colorimetric analyses at 450 nm using a microplate reader. The concentra¬
tion of MPO in the supernatants was evaluated as a percentage of MPO
release after complete lysis of fresh control PMN using 0.1% Triton X-100
(Sigma-Aldrich).

Statistical analysis
GraphPad Prism 5 statistical software was used to determine statistical sig¬
nificance. One-way or two-way ANOVA with Bonferroni's multiple compari¬
son post-tests or Student's /-tests was performed as appropriate. P < 0.05
was considered significant. Values are expressed as mean ± sem.

RESULTS

LL-37 induces the rapid secondary necrosis of
apoptotic PMN
We and others [10, 11] have demonstrated that the propor¬
tion of apoptotic (AV+P1~) cells detected in an in vitro model
of spontaneous apoptosis of human PMN was decreased signif¬
icantly when cells were cultured with LL-37. The most prom¬
inent consequence of this was an increased proportion of
necrotic (AV PI+) PMN [10]. To carefully characterize LL-
37-induced, necrotic PMN, with which to examine the conse¬

quences for macrophage inflammatory responses, a large donor
pool (n=28 different donors) was evaluated. This demonstrated
the concentration-dependent capacity of 1.1 ,-37 to promote PMN
necrosis significantly al the expense of apoptosis, with no signifi-
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cant impact on the proportion of live (AV~PI~) cells at <5
pg/ml LL-37 using FACS (Fig. 1A) and morphological analy¬
ses. LL-37-induced necrotic PMN were observed to be similar

to "late apoptolic" cells observed in control samples at 20 h,
with less-severe loss of membrane integrity than primary necro¬
sis induced by heat treatment of cells (Fig. IB). TEM was used
to confirm the capacity of LL-37 to promote PMN necrosis
after 20 h incubation when compared with control cells (Fig.
1, C and D).
We have demonstrated previously that LL-37 was not lytic to

PMN [10]. Furthermore, no significant necrosis was observed
at 0, 1, 4, or 6 h (ref. [10], and data not shown). However,
significant (TLsO.001) induction of necrosis was observed at
12 h (data not shown) and thereafter, occurring at time-points

at which substantial apoptosis was observed. In keeping with
recent publications [38, 41], this suggested prior induction of
apoptosis may be necessary and that LL-37 might induce sec¬
ondary necrosis. To confirm this in our model system, PMN
were exposed to early or late pulses of LL-37. PMN incubated
with LL-37 (£5 pg/ml) for 4 h, followed by washing and incu¬
bation in control media for 16 h, had proportions of apopto-
tic, necrotic, and live cells identical to untreated controls (data
not shown). In contrast, 20 h incubation of cells in control
media, followed by exposure to LH37 for just 10 min before
FACS analyses, completely replicated the dose-dependent ef¬
fect of 20 h incubation with LL-37 (Fig. IE), demonstrating
that LL-37 induced a rapid secondary necrosis of apoptotic
PMN without affecting live cells.
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Figure 1. Induction of PMN ne¬
crosis by LL-37. (A-D) Freshly
isolated human PMN were incu¬
bated for 20 h over a range of
LL-37 concentrations before

analyses. Primary necrosis was
induced by heating at 65°C for
30 min. Cell death was exam¬

ined by FACS analyses and TEM
morphology. (A) Apoptotic
(FITC-AV-positive, Pi-negative),
necrotic (FITC-AV-positive, PI-
positive), and live (FITC-AV-
negative, Pi-negative) cells were
enumerated. Figures represent
mean values ± sem for n = 28

different donors for each condition, performed in triplicate. Significance was assessed by one-way ANOVA with Bonferroni's multiple comparison
test comparing each treatment with control; **, P ^ 0.01; ***, P ^ 0.001. (B) Representative FACS plots. (C and D) Representative TEM images
of (C) untreated, apoptotic PMN and (D) PMN exposed to 5 p-g/ml LL-37. Arrows indicate examples of necrotic PMN. (E) Freshly isolated hu¬
man PMN were incubated for 20 h over a range of LL-37 concentrations (20 h samples) or incubated for 20 h in the absence of LL-37 followed
by exposure to a range of LL-37 concentrations for 10 min (pulse samples) before FACS analyses of apoptotic, necrotic, and live cells. Panels rep¬
resent mean values ± sem for n — 3 donors performed in triplicate. Significance was assessed by two-way ANOVA with Bonferroni's post-test; **,
P < 0.01; ***, P ^ 0.001, compared with untreated control.

20 hr pulse 20 hr pulse 20 hr pulse

4 Journal ofLeukocyte Biology Volume 86, October 2009 www.jleukbio.org



Li et al. LL-37-induced secondary necrosis of PMN

Interaction of LL-37 with known modulators of PMN

apoptosis
To investigate whether LL-37 can interact with and modulate
the effects of known modifiers of PMN apoptosis pathways,
cells were incubated with LL-37 in the presence or absence of
GM-CSF (a PMN survival factor [42]) or R-Roscovitine (a cy-

clin-dependent kinase inhibitor and inducer of PMN apoptosis
[9]). GM-CSF reduced PMN apoptosis significantly at 20 h,
increasing the proportion of live cells with no effect on necro¬
sis (Fig. 2A). Concomitant treatment with 5 pg/ml LL-37 had
no effect on the capacity of GM-CSF to promote cell survival
but significantly (P<0.05) increased the proportion of necrotic
cells with a reciprocal loss of apoplotic cells when compared
with GM-CSF alone (Fig. 2A). R-Roscovitine induced PMN apop¬
tosis significantly at 6 h with minimal necrosis (Fig. 2B). LL37
alone (s25 pig/ml) had no effect on cell death at this time-
point. Concomitant LL-37 treatment had no effect on the ca¬
pacity of R-Roscovitine to induce cell death but significantly
(R<0.01) increased the proportion of necrotic cells in a dose-
dependent manner with a reciprocal loss of apoptotic cells
when compared with R-Roscovitine alone (Fig. 2B). These data
demonstrate no interaction with these direct modifiers of PMN

apoptosis, but LL-37 induced secondary necrosis, relating in
magnitude to the extent of induction of apoptosis.
In addition, studies were performed to assess the impact of

LL37 (a well-characterized antiendoloxic agent [15]) on the
antiapoptotic effects of LPS in PMN [43]. LPS promoted PMN
survival (Fig. 2C) significantly, inhibiting apoptosis without
inducing necrosis (Fig. 2D). Concomitant incubation with
LL37 inhibited this effect significantly in a dose-dependent
manner. LL37 (5 pg/ml) blocked the pro-survival effects of
LPS completely and significantly increased the proportion of
dead cells that were necrotic (RC0.01). However, the capacity
of 5 pg/ml LL37 to induce secondary necrosis was diminished

significantly by LPS (P<0.001). These data demonstrate LL-37-
mediated inhibition of the antiapoptotic effects of LPS and
suggest a mutually inhibitory interaction with LPS diminishing
LL-37-induced secondary necrosis.

LL-37-mediated induction of secondary necrosis is
conserved in mCRAMP and C-terminal partial
peptides and is not primarily charge-dependent
To examine the important characteristics of LL37 for the ca¬
pacity to induce secondary necrosis, FACS-based studies were
performed using a scrambled LL37 peptide (with conserved
charge but altered amino acid sequence), the murine homo-
logue mCRAMP, and a panel of sixteen 22-mer partial pep¬
tides spanning the sequence of LL-37 [37]. Incubation of
PMN with scrambled LL-37 had no effect, whether exposed
over 20 h or as a final 10-min pulse (Fig. 3A). In contrast,
mCRAMP exposure closely replicated the effects of LL-37 with
significant, dose-dependent induction of secondary necrosis
(Fig. 3B). Exposure to N-terminal 22-mer partial LL-37 pep¬
tides (from the peptide incorporating aa 1-22 of I.L37
through that spanning aa 10-31) had no significant effects
(Fig. 3C). In contrast, C-terminal partial peptides (from the
peptide incorporating aa 11-32 through that spanning aa 16-
37) induced significant secondary necrosis (R<0.01) in the
absence of effects on live cells but to a lesser extent than full-

length LL37. This identified a putative minimal core func¬
tional region for induction of secondary necrosis spanning aa
16-32. The effects of these peptides showed no correlation
with charge, which ranged from +3 to +6. These data demon¬
strate that the capacity to induce PMN secondary necrosis is
evolutionarily conserved between mouse and human calhelici-
din, is not primarily dependent on peptide charge, and is re¬
tained by C-terminal but not N-terminal-truncated peptides of
LL37.

B

Apoptotic 80-

Necrotic

AV'PI'
£ 60-
V
o
- 40-
o

** 20-

LL-37 (5 jig/ml)
GM-CSF (20 ng/ml)

I Necrotic □Apoptotic

10 25

□ Apoptotic
H Necrotic

AV'PI"

LL-37 pg/rnl)
Roscovitine

(20pM)

-75y
0.

>
< 50-
jn
o

,° 25-

II

0 0.5 1 5 0 0.5 1 5
+ + + +

LL-37 (ng/ml)
LPS

0 0.5 1 5 0 0.5 1 5 LL-37 (pg/ml)
- - --++++ LPS

Figure 2. LL-37 exposure of PMN in the presence of modifiers of apoptotic pathways. Freshly
isolated human PMN were incubated with LL-37 (at the concentrations indicated) for 20 h in
the presence or absence of 20 ng/ml GM-CSF (A), for 6 h in the presence or absence of 20 /xM
/{-Roscovitine (B), or for 20 h in the presence or absence of 500 ng/ml E. coli LPS (C and D).
Cell death was examined by FACS analyses. Figures represent mean values ± sem for n ^ 3 do¬
nors performed in triplicate. Significance was assessed by one-way ANOVA with Bonferroni's
multiple comparison test comparing each treatment with control; *, P < 0.05; **, P ^ 0.01, for
necrotic (A, B, and D) or viable (C) cells in LL-37-treated samples compared with controls with¬
out LC37 in the presence of (A) GM-CSF, (B) /{-Roscovitine, or (C) LPS; #, P < 0.001, for necrotic
(D) or viable (C) cells in LPS-treated samples compared with controls without LPS in the compara¬
ble concentration of LL-37.
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Figure 3. Peptide specificity in the
induction of PMN secondary ne¬
crosis. Freshly isolated human
PMN were incubated with (A) a

range of concentrations of scram¬
bled LL-37 peptide for 20 h, or
for 10 min after 20 h incubation
in the absence of peptide (pulse);
n = 3 donors performed in tripli¬
cate; (B) a range of concentra¬
tions of mCRAMP peptide; n =
16 donors performed in tripli¬
cate; or (C) 5 p-g/ml partial
LL-37 peptides from a panel of
16 overlapping 22-mers using N-
terminal peptide (aa 1-22), then
peptide spanning aa 2-23, and so
on through C-terminal peptide
(aa 16-37) or full-length LL-37;
n = 3 donors performed in tripli¬
cate. Peptides pi, p2, and p3 aie
identified. Cell death was exam¬

ined by FACS analyses as de¬
scribed. Figures represent mean
values ± sem. Significance was
assessed by one-way ANOVA with
Bonferroni's multiple comparison
test comparing each treatment
with control; **, P ^ 0.01; ***,
P < 0.001.
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LL-37-induced secondary necrosis of apoptotic PMN
does not inhibit macrophage efferocytosis
To determine whether macrophage ingestion of dead PMN
was altered by LL-37-mediated secondary necrosis, ingestion of
LI.-37-treated PMN was studied using MDM by light micro¬
scopic enumeration (Fig. 4A). Confirmatory studies were per¬
formed using FACS analyses of MDM to determine ingestion
of labeled PMN (Fig. 4B). In both studies, positive control
dexamethasone-primed macrophages (shown previously to
have increased capacity for apoptotic PMN ingestion [40])
were used. LL-37-mediated induction of secondary necrosis
had no significant effects on the magnitude of PMN ingestion
by MDM, even at 25 pg/ml LL-37 (a concentration at which
—80% of dead cells are necrotic [10]).

LJL-37-induced secondarily necrotic PMN do not
induce proinflammatory macrophage responses
The interaction of apoptotic PMN and macrophages can in¬
duce anti-inflammatory macrophage responses and inhibit
LPS-induced proinflammatory cytokine responses [5], In con¬
trast, necrotic cells are suggested to induce proinflammatory
responses [44]. To examine the effects of I,L-37-mediated
PMN secondary necrosis, MDM cytokine responses to these
cells were evaluated at 18 h after exposure. To separate the
effects of any residual, functional LL-37 in the media from the
effects of the dead PMN and of the cell bodies from the cellu¬

lar contents released from secondarily necrotic cells, PMN

were incubated for 20 h at a range of concentrations of LI -37,
and MDM were then exposed to LL-37-lreated PMN, resus-
pended in fresh serum-free media, unwashed LL-37-treated
PMN in their original media, supernatant from LL-37-treated
PMN alone, or media without PMN as a control.
MDM exposed to control apoptotic PMN, PMN incubated

for 20 h with LL-37 (<25 pg/ml), or the supernatants from
these cells did not produce detectable levels of TNF-a, IL-6,
IL-10, IL-12p70, or IL-1/3 (Fig. 5, and data not shown), and
there were no significant differences between responses to LL-
37-lreated and control apoptotic PMN. These data suggest that
I,L-37-induced secondarily necrotic PMN are not proinflamma¬
tory to macrophages nor release effective, proinflammatory
contents into the supernatant.

LL-37-induced secondarily necrotic PMN have anti¬
inflammatory effects on macrophages
To determine the effect of these cells in the context of proin¬
flammatory stimuli, MDM were exposed concomitandy to 10
ng/ml E. coli LPS. Treatment of MDM with LPS alone stimu¬
lated significant production of TNF-a, IL-6, and IL-10 (but not
IL-12p70 or IL-1/3). In keeping with previous reports [5], the
LPS-induced proinflammatory response was reduced by the
addition of control apoptotic PMN in serum-free media with
significant inhibition (P<0.01) of TNF-a and IL-6 (Fig. 6A).
However, these control apoptotic cells had no significant effect
on LPS-induced IL-10 production (with considerable donor
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Figure 4. Macrophage phagocytosis of LL-37-induced secondarily ne¬
crotic PMN. PMN were incubated previously for 20 h, with or without
LL37 (or scrambled 1.1 .-37) at the stated concentrations, and then
incubated with hMDM for 1 h before removal of noningested PMN.
Phagocytosis was assessed by (A) light microscopy, counting the pro¬
portion of MDM peroxidase-positive cells; n = 3 donors for each con¬
dition and n = 2 replicates/experiment; or (B) flow cytometric analy¬
ses, evaluating the proportion of MDM ingesting Cell Tracker Green-
stained PMN; n " 3 donors for each condition, with n = 2 replicates/
experiment. As a positive control, wells of adherent monocytes were
also cultured in the presence of 1 p.M dexamethasone for 5 days to
up-regulate MDM phagocytosis of dead PMN. Significance was assessed
by one-way ANOVA with Bonferroni's multiple comparison test com¬
paring each treatment with control; *, P s 0.05; **, P s 0.01.

variation). Contrary to expectation, when PMN, incubated pre¬
viously for 20 h with LL-37 to induce secondary necrosis, were
resuspended in fresh, serum-free media and used, these cells
also inhibited LPS-induced TNF-a and IL-6 responses. The ef¬
fect of cells incubated previously with 5 pg/'ml LL-37 to in¬
duce secondary necrosis was not significantly different than
control apoptotic cells (Fig. 6A). However, significantly greater
inhibition of LPS-induced TNF-a (PC0.01) was observed in
response to cells incubated previously with 25 pg/ml LL-37
(Fig. 6A), in which the largest induction of secondary necrosis
is evident. In addition, in contrast to control apoptotic cells, a
trend toward diminished, LPS-induced MDM IL-10 responses
was observed in response to these secondarily necrotic cells
(Fig. 6A). Exposure of MDM to control apoptotic PMN in
their original supernatant (Fig. 6B) had no effect on the LPS-
induced production of TNF-a, IL-6, or IH0 by MDM and was

essentially the same as exposure to the supernatant alone

(data not shown). In contrast, exposure to unwashed, LL-37-
treated PMN in their original supernatant did inhibit the LPS-
induced production of TNF-a (P<0.001), IH6 (P<0.05), and
IL-10 by MDM (Fig. 6B). This effect could be replicated using
supernatants alone (data not shown) but was not observed us¬

ing cells treated with scrambled LL-37 (Fig. 6B). In addition,
fresh LL-37, added directly to LPS-stimulated MDM in the ab¬
sence of PMN, was able to replicate this inhibitory effect (Fig.
6B), indicating that the antiendotoxic effects of remaining,
acdve LL-37 in the original supernatant may be responsible for
the results observed in these latter studies. To determine

whether the loss of inhibitory activity of dead PMN in their
original supernatant related to cellular products or serum
within the original media, 20 h PMN, washed and resuspended
in fresh serum-containing media, were used. These cells (con¬
trol and LL-37-trealed) lost the capacity to inhibit LPS-induced
MDM TNF-a production (Fig. 7A), implicating an unidentified
serum-factor and demonstrating that washed, l.l.-37-treated cells
did not have sufficient residual IX-37 to be directly antiendo¬
toxic.

To confirm that the anti-inflammatory effects of LL-37-in-
duced secondarily necrotic PMN were independent of the anti¬
endotoxic effects of the peptide, rCD40L and rIFN-y treat¬
ment was used to activate MDM, rather than LPS. Conlrol-
apoptotic and LL-37-induced secondarily necrotic PMN were

capable of significantly (P<0.001) inhibiting the resultant
TNF-a production (Fig. 7B).
In addition, the impact of three 22-mer partial I.I.-37 pep¬

tides was evaluated. N-terminal peptide pi induced no PMN
secondary necrosis (Fig. 3C) and had no direct antiendotoxic
effects when applied to LPS-treated MDM (Fig. 7C). C-termi-
nal peptides p2 and p3 induced significant PMN secondary
necrosis (Fig. 3C), but whereas p2 had direct, significant anti¬
endotoxic effects (P<0.05), p3 did not (Fig. 7C). When PMN,
incubated previously for 20 h with these peptides, were resus¬
pended in fresh serum-free media, these cells were all capable
of mediating a significant (P<0.01) inhibition of LPS-induced
MDM TNF-a production, identical to control cells (Fig. 7D).
However, when used in their original media, the effects of
these cells replicated the direct, antiendotoxic capacity of the
peptide with which they had been treated (Fig. 7C).

□ macrophages alone
■ macrophages + PMN in supernatant

LL-37 (pg/ml) LL-37 (pg/ml) LL-37 (pig/ml)

Figure 5. LL-37-induced second¬
arily necrotic PMN are not proin¬
flammatory for macrophages. Hu¬
man PMN were incubated for 20 h
in the presence or absence of
I I -17 or scrambled I i -17 at the

concentrations indicated and used
unwashed in the IMDM + 10% FCS
media supernatant, in which they
had been incubated. hMDM were

incubated with these PMN or incu¬
bated without PMN (nc) in the pres¬
ence or absence of LL-37 or 10

ng/ml E. coli 0111 :B4 LPS as a posi¬
tive control. Supernatants were eval¬
uated for cytokine responses.
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Figure 6. LL-37-induced secondarily ne¬
crotic PMN retain anti-inflammatory prop¬
erties. Human PMN were incubated for
20 h in the presence or absence of LL-37
or scrambled LL-37 at the concentrations
indicated. PMN were resuspended in se¬
rum-free X-vivo 10 media (A) or used un¬
washed in the IMDM + 10% FCS media

supernatant, in which they were incubated
overnight (B). MDM were incubated with
these PMN, with concomitant exposure to
10 ng/ml E. coli 0111:B4 LPS for 18 h. LPS-
treated MDM without PMN, in the pres¬
ence or absence of LL-37, were also studied
as controls. Supernatants were evaluated for
cytokine responses. Significance was as¬
sessed by one-way ANOVA with Bonterro-
ni's multiple comparison test; n — 9 donors
(TNF-a); n = 5 donors (IL6/IL10); *, P <
0.05; **, P < 0.01; ***, P < 0.001, com¬
pared with MDM exposed to LPS in the
absence of PMN under the same condi¬

tions; **, P < 0.01; ###, P < 0.001, com¬
pared with MDM exposed to control apo-
ptotic PMN untreated with LL37.
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These data demonstrate the effect of residual peptide in the
original media, show that functional peptide is not carried
over in washed cells, and demonstrate that these dead PMN
can inhibit LPS-induced MDM cytokine production, irrespec¬
tive of the degree of peptide-induced secondary necrosis. These
data demonstrate that the inhibition of activated MDM proin¬
flammatory cytokine production mediated by apoptotic PMN is
not inhibited and may even be enhanced by LL-37-mediated
induction of secondary necrosis of these apoptotic PMN.
Furthermore, the intracellular contents released by these
cells are not actively proinflammatory or can be inhibited
by the effects of LL-37.

LL-37-mediated secondary necrosis can induce the
release of PMN granule contents
To determine the effect of LL-37-mduced secondary necrosis
of apoptotic PMN on the azurophilic (primary) granules, the
release of MPO in response to LL-37 was quantified at 20 h.
MPO release was not detected above background for this time-
point following exposure to £10 pg/ml LL-37 (concentrations
at which substantial secondary necrosis occurred) or in re¬

sponse to scrambled LL-37 (Fig. 8). However, significant levels
of MPO were observed in response to &25 pg/ml LL37
(P<0.01) at levels approaching 40% of total MPO released by
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Figure 7. The anti-inflammatory properties LL-37-induced, secondarily necrotic PMN are independent of peptide antiendotoxic activity. Human
PMN were incubated for 20 h in the presence or absence of LL37 or partial peptides pi, p2, or p3 at the concentrations indicated. PMN were
resuspended in X-vivo 10 media with 10% FCS (A), resuspended in serum-free X-vivo 10 media (B and D), or used unwashed in the IMDM +
10% FCS media supernatant, in which they were incubated overnight (C). MDM were incubated with these PMN, with concomitant exposure to
10 ng/ml E. coli 0111:B4 LPS (A, C, and D) or 3 jug/ml rhCD40L + 5 ng/ml rhIFN-y (B) for 18 h. Activated MDM without PMN, in the presence
or absence of peptides, were also studied as controls and to evaluate direct antiendotoxic activity. Supernatants were evaluated for cytokine re¬
sponses. Significance was assessed by one-way ANOVA with Bonferroni's multiple comparison test; n ^ 3 donors; *, P ^ 0.05; **, P ^ 0.01; ***,
P < 0.001, compared with activated MDM in the absence of PMN under the same conditions.
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Figure 8. LL-37-induced secondary necrosis of PMN can release gran¬
ule contents. Isolated human PMN were incubated for 20 h with a

range of concentrations of 1.1 -.17 or 50 /xg/ml scrambled LL-37
(sc50). The concentration of MPO in the supernatants was evaluated
as a percentage of total MPO release after lysis of fresh control PMN
using 0.1% Triton X-100. Significance was assessed by one-way ANOVA
with Bonferroni's multiple comparison test; n — 7 donors; **, P
0.01, compared with untreated PMN.

lysis with Triton X-100. These data suggest that although LL-
37-induced secondary necrosis of apoptotic PMN does not lead
directly to the release of granule contents over this time scale,
higher concentrations of LH37 are able to destabilize granules
and lead to the release of their potentially damaging contents.

DISCUSSION

PMN are key cells of the innate immune system. The appropri¬
ate regulation of PMN function, death, and clearance is criti¬
cal to effective control of inflammation, and dysregulation of
these processes has been implicated in disease pathogenesis.
Cell death by apoptosis, followed by efferocytosis by profes¬
sional phagocytic cells, is proposed to enable safe PMN re¬
moval without the release of harmful intracellular contents to

inhibit proinflammatory responses and to promote anti-inflam¬
matory responses to enhance resolution [3]. In contrast, cell
death by necrosis (whether primary necrosis or secondary ne¬
crosis of apoptotic PMN that have not been cleared) is pro¬
posed to be proinflammatory. We demonstrate that the human
cathelicidin LL-37 is a potent inducer of secondary necrosis in
PMN, which have undergone prior apoptosis, and evaluate the
impact of this process on macrophage inflammatory responses.
We demonstrate that the ingestion of LL-37-induced second¬

arily necrotic PMN was not a proinflammatory event. This pro¬
cess did not promote the release of proinflammatory cytokines
by macrophages and was indistinguishable from the macro¬
phage response to apoplotic cells. Furthermore, these second¬
arily necrotic PMN were actively anti-inflammatory, demon¬
strating that the capacity of apoptotic PMN to inhibit LPS-in-
duced proinflammatory cytokine production by macrophages
was undiminished by LI ,-37-induced secondary necrosis. In¬
deed, this anti-inflammatory effect was actually enhanced in
response to PMN with the most extensive secondary necrosis.
Although the anti-inflammatory activity of unwashed, LL-37-
treated apoptotic PMN was a result of the antiendotoxic prop¬
erties of the remaining, functional LL-37 in the supernatant,
washed cells retained the anti-inflammatory capacity of control
apoptotic cells, even after treatment conditions (25 pg/ml

LL-37 for 20 h) in which ~80% of dead PMN have undergone
secondary necrosis [10]. These data suggest functional equiva¬
lence, irrespective of membrane integrity, of apoptotic PMN
and LL-37-induced secondarily necrotic cells in this system. A
previous report has demonstrated potential functional domi¬
nance of apoptotic cells over primary necrotic cells [45]. We
cannot exclude a dominant role for the remaining membrane-
intact apoptotic cells in our system. However, the significandy
enhanced anti-inflammatory effects induced by PMN, with the
greatest proportion of secondary necrosis, indicate that the
anti-inflammatory activity of apoptotic PMN can in fact be po¬
tentiated by LH37-induced secondary necrosis. Whether this
applies to PMN necrosis induced in other ways and the mecha¬
nisms involved remains to be determined. However, exposure
to a concentration of LL-37, sufficient to induce PMN granule
content release, appeared to be necessary to generate second¬
ary necrosis capable of potentiating the anti-inflammatory ef¬
fects. This indicates that induction of necrosis per se is not
sufficient and implicates a possible role for the release of en¬
dogenous LL-37 or other anti-inflammatory agents from PMN
granules. Irrespective, it is clear that LI-37-induced secondary
necrosis did not compromise the anti-inflammatory effects of
the dead cells nor confer proinflammatory properties on
them. Furthermore, any proinflammatory mediators released
by secondarily necrotic PMN into the supernatant were unable
to initiate or potentiate macrophage production of the cyto¬
kines studied in the presence of LL-37.
Whereas apoplosis has been viewed as anti-inflammatory and

inducing immune-tolerance, necrosis has been considered a

proinflammatory and immunogenic form of cell death. How¬
ever, recent studies have suggested that this axiom is oversim¬
plified [46]. Apoptotic Jurkat T cells are reported to be
equally potent in modulating macrophage MAPK pathways,
irrespective of membrane integrity [47], and the membranes
of apoptotic and primary necrotic PMN have been shown to
inhibit TNF-a production by activated macrophages [44]. In
addition, apoptosis can neutralize potential intracellular dan¬
ger signals, such as high-mobility group box-1 protein, via
caspase-activated mitochondrial reactive oxygen species pro¬
duction [48]. Thus, the release of intracellular contents from
apoptotic cells having undergone secondary necrosis may not
be equivalent to the proinflammatory contents of primary ne¬
crotic cells, an hypothesis that would be compatible with our
data.

We demonstrate that LI ,-37-induced PMN secondary necro¬
sis had no impact on the magnitude of ingestion of dead PMN
by macrophages, consistent with previous reports [44, 45]. Ef¬
ferocytosis is a complex process with multiple receptors and
adaptors proposed [3], independent from the anti-inflamma¬
tory effects initiated by apoptotic cells [49]. We cannot ex¬
clude the possibility that the mechanism of ingestion of these
secondary necrotic PMN and apoptotic PMN may be different,
but comparable levels of uptake suggest that LL-37-mediatcd
induction of PMN secondary necrosis in vivo would not inhibit
the clearance of dead PMN.

Irrespective of the impact of secondary necrosis on the
clearance of dead PMN or macrophage cytokine responses,
the loss of PMN membrane integrity presents the additional
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threat of the release of harmful intracellular contents, includ¬

ing granule contents such as neutrophil elastase, cathepsin G,
MPO, and gelatinase [50]. In contrast to previous TEM-based
observations [38], our data demonstrate that high concentra¬
tions of LL-37 induced the release of MPO from the azuro¬

philic granules. Interestingly, this was not observed at lower
LI.-37 concentrations, at which significant induction of second¬
ary necrosis was observed nevertheless. This suggests that LL-
37-induced secondary necrosis did not disrupt granule integ¬
rity per se but that high concentrations of LC37 (3:10 /rg/ml)
had the capacity to damage granule membranes in addition to
apoptotic outer membranes. The consequences of such an ef¬
fect in a rapidly resolving acute infection may contrast with
those in a chronic inflammatory process associated with high
levels of LI ,-37. Indeed, increased hCAP-18/LL-37 concentra¬
tions in cystic fibrosis lung disease (detected at up to ~15
pg/ml in BALE from patients without recent infectious exacer¬
bation) were correlated with increased lung damage [34], and
raised pulmonary LL-37 levels are associated with bronchiolitis
obliterans syndrome in the recipients of lung transplants [36].
In addition, LC37 has been proposed recently to contribute to
the pathogenesis of psoriasis [35], and the concentration of
hGAP-18/LL-37 was reported to be ~1.5 mg/ml in psoriatic
skin lesions [51]. These estimates of in vivo peptide concentra¬
tions do not take into account the recent observation that the
ratio of active LC37 to full-length precursor hCAP-18 varied
considerably between donors in the inflamed lung [36]. Nev¬
ertheless, at these concentrations, extensive induction of sec¬
ondary necrosis of apoptotic PMN, with the release of PMN
granule contents, could be generated by exposure to LC37 in
vivo. Thus, the potentially detrimental effects of LL-37-medi-
ated induction of PMN secondary necrosis could have signifi¬
cance in chronic disease processes.
The potential consequences of PMN granule release may be

of particular significance for the ongoing development of
CHDP as therapeutic agents for infectious and inflammatory
diseases. A greater knowledge of the capacity of these peptides
to modulate inflammation and the peptide attributes that con¬
fer them will have important implications. We have demon¬
strated recently that the capacity of LL-37 to induce secondary
necrosis of apoptotic cells is not specific to PMN [41] and now
additionally define a core functional region and describe inter¬
action with other modifiers of cell death.

We demonstrate that LL-37-induced secondary necrosis of
PMN occurred rapidly, within minutes of exposure of an apop¬
totic PMN to the peptide. The specific membrane alterations
that make these apoptotic cells acutely susceptible to damage
by LC37 and the nature of this interaction remain unclear,
but the process has been proposed recently to be energy-inde¬
pendent [38] and independent of known LL-37 receptors
[41]. Our data demonstrate that this property was conserved
in the murine ortholog mCRAMP, and the effect was not de¬
pendent primarily on peptide charge (with no effects seen for
a scrambled sequence peptide with the same charge) and was
retained partially by G-terminal, but not N-terminal partial
LIj-37 peptides. These latter studies, using truncated partial
peptides, shown previously to be poorly antiendotoxic [37],
identified a minimal core-functional region for induction of

secondary necrosis by LL-37, spanning aa 16-32. This may in¬
dicate an important motif or be related to the more amphi-
pathic nature of the peptides spanning this region. Interest¬
ingly, the region 17-32 has been identified previously as the
core antimicrobial region [52]. This suggests a possible conser¬
vation of mechanism between the direct microbicidal effects of

LL-37, for which amphipathicity is critical [52], and the capac¬
ity to induce PMN secondary necrosis. However, it is notewor¬
thy that whereas core LL-37 peptide 17-32 had enhanced mi¬
crobicidal function compared with full-length LL-37, our par¬
tial peptides had diminished capacity to induce secondary
necrosis. This has important implications for the development
of therapeutic peptides and in consideration of the possible in
vivo activities of shorter-form cleavage products of hCAP-18,
identified previously in the skin [53]. Further study of our par¬
tial peptides will enable dissection of the various properties of
LC37.
In conclusion, we demonstrate that the human cathelicidin

LL-37 is a potent inducer of secondary necrosis of apoptotic
PMN, with the potential to alter the profile of PMN cell death
at sites of infection and inflammation. Our data give novel in¬
sights into the potential effects of PMN secondary necrosis,
suggesting that LL-37-mediated secondary necrosis of PMN
does not have proinflammatory effects on macrophages and
can even potentiate the anti-inflammatory effects of efferocyto-
sis. These data challenge the prevailing model that although
apoptotic cells are anti-inflammatory to macrophages, necrotic
cells (whether primary or secondaiy necrosis) are inherently
proinflammatory. This has particular importance for the de¬
layed clearance of the apoptotic cell hypothesis for chronic
inflammation and implications for novel, anti-inflammatory
strategies being developed based on our understanding the
mechanisms controlling the resolution of inflammation. How¬
ever, we also demonstrate that LL-37-induced secondary necro¬
sis has the potential to induce the release of potentially harm¬
ful granule contents, which could have deleterious conse¬

quences for the host, particularly in chronic disease states. We
demonstrate that this induction of secondary necrosis by LL-37
is not primarily charge-dependent, is partially retained by C-
terminal partial peptides, and is conserved in the murine or¬

tholog. Further understanding of this mechanism and its phys¬
iological significance will assist the appropriate modification of
synthetic analogs as novel therapeutics, illuminate possible
roles in the pathogenesis of chronic disease, and advance our
understanding of the impact of different cell death processes
in the promotion and resolution of inflammation.
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ARTICLE INFO ABSTRACT

Eosinophils are major players in inflammatory allergic diseases such as asthma, hay fever and
eczema. Here we show that the cyclin-dependent kinase inhibitor (CDKi) R-roscovitine efficiently
and rapidly induces human eosinophil apoptosis using flow cytometric analysis of annexin-V/propi-
dium iodide staining, morphological analysis by light microscopy, transmission electron microscopy
andWestern immunoblotting for caspase-3 cleavage.We further dissect these observations by dem¬
onstrating that eosinophils treated with R-roscovitine lose mitochondrial membrane potential and
the key survival protein Mcl-1 is down-regulated. This novel finding of efficacious induction of
eosinophil apoptosis by CDKi drugs has potential as a strategy for driving resolution of eosinophilic
inflammation.
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1. Introduction

The eosinophil is a leukocyte of granulocyte lineage that confers
resistance to parasitic infection [1 ]. In some societies levels of par¬
asitic infection have significantly declined and in parallel, allergic,
eosinophil-mediated, inflammatory diseases such as asthma, ecze¬
ma and hay-fever have increased. In direct contrast, in those coun¬
tries where parasitic infection has not declined, allergic
inflammatory diseases are not prominent. It seems as though func¬
tional redundancy is not an option for eosinophils and allergic dis¬
ease results from their inappropriate activation [2,3], Eosinophils
and their products have been demonstrated within airways, in lung
parenchyma, at the site of eczematous skin lesions and in nasal
mucosa. Evidence of their armamentarium has also been detected
at sites of allergic inflammation and it has been shown that they
contribute to airway epithelial damage and remodelling in asthma
[1,4-7], Therapeutic strategies that decrease eosinophil recruit¬

* Corresponding author. Fax: +44 1312426578.
E-mail address: a.g.rossi@ed.ac.uk (A.G. Rossi).

1 R.D. and A.E.L. are joint first authors of this manuscript.

ment and activation or enhance resolution of inflammation by
driving eosinophil apoptosis and clearance should ameliorate aller¬
gic inflammatory disease [1,3,8],

An obvious target for the prevention of eosinophil growth, dif¬
ferentiation, survival [9-11] and, also to some extent recruitment
and activation [12] is the cytokine IL-5 but initial in vivo work
has been disappointing suggesting a subordinate role or even
redundancy for eosinophils in asthma [13], Despite this, eosino¬
phils have retained their place as key pathophysiological players
in defined subsets of asthma following successful trials of anti-IL-
5 therapy [14-16]. If eosinophils can be driven towards apoptosis
and efficiently cleared by phagocytes prior to membrane rupture,
the damaging sequelae of degranulation and reactive oxygen spe¬
cies leakage should be avoided, thus protecting airway tissue and
preventing detrimental remodelling [5,17], Eosinophils undergo
classical apoptosis in response to various treatments including:
NF-kB inhibition, Fas-ligation, protein synthesis inhibition and
exposure to corticosteroids. There is some controversy over the
dominant mechanism by which eosinophils undergo apoptosis.
Eosinophils are known to possess mitochondria which are impor¬
tant for apoptosis but probably not functional in terms of ATP

0014-5793/S36.00 © 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
doi:10.1016/j.febslet.2009.07.017
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generation. Caspases 3, 8 and 9 are constitutively expressed and
have all been in implicated in dexamethasone driven apoptosis
[7,18-20],

The cyclin-dependent kinase inhibitor (CDKi), R-roscovitine,
was initially developed as an anti-cancer agent directed against
cell-cycle proteins, promoting cancer cell death through effects
on NF-kB, p53 and key survival proteins [21,22]. It has been shown
to promote apoptosis of myeloid cancer cells by down-regulation
of the key survival protein Mcl-1 [23]. Eosinophils are terminally
differentiated cells and as such should not require cell-cycling
machinery such as CDKs. Nonetheless, like other terminally differ¬
entiated cells, including neutrophils [24,25] and neurons [26], they
have measurable expression of CDKs. Neutrophils are known to un¬
dergo apoptosis in response to CDK inhibitors and indeed work
performed in our laboratory has shown that resolution of neutro-
phil-driven inflammation can be driven by this class of drugs [27].

In this paper, we are the first to show that CDK inhibition drives
eosinophil apoptosis by the mitochondrial pathway, a novel finding
with promising implications for the resolution of eosinophilic
inflammation.

2. Materials and methods

2.1. Eosinophil isolation

Granulocytes were isolated from the peripheral venous blood of
healthy adult donors (Lothian Research Ethics Committee approvals
#08/S1103/38 or #1702/95/4/72) by dextran (Pharmacosmos)
sedimentation followed by centrifugation through discontinuous
PBS-Percoll(GEHealthcare) gradients [28,29], Eosinophils were sep¬
arated from contaminating neutrophils using an immunomagnetic
separation step with sheep anti-mouse IgG-Dynabeads (Invitrogen)
coated with themurine anti-neutrophil antibody 3G8 (anti-CDl 6; a
giftfromDr.J.Unkeless,Mount SinaiMedical School, NewYork)as pre¬
viously described [30]. Eosinophil puritywas routinely greater than 95%.

2.2. Apoptosis assessment

Eosinophils were re-suspended in IMDM (PAA) with 10% FBS
(Biosera), penicillin (lOOU/ml) and streptomycin (lOOU/ml)
(PAA). Cells were aliquoted (5 x 106 cells/ml) into a 96-well-flat-
bottomed-flexible-plate (BD Biosciences) in a final volume of
150 pi. They were incubated with R-roscovitine (A.G. Scientific,
USA), Z-Val-Ala-DL-Asp(OMe)-fluoromethylketone (zVAD-fmk)
(Bachem, Switzerland) or combinations at 37 °C with 5% C02. All
stock reagents were initially dissolved in dimethylsulphoxide
(DMSO) (Sigma) then diluted in buffer yielding a final DMSO con¬
centration of 0.2%; a corresponding DMSO control of 0.2% was as¬
sessed as an appropriate vehicle control. We assessed apoptosis
by flow cytometry using annexin-V-FLUOS (Roche) in combination
with propidium iodide (PI) (Sigma) on a BD FacsScan flow cytom-
eter (Becton, Dickinson and Co.). Morphological apoptotic changes
were assessed by light microscopy of DiffQuik™ (Dade Behring)
stained cytocentrifuged cells.

2.3. Mitochondrial transmembrane potential assessment

MitoCapture™ is a fluorescence-based tool for distinguishing
between viable and apoptotic cells by detecting changes in the
mitochondrial transmembrane potential. Eosinophils were isolated
as above and incubated with appropriate reagent at a concentra¬
tion of 5 x 104 mf1 in a flat-bottomed 96-well plate at 37 °C, 5%
C02. MitoCapture™ kit used as per manufacturer's instructions.
Fluorescence microscopy was performed using a Zeiss Axiovert
S100 microscope.

2.4. Western blotting

Cells were incubated in 2 ml Eppendorf tubes at a concentration
of 5 x 106 cells/ml with R-roscovitine, zVAD-fmk, MG-132 (Calbio-
chem) or combinations of these reagents for 4 h at 37 °C. Cells were
lysed using 1% IgepalCA-630 (Sigma) in TBS containing a protease
inhibitor cocktail before centrifugation (23 lOOxg; 4 °C; 20min)
[24], Protein samples (equivalent to 1.5 x 106 cells/lane) were re¬
solved by SDS-PAGE (12% gel Thermo Scientific) then transferred
to PVDF membranes (Millipore). Blots were blocked with 5%
skimmed milk powder in TBS/0.1% Tween-20 (Sigma) before prob¬
ing with antibodies to Mcl-1 (Santa Cruz), caspase-3 (BD Biosci¬
ences), cleaved caspase-3 (Cell Signaling Technologies) and
soluble p-actin (Sigma).

2.5. Electron microscopy

Cells were incubated with R-roscovitine (20 pM) at 37 °C and 5%
C02 for 8 h. Fixation was achieved by resuspension in 3% gluteral-
dehyde/0.1 M sodium cacodylate buffer (pH 7.4) overnight. Photo¬
micrographs were taken with a Phillips CM12 transmission
electron microscope.

2.6. Statistical methods

Statistics shown are analysis of variance with post hoc testing
by Student-Newman-Keuls using InStat software and data are ex¬
pressed as means ± S.E.M. unless otherwise stated.

3. Results

3.1. R-roscovitine can drive primary human eosinophil apoptosis in a
concentration- and time-dependent manner

To explore whether R-roscovitine promotes similar pro-apopto-
tic effects on human eosinophils as those previously observed with
neutrophils, cells were treated with increasing concentrations of
10, 20 and 50 pM R-roscovitine. Apoptosis was assessed at time
points as early as 4 h by flow cytometric analysis and R-roscovitine
was observed to induce apoptotic cell death in eosinophils. This
contrasts with other pro-apoptotic agents such as dexamethasone
where apoptosis is first detected at 12-24 h [30,31]. In an early,
preliminary experiment we included dexamethasone (1 pM) as a
positive control for induction of eosinophil apoptosis. We found
that R-roscovitine (30 pM) was more effective at inducing apopto¬
sis as assessed by annexin-V positivity. Interestingly, a combina¬
tion of the two agonists did not yield higher levels of cell death
than R-roscovitine alone. For example, after 20 h culture, control
death was 12.5 ± 0.8%; dexamethasone was 22.1 ± 2.2%; R-roscovi¬
tine was 81.2 ± 1.1% and a combination of dexamethasone and R-

roscovitine was 83.9 ± 1.4% where values from duplicate samples
obtained from a single donor are expressed as the means ± S.D.
Cells were further assessed for any morphological changes by light
microscopy after cytocentrifugation and DiffQuik™ staining. The
results showed a clear increase in annexin-V/propidium iodide
staining, which occurred in a concentration- and time-dependent
manner (Figs. 1 A, B and 2A). Eosinophils progress through apopto¬
sis to secondary necrosis (shown by joint staining with annexin-V
and propidium iodide). This transition appears to occur more rap¬
idly in eosinophils than in the other abundant granulocyte, neutro¬
phils. At later time-points (up to 20 h) we see increasing levels of
apoptosis and a concomitant rise in necrosis again suggesting tran¬
sition from apoptosis to secondary necrosis. Transmission electron
microscopy of R-roscovitine treated eosinophils (20 pM, 8 h) was
utilised to ultimately characterise their cellular morphology. These
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Fig. 1. Ability of increasing concentrations (10, 20 and 50 pM) of R-roscovitine, to induce eosinophil cell death after 4 h treatment. (A) Flow cytometric profile of annexin-V/PI
staining showing apoptotic cells in the lower right quadrant, necrotic cells in the top right quadrant and viable cells in the bottom left quadrant. Cytocentrifuge image (400x
magnification) demonstrates cellular morphology. Black arrows indicate healthy, viable eosinophils and white arrows indicate apoptotic eosinophils. Black arrow head
indicating an erythrocyte. (B) Cumulative flow cytometric analysis of the mean percentage annexin-V /PI- cells. There were significant differences (using analysis of variance
and post hoc Student-Newman-Keuls) between each treatment at the relevant time-point, P values displayed are P ^ 0.05, P ^ 0.01, P ^ 0.001 and represent differences
in levels of apoptosis against the DMSO control, n = 3 independent experiments. (C) Transmission electron microscopy images of (i) a healthy non-apoptotic human
eosinophil and (ii) an apoptotic eosinophil 8 h post-R-roscovitine (20 pM) treatment. The latter cell is exhibiting characteristics typical of apoptosis, such as a condensed,
round nucleus. Magnification 9500x.

results clearly demonstrate the presence of classical apoptotic
signs; namely the presence of chromatin condensation in the nu¬
cleus and granular rearrangement, when comparing R-roscovitine
treated apoptotic eosinophils (Fig. 1C(ii)) with non-apoptotic cells
(Fig. lC(i)).

3.2. R-roscovitine driven eosinophil apoptosis can be delayed by
caspase inhibition

Classical apoptosis is known to be a caspase-dependent phe¬
nomenon [32.33], In order to confirm our finding that eosinophils
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Fig. 2. Apoptosis induced 4h post-treatment with R-roscovitine (50 pM) was inhibited by zVAD-fmk (100 pM). indicating that the mechanism of cell death is caspase-
dependent. (A) Cumulative flow cytometric profile analysis showing the mean percentageof eosinophils in the viable (white bar), necrotic (red bar) or apoptotic (green bar)
quadrants. P values (using analysis of variance and post hoc Student-Newman-Keuls) of P ^ 0.001 represent difference in apoptosis compared to controls and P values tt+

0.001 are compared to R-roscovitine treatment, n = 4 independent experiments. (B) (i) Representative Western immunoblot image for caspase-3 of the lysates from
eosinophils treated with either R-roscovitine (50 pM) alone or a co-treatment of R-roscovitine and zVAD-fmk (100 pM) for 4 h. (ii) Representative Western immunoblot
image for cleaved caspase-3 of the lysates from eosinophils treated with either R-roscovitine (50 pM) alone or a co-treatment of R-roscovitine and zVAD-fmk (100 pM) for
4 h. Also included are the lysates of eosinophils treated with DMSO (0.2%) as a vehicle control, culture medium alone, zVAD-fmk alone and lysates of R-roscovitine-treated
human neutrophils (identical conditions) as a positive control. A p-actin blot is also included as a loading control.

undergo apoptosis following incubation with CDKis, we assessed
caspase involvement using two different approaches. Initially, we
co-incubated eosinophils with R-roscovitine (50 p.M) and zVAD-
fmk (100 pM), the pan-caspase inhibitor and measured apoptosis,
as before, using flow cytometry following annexin-V and propidi-
um iodide staining. Co-incubation appeared to inhibit the early
induction of apoptosis. At 4 h the level of apoptosis decreased sig¬
nificantly (P^O.OOI) by over 50% from 27.3 + 2.0% to 13.1 ±1.5%
(Fig. 2A). To further demonstrate the role of caspases in R-roscovi¬
tine induced eosinophil apoptosis, we also performed Western
blotting for caspase-3 (Fig. 2B(i)) and cleaved caspase-3

(Fig. 2B(ii)) on lysates from eosinophils, 4 h post-R-roscovitine
with and without zVAD-fmk treatment. There were changes in
the levels of caspase-3 on R-roscovitine and zVAD-fmk treatment
as detected by a specific caspase-3 antibody and no evidence of
cleaved caspase-3 isoforms were detected with this antibody.
These changes correlated with our subsequent finding using a spe¬
cific cleaved caspase-3 antibody. Cleaved casapase-3 was easily de¬
tected in cells after R-roscovitine treatment with the use of a

specific cleaved caspase-3 antibody. Flowever, co-treatment with
R-roscovitine and zVAD-fmk reduced caspase-3 cleavage
(Fig. 2B(ii)) thereby confirming the caspase-dependent nature of
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Fig. 3. Assessment of mitochondrial membrane potential using the MitoCapture™ assay. (A) Eosinophils cultured in media supplemented with FCS at 37 °C. 5% C02 for 3.5 h
were assayed. The vast majority of eosinophils retain mitochondrial membrane potential (A ij/m stable) as identified by orange/red fluorescence. Representative images were
taken 320x magnification. (B) Eosinophils cultured as above, however treated with R-roscovitine, 20 pM for 3.5 h. R-roscovitine treatment results in a significant increase in
the proportion of eosinophils losing mitochondrial membrane potential as identified by green fluorescence within the cytoplasm. (C) Quantification of immunofluorescence
showing the percentage cells in each mitochondrial membrane stage at both 3.5 and 24 h. P values (using analysis of variance and post hoc Student-Newman-Keuls) of
P < 0.05 control vs R-roscovitine 3.5 h and P ^ 0.001, control vs R-roscovitine 24 h are displayed. n = 3 independent experiments with >500 cells counted per condition.

R-roscovitine induced cell death. Interestingly, despite an overall
decrease in cleaved caspase-3 levels with combined R-roscovitine
and zVAD-fmk treatment there was a slight increase in the levels
of the 17kDa cleaved caspase-3 isoform. (The visible bands at
MW 17 and 19kDa are cleaved caspase-3 isoforms (Fig. 2B(ii),
inactive (non-cleaved) caspase-3 is evident at 32 kDa (Fig. 2B(i)).

3.3. Apoptosis promoted by CDK inhibition is mediated by loss of
mitochondrial membrane potential

In order to further investigate our finding that eosinophils under¬
go apoptosis following treatmentwith R-roscovitine (20 pM) we as¬
sessed mitochondrial membrane potential with the use of the
mitochondriaspecificdye,MitoCapture"1".Thisdyestains viablemito¬
chondria orange/red as visualised by fluorescence microscopy, but
dissipates into the cell cytoplasm and fluoresces green with loss of
membrane potential. Loss of mitochondrial membrane potential
(Ai/q,,) is a keyevent in the intrinsic pathway ofapoptosis andwewere
able to show that significantly more eosinophils lost mitochondrial
membrane potential at 3.5 hpost-R-roscovitine treatment compared
to control (Fig. 3). At 24 h post-R-roscovitine treatment no eosino¬
phils had intact mitochondria, whereas themajority ofcontrol eosin¬
ophils retained mitochondrial membrane potential (Fig. 3C).

3.4. R-roscovitine down-regulates Mcl-1, a key eosinophil survival
protein

Having found that eosinophil mitochondrial membrane poten¬
tial was lost following treatment with R-roscovitine, we postulated
that this might be due to the down-regulation of key survival pro¬
teins. The Bcl-2 homologue, Mcl-1, has a short half-life because it
can be ubiquitinated and degraded in the proteasome. It has
previously been shown in neutrophil studies that treatment with
MG-132, a proteasome inhibitor, preserves Mcl-1 and prevents
apoptosis at early time-points [30]. At late time-points other ef¬
fects such as the preservation of IkB« lead to acceleration of apop¬
tosis [34], Eosinophils co-incubated with both MG-132 (50 pM)
and R-roscovitine (50 pM) for 4 h had enhanced viability compared
to those treated with R-roscovitine alone (48.7 + 10.7% annexin-
V /PI vs 29.9 + 10.1% annexin-V /PI 0.05, n = 5). We
demonstrated that this MG-132 survival effect correlated with

preservation of Mcl-1 protein in contrast to eosinophils incubated
with R-roscovitine alone where Mcl-1 was significantly down-reg¬
ulated (Fig. 4). This contrasted with cells co-incubated with R-ros-
covitine and zVAD-fmk (100 pM) where no preservation of Mcl-1
was apparent (to be expected as zVAD-fmk inhibits caspases which
would normally function downstream of Mcl-1 down-regulation).
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Fig. 4. Western immunoblotting of human eosinophil iysates for Mcl-1 (40 kDa)
demonstrating significant down-regulation following 4 h R-roscovitine (20 pM)
treatment. The proteasome inhibitor. MG-132 (50 pM) prevented R-roscovitine
mediated down-regulation of Mcl-1 whilst the caspase inhibitor, zVAD-fmk
(100 pM), did not. Loading control is a non-specific band at 20 kDa on the same gel.

4. Discussion

We present the novel finding of rapid and efficacious induction
of human eosinophil apoptosis. in vitro, with the CDKi drug. R-ros¬
covitine. This is an important finding as eosinophils play a central
role in the pathophysiology of common allergic diseases such as
asthma and hay-fever as well as uncommon diseases such as eosin¬
ophilic oesophagitis, eosinophilic pneumonia and Churg-Strauss
syndrome [1,10,35], Eosinophils are also notoriously difficult to
study for a number of reasons: their paucity in the peripheral blood
of normal, healthy volunteer blood donors, the laborious isolation
techniques required to ensure a pure population and their relative
intractability to standard molecular biological techniques such as
siRNA. Corticosteroids are known to induce significant eosinophil
apoptosis, in vitro, but it is still debatable as to whether this effect
is relevant in vivo [6,31,36-40], Steroid drugs are extremely effec¬
tive in the majority of asthmatic patients but some, at the more se¬
vere end of the spectrum, are resistant and others experience
intolerable and unacceptable side-effects [41-45], The initial dis¬
appointing results with therapy attempting to neutralise IL-5 had
suggested that eosinophils were perhaps innocent bystanders in
the disease process [13], Two recent positive trials using the same
approach with a carefully selected eosinophilic population of asth¬
matic patients suggest that eosinophils are central to a sub-popu¬
lation of asthmatic disease in what is increasingly recognised to be
a heterogeneous patient group [14-16,45],

We have published results indicating that neutrophil apoptosis
can be driven by CDKi drugs and that this can in turn promote res¬
olution of inflammatory disease models [27). We now show that
this same drug-class can promote eosinophil apoptosis and we dis¬
sect the molecular mechanism by which this occurs. The mecha¬
nisms by which apoptosis occur in eosinophils remain
controversial but it seems likely that the general paradigm of
extrinsic (death-receptor mediated) and intrinsic (mitochondria
mediated) pathways is applicable [18,19,46,47]. We have shown
that eosinophils undergo apoptosis at early time-points (4 h) fol¬
lowing treatment with CDKi and that this is preceded by loss of
the key survival protein Mcl-1. Mcl-1 is now generally accepted
to be the pre-eminent Bcl-2 homologue responsible for neutrophil
survival and evidence is increasing for a central role in eosinophil
survival. This evidence includes the granulopenic phenotype of
the Met V1' mouse [48| and the finding that dexamethasone (a
prototype corticosteroid) driven eosinophil apoptosis is associated
with down-regulation of Mcl-1 at the protein level [39]. These
pro-survival Bcl-2 homologues are short-lived compared to their
pro-apoptotic counterparts, a feature which presumably biases
granulocyte cells towards early, constitutive apoptosis. This is

not the case in other cell types as, for example, the eponymous
Bcl-2 protein has a much longer half-life and therefore might be
expected to protect cells from short-lived interruptions to survival
protein production [49], This may explain why we see little effect
of CDK inhibition on macrophage survival, a finding that protects
our paradigm of therapeutic, selective apoptosis induction fol¬
lowed by efficient phagocytic clearance.

In keeping with our results suggesting down-regulation of sur¬
vival proteins, we also show an early (3.5 h) loss of mitochondrial
membrane potential. This immediately precedes significant cas-
pase-3 cleavage and supports our contention that we are inducing
classical apoptosis mediated via the mitochondrial pathway as op¬
posed to direct activation of the death-receptor pathway. We fur¬
ther support our data regarding caspase involvement, using the
pan caspase inhibitor, zVAD-fmk at a concentration of lOOpM.
This drug has been used over a concentration range of 10-
300 pM in the literature and often at 100 pM in granulocyte work
[47,48]. At 300 pM in combination with TNF accelerated apoptosis
has been observed [49], It is our experience working with primary
human granulocytes that conventional low-dose zVAD-fmk is rap¬
idly degraded by these cells. The capacity of granulocytes for
zVAD-fmk degradation over short time-periods can lead to the
erroneous conclusion that apoptosis, especially constitutive apop¬
tosis, is caspase independent. Therefore, by necessity, we are
forced to use higher concentrations than those routinely used by
researchers working with other cell types. We are aware that
non-specific effects on calpains have been described with caspase
inhibitors but we feel that this pharmacological observation, to¬
gether with the Western blotting analysis of caspase cleavage,
strongly indicate that CDK inhibitor-induced apoptosis is indeed
caspase-dependent. We have further demonstrated that the induc¬
tion of apoptosis mediated by CDK inhibition is more powerful
than that observed with dexamethasone. We are inclined to be¬

lieve, given the data presented, that CDK inhibition mediates a
more effective down-regulation of survival proteins. As CDK inhibi¬
tion will promote neutrophil apoptosis in tandem with eosinophil
apoptosis there is a risk of inducing neutropenia. There is evidence
to suggest that activated neutrophils are preferentially targeted by
CDKi (which may confer additional benefit in some asthma pa¬

tients) but a strategy involving dual therapy with antibiotics might
also be envisaged. The potential of this approach has been demon¬
strated in a recent paper by Koedel et al. [50] where combined
CDKi and ceftriaxone therapy is used to resolve an experimental
model of bacterial meningitis. Our novel finding, that CDKi drugs
drive eosinophil apoptosis suggests that this approach may prove
an effective resolution strategy for eosinophilic inflammation.
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I. Introduction

Inflammation is normally a highly complex, interdependent biochemical and physio¬
logical protective response to tissue injury (e.g., due to bacterial infection or trauma).
This process serves to destroy, dilute, partition off, or remove the injurious agent and
the injured tissues, thereby promoting tissue repair. When this crucial and normally
beneficial response occurs in an uncontrolled or exaggerated manner, the result is
inappropriate or excessive tissue damage that often results in chronic inflammation.
The products liberated by leukocytes recruited to sites of inflammation are primarily
responsible for the tissue damage associated with these chronic inflammatory dis¬
eases. For example, leukocyte-derived reactive oxygen species (e.g., 02—, H202,
OH-, NO) and proteases (e.g., elastase and collagenase) can be deleterious to cells
and tissues. Thus, the inflammatory response is also a fundamental process involved
in the pathogenesis of many diseases, including asthma, chronic bronchitis, emphy¬
sema, rheumatoid arthritis, glomerulonephritis, and myocardial infarction and reper-
fusion injury, most of which are highly prominent, and on the increase, in developed
societies. Understanding the mechanisms underlying the induction and resolution of
the inflammatory response will have far-reaching implications for the prevention and
treatment of inflammatory diseases.
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II. The Inflammatory Response

The gross clinical hallmarks of the acute inflammatory response were described at the
beginning of the first millennium and include redness and swelling, with heat, pain,
and often loss of function. The processes responsible for these changes have only
really became apparent during the last century. The redness (erythema) and increased
warmth occurring at sites of inflammation result mainly from vasodilatation leading
to increased blood flow to the tissues. Vasodilatation of capillaries and arterioles
produced by agents such as prostaglandins (e.g., PGE2, PGI2, PGD2), neuropeptides
(e.g., calcitonin gene-related peptide, vasoactive intestinal peptide, substance P), and
nitric oxide cause an augmented intraluminal hydrostatic pressure downstream in
postcapillary venules where plasma leakage occurs. These mediators act in concert
with agents that cause an increase in postcapillary venule microvascular per¬
meability, resulting in tissue fluid exudation (swelling or edema). Two main types of
agents cause changes in microvascular permeability, those which act directly on
endothelial cells (e.g., histamine, vasopressin, bradykinin, PAF) and those which
cause increased microvascular permeability that depends on the recruitment of
inflammatory cells. These latter mediators include complement-derived peptides
(e.g., C5a and C3a), bacterial products (e.g., formylated peptides), lipids (e.g., LTB4),
and cytokines (e.g., IL-8) (1-3). The concerted action of these processes leads to the
classical responses observed during inflammation.

III. Mechanisms Underlying Inflammatory Cell
Recruitment

Over the last two decades a great deal of effort has been devoted to elucidating the
mechanisms underlying recruitment of inflammatory cells to sites of inflammation
(2,3). Inflammatory cells, in order to reach sites of inflammation, have to (a) adhere
loosely (tethering and rolling) to the postcapillary endothelial cells, a process medi¬
ated primarily by the selectins (E-, L- and P-selectin) and their respective ligands;
(b) flatten and undergo firm adhesion to the endothelial cells, where the adhesive
events are mediated mainly by the integrins (e.g., (3, and |3j integrins) and the
immunoglobulin superfamily (e.g., ICAM-1, ICAM-2, VCAM-1); (c) traverse the
endothelial cell layer of the blood vessel wall; (d) penetrate the basement membrane;
and (e) migrate through the interstitial medium to reach the affected area (see Fig. 1).
The site or the cause of the inflammatory response will often determine which type of
inflammatory cell is recruited, possibly as a result of mediators generated (e.g., IL-8
for neutrophils and eotaxin for eosinophils) and adhesion molecules expressed (e.g.,
VLA-4 [0(4(3, j is highly expressed on eosinophils and lymphocytes but not on
neutrophils). In addition, the structure and physiology of the vasculature may influ¬
ence leukocyte recruitment to an inflammatory site. For example, in rheumatoid
arthritis and in respiratory distress syndromes of the adult and neonate, the predomi¬
nant leukocyte is the neutrophil; whereas in parasitic infection and in asthma, there is
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Figure 1 Schematic representation of the processes involved in neutrophil accumulation.

an abundance of recruited eosinophils. Evidence indicates that capillaries of the lung
are the major site of leukocyte emigration, whereas postcapillary venules are the
principal site in the systemic circulation (including the bronchial circulation). Intra¬
vascular pressure in the pulmonary circulation is approximately 10-fold lower than in
the systemic circulation, the blood flow is pulsatile, and the diameter of the pulmon¬
ary capillaries is somewhat smaller than the mean diameter of granulocytes. These
cells therefore have to deform to pass through the pulmonary capillaries. Agents such
as FMLP and C5a reduce neutrophil deformability, making them more rigid and
favoring retention in the capillaries of the lung (see Refs. 3 and 4 for reviews).

Once inflammatory cells have been recruited to an inflammatory focus, if the
concentration of secretagogue stimuli is sufficient, they become fully activated and,
for example, phagocytose invading bacteria and liberate into the phagosome diges¬
tive enzymes and bactericidal oxygen metabolites. This scenario is perhaps akin to
the phenomenon of "priming" observed in vitro, where cells such as the neutrophil
and eosinophil in the presence of appropriate agents are rendered hyperresponsive to
further activation by the same or other stimuli (5-7). The accumulation of leukocytes
therefore depends on the complex interaction between inflammatory mediators, the
expression of adhesion molecules and extracellular matrix proteins, and the physiol¬
ogy of the vasculature.
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IV. Resolution of Inflammation

Although much attention has been directed toward understanding the mechanisms
underlying the induction of inflammation, it is now apparent that the inflammatory
process is regulated by a balance between its induction and its resolution (8). The
remainder of this review will focus on this latter, rapidly developing area, with
particular emphasis on the process of apoptosis and the removal of apoptotic cells.

A. Inflammatory Mediator Dissipation

At inflammatory foci, a plethora of inflammatory mediators are produced endo-
genously and/or introduced from exogenous sources. In order for inflammation to
resolve, a number of mechanisms have evolved to control removal or inactivation of
these pleiotropic mediators, including the following, (a) Vasodilatation and edema
formation not only bring plasma proteins and leukocytes to inflammatory foci but
also dilute, thereby reducing the effective concentrations, of inflammatory stimuli at
the site, (b) The primary function of the accumulated leukocytes is to remove or
destroy invading organisms; for example, eosinophils will neutralize parasites and
neutrophils will phagocytose infecting bacteria. Removal of the source of exogenous
mediators reduces the effective concentration of the inflammatory products, (c) Some
inflammatory mediators will spontaneously become deactivated; for example, throm¬
boxane A2 and nitric oxide can rapidly decompose to their relatively inactive me¬
tabolites, whereas others such as C5a, PAF, and LTB4 are enzymatically rendered
impotent, (d) A reduction in the synthesis and release, or an increase in the metabo¬
lism of a particular mediator, will also limit the concentration of the mediator,
(e) Mediator-induced cellular or tissue responsiveness may also be reduced due to
less well defined phenomena such as cellular or tissue desensitization. (f) Many
mediators, generated at inflammatory sites, have opposing effects on effector cells
and/or tissues; for example, C5a and IL-8 are potent neutrophil chemotactic agents,
whereas prostaglandins can exert inhibitory effects on these cells by acting on

specific cell surface receptors (9). Some inflammatory mediators (e.g., GM-CSF)
prolong the survival of neutrophils by inhibiting apoptosis, whereas others (e.g.,
TNF-a) can induce apoptosis (see below).

B. Termination of Inflammatory Cell Recruitment

Factors that control cessation of inflammatory cell accumulation remain ill defined.
A number of in vivo studies have investigated the kinetics of accumulation of
radiolabeled inflammatory cells in order to obtain information on the temporal
emigration profiles of these cells from the blood to experimentally induced inflamed
tissue. For example, in the acutely inflamed skin, lung, or joints, neutrophils accumu¬
late within the first few hours (usually between 30 min and 4 hr), followed by a later,
more protracted accumulation of monocytes. It was observed that the neutrophil
influx in these acute inflammatory situations ceased remarkably quickly (10-13). In
chronic inflammatory models or diseases where there is tissue damage and scarring,
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neutrophils and macrophages continue to accumulate for several days before resolu¬
tion occurs (13). The mechanisms responsible for early cessation are obscure, but our
study (14) suggests that dissipation of mediators may be a key element.

C. Control of Inflammatory Cell Responses

Undoubtedly, a number of mechanisms exist to limit the destructive capacity of
inflammatory cells and allow resolution to occur, including: (a) a reduction in the
effective concentration of proinflammatory stimuli; (b) an increase in antiinflamma¬
tory mediators; (c) an exhaustion of the responsiveness of inflammatory cells—i.e.,
cells may no longer have the capability to liberate destructive enzymes or toxic
oxygen metabolites due to depletion of cellular resources or internal energy stores;
(d) receptor or cellular desensitization; and (3) ultimately, the death and removal of
the cell itself.

D. Apoptosis of Inflammatory Cells

Before the seminal work ofWyllie and colleagues (15,16), who described a physio¬
logical mode of cell death termed apoptosis (programmed cell death), it was widely
believed that cells simply died by necrosis in an uncontrolledmanner (see Ref. 17). If
this were the case, most cells, and especially inflammatory cells, would liberate their
intracellular contents, many of which have major histotoxic and proinflammatory
properties and would thus be expected to provoke an exaggerated inflammatory
response. Virtually all cells under normal conditions undergo controlled physiologi¬
cal death by apoptosis, a process known to play a fundamental role in almost all
aspects of life (16), including the resolution of the inflammatory response (8,18).
Cells that have undergone apoptosis show remarkably similar structural, morphologi¬
cal, and biochemical changes. These similarities are perhaps indicative of a common
underlying series ofmolecular mechanisms. Apoptotic cells are often smaller (due to
cytoplasmic shrinkage), vacuolated, and exhibit major cell surface changes. Impor¬
tantly, apoptotic cells remain intact, retaining their cytoplasmic granules and main¬
taining plasma membrane integrity such that they exclude vital dyes (e.g., trypan
blue). It is the ultrastructural changes observed in the nucleus that are strikingly
characteristic of an apoptotic cell; there is condensation of nuclear chromatin into
dense, crescent-shaped aggregates, with the nucleolus becoming more conspicuous.
In cells such as the neutrophil and eosinophil, where the nucleus is multilobed or
bilobed, there is nuclear coalescence. Biochemically, apoptosis is typically charac¬
terized by endogenous endonuclease activation resulting in internucleosomal cleav¬
age of chromatin. When DNA is extracted from apoptotic cells and separated
electrophoretically on an agarose gel, there is a characteristic "ladder" pattern of
DNA fragments, representing multimers of the 180-200 base pairs of DNA associ¬
ated with nucleosomes. Most apoptotic cells express phosphatidylserine molecules
on the external surface of their plasma membranes, a process which appears to be
highly regulated (19-22), important in phagocyte recognition (see below), and useful
for assessing apoptosis per se (23). Other cell surface changes may be unique to a
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particular cell system—for example, shedding of FcyRIII (CD 16) from neutrophils
(24,25). It has also been shown that apoptotic neutrophils are less responsive to
external receptor-directed stimuli, in that neutrophil functions such as chemotaxis,
phagocytosis, and degranulation are downregulated due to loss of cell surface recep¬
tors (e.g., FMLP receptors) and molecules important in phagocytosis (CD 16) and
adhesion (L-selectin) (24-27). These processes are likely to be important mecha¬
nisms in reducing the potential of cells to cause tissue damage, isolating apoptotic
neutrophils from proinflammatory stimuli that would normally trigger effector function.

E. Regulation of Inflammatory Cell Apoptosis

It is now clear that apoptosis in granulocytes is regulated differently than in lympho¬
cytes and thymocytes. Indeed, there are differences in the regulatory mechanisms for
the closely related neutrophilic and eosinophilic granulocytes (28,29). It is well es¬
tablished that certain inflammatory mediators prolong survival of inflammatory cells
by inhibiting the rate of apoptosis (30-32). Furthermore, inflammatory stimuli such
as GM-CSF, LPS, and C5a, by profoundly inhibiting neutrophil apoptosis, greatly
prolong the functional longevity of these cells as assessed by chemotaxis and
degranulation assays (26). Eosinophil apoptosis is also suppressed by GM-CSF and
11-5 (31), and by eotaxin (Rossi, Hannah, and Haslett, unpublished observations);
IL-5 and eotaxin having no effect on neutrophil longevity. Suppression of apoptosis
is not a universal phenomenon associated with all proinflammatory mediators; treat¬
ment of isolated human neutrophils in culture with TNF-a for 6 hr will accelerate the
rate of apoptosis; whereas at later time points (> 18 hr), apoptosis is inhibited by this
cytokine (33,34). The mechanisms underlying TNF-a induction of apoptosis is
unknown, but likely involves TNF receptor-associated proteins such as TRADD,
FADD, and FLICE and may involve Fas (CD95/APO-1) and/or the sphingomyelin-
ceramide pathways (35,36). It has recently been demonstrated that anti-Fas-acti-
vating antibodies or Fas-L promote neutrophil and eosinophil apoptosis, an effect
blocked by anti-Fas-blocking antibodies (37,38). Whether Fas ligation plays an

important role in inflammatory disease remains to be fully determined, although this
pathway has been reported to induce apoptosis in experimental models in vivo (39).
We have recently reported that nitric oxide donors induce granulocyte apoptosis via a
cGMP-independent pathway, an observation that may explain part of the beneficial
influence of nitric oxide in inflammation (40). Hypoxic conditions, which are found
in chronically inflamed sites, inhibit neutrophil apoptosis, whereas apoptosis is in¬
duced in some cell lines (41). Other agents, such as the glucocorticoids (e.g., dexa-
methasone), inhibit neutrophil apoptosis concentration and steroid receptor depen-
dently, but promote eosinophil apoptosis (28). Although the mechanisms underlying
this divergent effect of glucocorticoids on granulocyte apoptosis are currently un¬
known, the effect may explain why steroid therapy is so efficacious in eosinophilic
inflammation such as asthma. Interestingly, asthmatic patients who show an im¬
provement in lung function after corticosteroid treatment also have an increased
proportion of apoptotic eosinophils in their airway secretions (42).



Inflammation, Cell Injury, and Apoptosis 15

Using a pharmacological approach, the intracellular signaling pathways that
control granulocyte apoptosis are slowly being unraveled. Neutrophil apoptosis is
inhibited by elevation of intracellular free Ca2+ levels by calcium ionophores such as
A23187 and ionomycin or by mobilization of intracellular stores using thapsigargin
(29,43), whereas eosinophil (29) and thymocyte (44) apoptosis is promoted. A key
role for protein kinases is indicated by experiments in which apoptosis is promoted
by inhibition of protein kinase C by staurosporine and Ro-31,8220 (29) or delayed by
activation of protein kinase A following treatment by agents that elevate cAMP
(25,45). Interestingly, elevation of cAMP promotes the rate of apoptosis in thymo¬
cytes (46) and in leukemic cell lines (47,48). In addition, phosphatase inhibitors,
okadaic acid and calyculin, inhibit or promote granulocytes apoptosis depending on
the concentration used (49). Although intracellular kinase activity plays a key regula¬
tory role in granulocyte apoptosis, the precise kinase(s) involved remain to be
established. Why the intracellular signaling pathways that regulate neutrophil apop¬
tosis are different from other cells, including the eosinophil, remains elusive but may
be due to the differential expression of levels or types of protooncogenes shown to be
involved in other cells systems (50,51). Although we and others have demonstrated
that neutrophils do not normally express Bcl-2 protein, it is possible that other family
members may be involved since it has been reported that overexpression of Bcl-2 in
neutrophils prolongs neutrophil survival (52). It remains to be established whether
the recently characterized novel Bcl-2-like proteins are also expressed or play a role
in neutrophil apoptosis (53). Protein synthesis inhibitors such as cycloheximide and
actinomycin D, while inhibiting thymocyte apoptosis, promote neutrophil apoptosis,
indicating endogenous synthesis of neutrophil survival proteins (54). Recent data
also suggest that CD1 lb/CD18-dependent neutrophil phagocytosis can induce neu¬
trophil apoptosis, a response that appears to be regulated by the formation of reactive
oxygen intermediates (55). Despite the progress made during the last few years in
identifying signaling mechanisms that control granulocyte apoptosis, it is obvious
that much remains to be elucidated.

F. Macrophage Phagocytosis of Senescent Apoptotic Cells

Apoptotic cells at the inflammatory site would inevitably undergo disintegration
(secondary necrosis) if macrophages were absent in situ, resulting in the release of
their histotoxic contents and thereby causing further inflammation and the destruc¬
tion of tissue cells. This highly undesirable scenario may occur in uncontrolled
chronic inflammation, where the normally highly effective macrophage recognition
and clearance mechanisms (see below) could be overwhelmed or defective. Indeed,
it was once generally assumed that the majority of extravasated leukocytes met their
ultimate fate at the inflamed site by necrosis, with removal of cell debris by tissue
macrophages (17). Such a removal pathway would result in release of large quantities
of leukocyte granular contents into the surrounding milieu, resulting in an exagge¬
rated, potentially injurious inflammatory response. The majority of senescent cells at
sites of inflammation are recognized by nearby phagocytes. Over 100 years ago,
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using recently developed intravital light microscopic techniques on a number of
transparent invertebrates, the Russian biologist Elie Metchnikoff (56) first described
phagocytosis of bacteria and senescent leukocytes by macrophages. Of particular
relevance to the resolution of inflammation is the description of Reiter's cells in the
inflamed joint fluid from people with Reiter's disease and other forms of acute
arthritis. These Reiter's cells were shown to be macrophages containing apoptotic
neutrophils (57,58). Furthermore, in experimental inflammatory models where there
is a large influx of neutrophils, the predominant mode of extravasated intact neu¬
trophil removal is engulfment by the macrophages (59,60), which subsequently leave
the inflammatory site via the draining lymph nodes (61).

Although there have been numerous accounts of macrophage phagocytosis of
neutrophils over the last century, it is only relatively recently that major develop¬
ments regarding recognition of apoptotic cells have been described. Newman et al.
(62) first showed that isolated neutrophils which had been aged in culture were
recognized and ingested by inflammatory macrophages. The macrophages engorged
themselves with senescent neutrophils but did not ingest freshly isolated neutrophils,
indicating that aged neutrophils had undergone a fundamental process leading to
recognition by macrophages. We subsequently showed that cells (e.g., neutrophils
and eosinophils) had to undergo apoptosis before they were recognized and ingested
by themacrophage—an extremely rapid and efficient process (31,63,64). The macro¬
phage can ingest several apoptotic cells at a time and, importantly, there is no
detectable release of potentially injurious neutrophil contents (e.g., granule enzyme
markers) into the surrounding medium (65,66), effectively neutralizing any pro¬
inflammatory potential of apoptotic cells. Furthermore, when macrophages ingest
particles such as zymosan (yeast cell walls) in vitro, the response is to liberate
proinflammatory mediators (e.g., eicosanoids, granular enzymes, and cytokines).
However, ingestion of apoptotic neutrophils does not result in such a proinflamma¬
tory mediator release from macrophages (67). We subsequently showed that this
noninflammatory clearance mechanism was due to the molecular mechanisms by
which macrophages recognize and ingest apoptotic cells (see 8,18).

G. Mechanisms for Recognition and Clearance of Apoptotic
Cells

Phagocytes (usually macrophages) have developed highly efficient recognition
mechanisms for the removal of apoptotic cells. Although it is the macrophage that is
believed to remove the majority of apoptotic cells, other cells, such as fibroblasts
(68), hepatocytes (69), endothelial cells (70), and glomelular mesangial cells (71),
have a limited capacity for apoptotic cell recognition and removal. Perhaps the
removal of apoptotic cells by these "semiprofessional" phagocytes plays a crucial
role when local macrophages are overwhelmed by major waves of apoptotic cells.
Surface changes on the apoptotic cell that may lead to phagocytic recognition remain
poorly understood. The known molecular mechanisms of recognition of apoptotic
cells are listed in Table 1, together with appropriate references [for a more detailed
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Table 1 Molecular Mechanisms of Recognition of Apoptotic Cells by Phagocytes

References

Lectin-like receptors
Specific carbohydrates on the surface of apoptotic cells are recognized by
phagocytic cells containing lectin-like receptors such as the asialoglyco-
protein, mannose or mannose/fucose receptor.

av(J3/CD36/thrombospondm (TSP)
It is hypothesized that a TSP-binding, moiety expressed on the surface of
apoptotic cells binds to nearby TSP, which in turn acts as a bridging
molecule between the apoptotic cell and the ingesting phagocyte. The
phagocyte expresses two receptors on its surface, the ctvP3 "vitronectin
receptor" integrin and an 88-kDa monomer termed CD36, which cooper¬
ates to bind TSP.

Phosphatidylserine (PS) and PS receptors
Exposure ofphosphatidylserine on the surface of apoptotic cells is believed to

be recognized by putative phosphatidylserine receptors located on the
surface of the ingesting phagocyte. Recently, it has been suggested that
members of the scavenger receptor family may act as PS receptors.

61D3 antigen
ThemAb 61D3 can specifically attenuate the recognition of apoptotic cells by
human monocyte-derived macrophages. The 61D3 antigen has not been
fully characterized.

description of these mechanisms, we recommend the reviews by Savill et al. (18) and
Hart et al. (72)]. Given that multiple genes are involved in the disposal of apoptotic
bodies in the nematode Caenorhabditis elegans, it is likely that other unknown
mechanisms exist in the recognition and phagocytosis of mammalian inflammatory
cells.

V. Relevance to Inflammatory Diseases: The Utilization
of Apoptotic Mechanisms and Macrophage Clearance
Mechanisms as Potential New Antiinflammatory
Strategies

Given that in chronic inflammatory diseases there is persistent accumulation of
inflammatory cells which likely liberate their toxic intracellular products and thereby
lead to tissue injury, scarring and architectural disruption with catastrophic loss of
organ function, it seems likely that effective removal of these tissue-damaging
inflammatory cells would be desirable. It is possible that in these diseases the
inflammatory cell clearance mechanisms are either defective or overwhelmed, since
in other examples of massive inflammatory reactions, such as lobar streptococcal

68-70,73

63,74-77

19-22,78-84

85
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pneumonia and acute gout, the lesions clear completely. The mechanisms by which
inflammation normally resolves are not only essential for understanding of the
persistent inflammatory states that characterize chronic inflammatory diseases, but
should also provide novel approaches to antiinflammatory therapy. Significant differ¬
ences in the intracellular regulation of inflammatory cells provide a special oppor¬
tunity to induce apoptosis in inflammatory cell types selectively. Thus, by utilizing
mechanisms of receptor-mediated induction of apoptosis of specific inflammatory
cells (e.g., Fas ligation and glucocorticoid receptor activation) and by inhibition of
the powerful survival signals found at inflammatory foci (e.g., GMCSF, LPS, pros¬
taglandins, IL-5), it may bejrossible to accelerate apoptosis for therapeutic gain. In

NEUTROPHIL EOSINOPHIL

TNF-cx , Glucocorticoids

INCREASED RECOGNITION OR PHAGOCYTOSIS

Figure 2 Strategies for promotion of granulocyte apoptosis and removal of apoptotic cells
by phagocytes (GM-CSF, granulocyte/maerophage-colony stimulating factor; LPS, lipopoly-
saccharide; TNF-a, tumor necrosis factor-a; IL-5, interleukin-5; INF-y, interferon-y, IL-lp,
interleukin-lp; TGF-fl,; transforming growth factor-p,.
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combination with an effective therapeutic strategy for inducing apoptosis, develop¬
ment of mechanisms to specifically enhance apoptotic cell clearance by phagocytes
such as the macrophage, or by "semiprofessional" phagocytes, may be equally
desirable or indeed a prerequisite to preventing proinflammatory secondary necrosis
(Fig. 2). It has recently been reported that certain cytokines (77), activation ofmacro¬
phage protein kinase C (McCutcheon, Haslett, and Dransfield, unpublished observa¬
tions), and ligation of macrophage CD44 (86) can enhance macrophage clearance of
apoptotic cells.

VI. Concluding Remarks and Future Directions

Although much progress has been made in understanding the mechanisms control¬
ling the accumulation of inflammatory cells to sites of inflammation, we believe that
elucidation of the mechanisms regulating the resolution of the inflammatory process
can lead to novel approaches for therapeutic gain. Specifically, development of
strategies to induce selective inflammatory cell apoptosis, together with augmenta¬
tion of macrophage clearance mechanisms, will have far-reaching implications for
the control of the many inflammatory diseases that are responsible for the heavy
burden of morbidity and untimely deaths observed throughout the world.
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Regulation of granulocyte apoptosis and implications for
anti-inflammatory therapy

Edwin R Chilvers, Adriano G Rossi, Joanna Murray, Christopher Haslett

The elimination of unwanted cells is now regarded as an
essential component of many normal biological pro¬

grammes. These include embryonic remodelling, the
removal of autoreactive thymic T cells, and the disposal of
senescent enterocytes at the villus tip. Hence cell death, in
particular apoptosis or "programmed cell death", appears
to be a prerequisite for life.' In the particular example of
inflammation many of the unique features of apoptosis,
such as the retention of plasma membrane integrity, the
loss of the cytotoxic and secretory capacity of the cell, and
the ability of apoptotic cells to be recognised and
phagocytically removed, suggest that this remarkable proc¬
ess may play a key role in limiting tissue injury and facili¬
tating the successful resolution of inflammation.2"' Fur¬
thermore, the ingestion of apoptotic cells by macrophages,
unlike the uptake of other biological and non-biological
material, fails to induce a secretory or pro-inflammatory
response."7 Although a number of different cells within the
lung have the capacity to undergo apoptosis (including the
bronchial epithelial cell and type II pneumocyte8'), the
central role of the granulocyte as the primary effector cell
in most forms of lung and airway wall inflammation, cou¬
pled with the huge potential for these cells to induce tissue
injury ifnot cleared, marks the apoptotic capacity of these
cells as being of particular importance in lung inflamma¬
tion.

Despite the considerable interest generated by the discov¬
ery that neutrophils and eosinophils undergo constitutive
apoptosis when aged in vitro,2 10 a process that results in their
ingestion by either professional211 or semi-professional
phagocytes (including fibroblasts12), only a relatively small
number of studies have addressed the importance of this
process in vivo. This in part reflects the observation that
apoptotic cells appear to be cleared extremely rapidly in tis¬
sues and hence are not readily apparent at any one time, and
secondly that genetic manipulation of this process has been
hampered by the global importance of apoptosis, especially
in fetal development. Despite this, apoptotic granulocytes
are observed at sites of inflammation4 5 and there is a

substantial increase in the number of ingested and
non-ingested apoptotic neutrophils in bronchoalveolar fluid
in acute lung injury in neonates11 and in the recovery phase
of experimental lipopolysaccharide induced alveolitis.14
More compelling evidence linking this event to the
resolution of inflammation is the finding that the administra¬
tion of corticosteroids in patients with acute severe asthma is
associated with the appearance of apoptotic eosinophils in
sputum, and this event parallels clinical improvement."
An additional problem encountered in trying to track

and quantify apoptosis in vivo is that many of the
pro-inflammatory mediators and cytokines present at an
inflamed site—for example, GM-CSF, C5a, IL-5—and the

physicochemical characteristics of such an environment—
for example, hypoxia—cause profound inhibition of
granulocyte apoptosis.10 " 1718-21 Hence, eosinophil apopto¬
sis is rarely encountered within nasal polyp tissue22 and
neutrophil apoptosis is not readily apparent in fluid recov¬
ered from an empyema cavity.21 Moreover, it is now recog¬
nised that the inhibition of eosinophil apoptosis by agents
such as IL-5, GM-CSF and other Th-2 derived cytokines
represents a critical factor underlying the initial accumula¬
tion of these cells.' 24 25 Such data also suggest that granu¬
locyte induced tissue injury and chronic inflammation may
reflect not only excessive granulocyte recruitment but also
inhibition of normal apoptosis based clearance mecha¬
nisms. This concept is supported by data indicating that
defective T cell killing, which involves autocrine or

paracrine generation of Fas ligand (Fas-L) leading to acti¬
vation of the death domain containing Fas receptor, may
underlie chronic T cell activation and survival following
antigen stimulation,2" and that bronchoalveolar lavage fluid
from patients with ARDS prolongs the survival of normal
human neutrophils in vitro.27
Such a hypothesis suggests that a therapeutic strategy

based on stimulating granulocyte apoptosis may offer a
novel approach to promoting the resolution of inflamma¬
tion. To date, however, it has been difficult to identify
agents that stimulate granulocyte apoptosis since, despite
the relatively rapid rate of constitutive apoptosis observed
when these cells are cultured in vitro, the majority of prim¬
ing and activating agonists inhibit rather than accelerate
this process. This list includes lipopolysaccharide and the
pro-inflammatory mediators IL-5, C5a, GM-CSF, IL-ip,
IFNy, and LTB410 ""20 Moreover, many of the well
recognised routes to induce apoptosis in thymocytes and
lymphocytes, such as the use of corticosteroids and the
elevation of intracellular cAMP, have the opposite effect in
neutrophils2"2"—that is, they delay apoptosis— and it is
possible that such observations explain in part the limited
anti-inflammatory profile of p, adrenoceptor agonists and
corticosteroids in certain "neutrophil dominant" forms of
inflammation such as ARDS.30 Recent data, however, have
indicated that it is possible to drive apoptosis in these
cells—for example, with TNFa, Fas-L, the ingestion of E
coli or oil red particles"31"36—and, most intriguingly,
theophylline17 which, unlike other agents that increase
intracellular cAMP, causes a modest stimulation of
neutrophil apoptosis. Hints that nature already utilises
such a strategy to drive the removal of granulocytes from an
inflamed site appear in studies showing that synovial fluid
from patients with active rheumatoid arthritis, and
bronchoalveolar fluid obtained from rabbits with experi¬
mental pneumococcal pneumonia, induce neutrophil
apoptosis18 39 (R Lawson and C Haslett, unpublished
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observations). Moreover, the potential to manipulate this
process therapeutically is supported by the ability of
anti-Fas monoclonal antibodies delivered to the lungs of
mice with allergen induced airways eosinophilia to cause an
increase in the numbers of peroxidase positive macro¬
phages in lavage fluid and a substantial reduction in the
number of eosinophils in the airways.13
The study of granulocyte apoptosis in vitro has also

revealed some very important differences in the regulation
of apoptosis in neutrophils and eosinophils. Most notably,
it is now clear that glucocorticoids accelerate eosinophil
apoptosis yet delay this process in the neutrophil.28 This
observation may explain, at least in part, the ability of cor¬
ticosteroids to resolve tissue eosinophilia in conditions
such as asthma and pulmonary eosinophilia.14 Other
differences also exist in the regulation of apoptosis between
these two cell types. For example, the anti-apoptotic factor
Bcl2 is readily detectable in eosinophils yet is absent from
neutrophils,21 36 40 and an increase in intracellular calcium
enhances eosinophil apoptosis but delays neutrophil
apoptosis.4142 Hence, despite the close proximity of these
cells in phylogenetic terms, the prospect of being able to
selectively target apoptosis in a particular inflammatory
cell type appears to be a realistic goal.
Finally, while under in vitro conditions the uptake of

apoptotic granulocytes by macrophages appears to be a
rapid and highly efficient process, in certain pathological
states this disposal system may become overwhelmed.
Augmentation of the phagocytic capacity of inflammatory
macrophages may therefore represent an additional option
for intervention, and recent data demonstrating a major
enhancement of macrophage ingestion of apoptotic
neutrophils following CD44 ligation offers some support
for this type of approach.43
Hence, the recognition that apoptotic cell death plays

such a critical role in dictating the function and fate of
inflammatory cells (and is amenable to exogenous regula¬
tion) has transformed our understanding of how "benefi¬
cial" and "deleterious" forms of inflammation may differ
and offers a completely new avenue for therapeutic
intervention in inflammation. Monitoring apoptosis in
biological samples such as sputum should also provide a
novel index of the success or otherwise of such strategies.
The future goal of identifying the basis for the unique
genetic control of granulocyte apoptosis may provide novel
and selective therapeutic targets to drive this process and
offer an explanation as to why the intensity, duration, and
outcome of an inflammatory response differs so much
between individuals.
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You can lead a macrophage to an inflammatory site but can you make it eat?
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Neutrophil granulocytes and their products have
been implicated in the pathogenesis of a variety
of inflammatory diseases including the adult res¬
piratory distress syndrome, idiopathic pulmonary
fibrosis, ulcerative colitis, and rheumatoid arth¬
ritis [1], Neutrophil apoptosis is associated with
loss of expression of adhesion molecules [2] and
greatly reduced responsiveness to external
stimuli [3], so that these potentially destructive
cells become functionally isolated from their
environment. In contrast with necrosis, apoptosis
is associated with preservation of plasma mem¬
brane integrity so that release of harmful neutro¬
phil contents is limited, and as a consequence of
poorly characterized surface changes apoptosis
culminates in the recognition and phagocytosis of
the dying cells by phagocytes [4,5]. In this way,
apoptosis of neutrophils is a crucial process that
promotes resolution of acute inflammation. If the
rate of apoptotic cell death in the tissue is so
high that phagocyte clearance capacity is
exceeded, free apoptotic cells will undergo
secondary necrosis, resulting in the release of
harmful cellular contents and damage to the sur¬
rounding tissue. For example, treatment of mice
with intraperitoneal Fas antibody triggered a
massive wave of apoptosis in the liver, and the
animals subsequently developed extensive hepa¬
tic necrosis and died [6], Similarly, induction of
apoptosis in the rat lung may culminate in pul¬
monary scarring [7]. The adverse outcomes in
these experimental situations probably arose
because of failure of the tissue phagocytes to
clear the load of apoptotic cells with which they
were confronted. In order that the load of apo¬
ptotic neutrophils at an inflammatory site is
matched by appropriate clearance activity, macro¬
phage capacity for apoptotic cell phagocytosis is
likely to be closely regulated. Macrophage phago¬
cyte capacity may be influenced by soluble
mediators such as cytokines [8] and prosta¬
glandins [9], and by adhesion interactions with
the extracellular matrix components and neigh-

Abbreviations used: PGE2, prostaglandin E2;
GM-CSF, granulocyte-macrophage colony-stimulating
factor; IL, interleukin; TNF, tumour necrosis factor;
TGF, transforming growth factor.
'To whom correspondence should be addressed.

bouring cells. Following binding of a soluble
mediator or matrix molecule to its surface recep¬
tor, intracellular signals are transduced which
often involve activation of protein kinases and
subsequent phosphorylation of intracellular pro¬
teins. These signalling events determine the
capacity of the macrophage to phagocytose apo¬
ptotic cells by inducing reorganization of the
cytoskeleton, a key process in cell adhesion,
migration, and phagocytosis. In recent years,
work by ourselves and others has begun to
identify the potentially important ligand-receptor
interactions and intracellular signalling pathways
that are involved in the regulation of phago¬
cytosis of apoptotic cells in mammals.

Soluble mediators
Prostanoids

Prostaglandins and related compounds play
important roles in a variety of biological pro¬
cesses, including inflammation. We have demon¬
strated recently that transient elevation of cAMP
within macrophages, for example following brief
exposure to prostaglandin E2 (PGE2), resulted in
reduced capacity for phagocytosis of apoptotic
neutrophils [9]. This effect was specific for apo¬
ptotic cells: phagocytosis of IgG-opsonized par¬
ticles was unaffected. Interestingly, inhibition of
macrophage phagocytic capacity for apoptotic
cells persisted for long after the intracellular
cAMP concentration had declined to basal levels,
implying that secondary signalling pathways had
been initiated that ultimately determined the
phagocytic response. There was no associated
change in the level of expression of oc,,^3 or the
61D3 epitope of CD 14, or in the cellular distri¬
bution of integrins or CD36. In parallel with
elevation of intracellular cAMP, we observed
changes in macrophage morphology and redis¬
tribution of important cytoskeletal proteins. A
variety of inflammatory mediators and pharmaco¬
logical agents that stimulate adenylate cyclase
and activate protein kinase A are likely to inhibit
clearance of apoptotic neutrophils.

Cytokines
It has been shown previously that the cyto¬
kines granulocyte-macrophage colony-stimulat-

Volume 26



Phagocyte Recognition of Dead and Dying Cells

ing factor (GM-CSF), interleukin (IL)-l/?, inter¬
feron y, tumour necrosis factor (TNF)a, or

transforming growth factor (TGF)/? significantly
augment macrophage phagocytosis of apoptotic
neutrophils in vitro [10]. Although cytokine-
enhanced phagocytosis could be partly inhibited
by antibodies against a,./?] or CD36, cytokine
exposure had no effect on macrophage surface
expression of these molecules [10]. In addition to
modulating macrophage phagocytic capacity,
GM-CSF plays a role in monocyte-macrophage
maturation, and prolongs the lifespan of these
cells by inhibiting the rate of apoptosis [11]; in
turn this may regulate the number of neutrophils
available for recognition by macrophages at a site
of inflammation.

It is likely that a complex interplay of media¬
tor release and autocrine/paracrine feedback
regulates macrophage phagocytosis of apoptotic
cells. Fadok and colleagues have demonstrated
that in response to ingestion of apoptotic granu¬
locytes, human monocyte-derived macrophages
down-regulate secretion of a variety of pro¬
inflammatory cytokines including IL-1/?, IL-8,
GM-CSF, and TNF-a[12]. However, phago¬
cytosis of apoptotic cells stimulated macrophages
to release PGE2, TGF-/?, and platelet activating
factor, which may have been partly responsible
for the inhibition of pro-inflammatory cytokine
production [12].

Furthermore, these mediators could exert
feedback on local macrophages in differing ways,
as the rapid down-regulation of phagocytosis of
apoptotic cells by PGE2 would be opposed by the
medium-term stimulatory effect of both TGF-/?
and platelet activating factor.

Exracellular matrix: roie of phagocyte
adhesion molecules
Cell adhesion and phagocytosis are closely linked
functions that are determined by organization of
the cytoskeleton, and there are several lines of
evidence that suggest that macrophage capacity
for phagocytosis of apoptotic cells may be modu¬
lated by the adhesive state of the macrophage.
First, inflammatory responses to tissue injury are
associated with remodelling of the extracellular
matrix and sequential changes in the local con¬
centrations of key molecules [13]. Second,
macrophages adherent to plastic phagocytose
apoptotic neutrophils much more readily than do
those in suspension (I. Dransfield, unpublished
work). Third, inhibition of recognition of apo¬

ptotic neutrophils is associated with changes in
cell morphology and in the localization of the
cytoskeletal proteins actin and talin within
macrophages following elevation of intracellular
cAMP [9],

Integrin-mediated adhesion
It has been recognized for some time that mono¬
cytes adherent to fibronectin are more efficient at
phagocytosing Ig- and complement-opsonized
particles than monocytes adherent to other sub¬
strata [14]. However, we have shown that the
same is true for macrophage phagocytosis of apo¬
ptotic neutrophils [14a], When allowed to adhere
to fibronectin-coated wells for 30 min in vitro,
the proportion of human monocyte-derived
macrophages that were able to phagocytose apo¬
ptotic neutrophils was increased almost 2-fold
compared with control conditions. The local con¬
centration of fibronectin increases in the first few

days following tissue injury [13], closely parallel¬
ing the influx of neutrophils from the circulation.
By enhancing macrophage phagocytic capacity,
adhesion of fibronectin may provide a mechanism
for matching apoptotic neutrophil load to appro¬
priate macrophage clearance capacity during the
inflammatory response.

CD44

CD44 is a macrophage adhesion receptor that
has been proposed to bind multiple ligands in
the extracellular matrix, and has been implicated
in cytoskeletal organization and intracellular sig¬
nalling [15-17]. In support of a role for CD44 in
the regulation of macrophage function in inflam¬
mation, we have demonstrated that phagocytosis
of apoptotic neutrophils by human monocyte-
derived macrophages was augmented following
crosslinking of CD44 by bivalent antibodies in
vitro [18], This effect was rapid, occurred within
minutes of adding the CD44 antibody, and was
specific as there was no effect on the phago¬
cytosis of zymosan- or immunoglobulin-opso¬
nized erythrocytes. Interestingly, there was also
no effect of CD44 antibody on phagocytosis of
apoptotic lymphocytes, suggesting that cell type-
specific surface changes may accompany apo¬
ptosis. These observations imply that CD44 may
regulate the differential clearance of apoptotic
leukocytes during evolution of inflammatory
responses, representing a novel role for CD44 in
inflammation and tissue repair.
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Conclusion

Macrophage phagocytosis of apoptotic cells is a
vital process in a number of biological situations,
but especially so in the inflammatory response
where dying granulocytes have the potential to
inflict serious tissue damage if clearance is
inadequate. We have described how macrophage
capacity to phagocytose apoptotic cells may be
regulated in vitro by a variety of soluble media¬
tors and extracellular matrix components that
bind to specific receptors on the macrophage
surface. The relative importance of these dif¬
ferent regulatory influences in vivo is not known
at the present time, but exposure of phagocytes
to different cytokines, prostanoids, hormones,
matrix molecules, and neighbouring cells will
vary over the course of the inflammatory
response. It is tempting to speculate that in this
way the tissue load of apoptotic cells is matched
by appropriate phagocyte clearance capacity, so
that release of histotoxic cell contents, especially
from neutrophil granulocytes, is minimized. Fur¬
thermore, in the future it may be possible to
induce neutrophil apoptosis to ameliorate
neutrophil-mediated tissue damage in inflamma¬
tory diseases such as adult respiratory distress
syndrome or rheumatoid arthritis. If this proves
to be possible, then it will be important to aug¬
ment phagocyte clearance capacity concurrently.
Identification of the surface receptors and intra¬
cellular signalling pathways involved in regulation
of phagocyte recognition of apoptotic cells may
provide targets for therapeutic augmentation of
clearance capacity in inflammatory diseases.
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Council and Edinburgh University Faculty of Medi¬
cine (Fellowship to S.P.I1.).
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Role of neutrophil apoptosis in the
resolution of pulmonary inflammation
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ABSTRACT: Role of neutrophil apoptosis in the resolution
ofpulmonary inflammation. K. Mecklenburgh, J. Murray, T.
Brazil, C. Ward, A.G. Rossi, E.R. Chilvers.

Neulrophil-mediated lung injury may result from one
or more of the following possible causes: 1) loss of the nor¬
mal mechanisms that regulate and switch off neutrophil
influx, 2) inappropriate or uncontrolled neutrophil activa¬
tion within the lung, 3) inhibition of neutrophil apoptosis,
and 4) impairment or saturation of the normal macrophage-
dependent process for the removal of apoptotic neutrophils.
Current in vitro data indicate that many factors operating

at the inflamed site (e.g. cytokines, growth factors, chemo-
tactic peptides, hypoxia, acidosis, etc.) serve a dual func¬
tion in both priming and activating these cells, and delay
apoptosis. The observation that the rate of eosinophil apop¬
tosis can be accelerated by corticosteroid therapy in vivo
suggests a novel mode of action for this drug and indicates
that targeting this process in other granulocyte-dependcnt
inflammatory conditions may offer a novel therapeutic
approach in inflammatory lung disease.
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Neutrophils are major effector cells of the immune
system and play a central role in the pathogenesis of
many inflammatory lung disorders. Hence, the accu¬
mulation and activation of these cells at an inflamed
site, while important for host defence against invad¬
ing micro-organisms, is also responsible for releas¬
ing into the lung highly toxic proteases and reactive
oxygen radicals. This "unwanted" consequence of
neutrophil activation has been implicated in causing
the lung parenchymal abnormalities associated with
acute respiratory distress syndrome (ARDS), the air¬
way wall damage observed in acute severe asthma
and the inflammatory damage seen in many chronic
interstitial lung diseases [1-3]. It has long been rec¬
ognized, however, that, in the setting of acute bacte¬
rial pneumonia, neutrophil influx can occur on such
a scale as to completely fill and obliterate the normal
alveolar airspace and yet this process can resolve
rapidly with minimal or no residual tissue damage.
This simple paradox implies that the presence of
neutrophils per se at an inflamed site does not auto¬
matically equate with tissue injury, even within an
organ as delicate as the lung, and that other factors
dictate whether damage ensues or is avoided. To
date, most research has focused on trying to explain
such differences in terms of the duration of neutro¬
phil influx into the lung, virulence issues relating to
the infecting micro-organisms and the presence or
absence of other costimulatory cells. However, the
recognition that neutrophils, when aged in vitro,

undergo rapid and spontaneous apoptosis or "pro¬
grammed cell death" has suggested a novel and quite
alternative explanation for such differences i.e. that
the timely death and active removal of extravasated
neutrophils may be a key issue determining whether
granulocytic inflammation resolves ("beneficial inflam¬
mation") or persists ("detrimental inflammation").

Neutrophil apoptosis and the
resolution of inflammation

The process of apoptosis (fig. 1) is important for
two main reasons: first, it switches off the secretory
capacity of the neutrophil [4] and, secondly, it results
in the recognition and prompt removal of these cells
by inflammatory macrophages [5]. Since the plasma
membrane of the neutrophil remains intact follow¬
ing apoptosis and the phagocytic engulfment of such
cells fails to incite macrophage activation, this event
appears to represent an "inbuilt", efficient and safe
mechanism for the removal of potentially hazardous
cells and may explain how it is that neutrophil inflam¬
mation can so frequently resolve without causing tis¬
sue damage. Likewise, if the process of apoptosis is
delayed or perverted, the potential for these cells to
degranulate and/or release other more damaging his¬
totoxic agents increases dramatically. The whole
concept that cell death may be beneficial has revolutio¬
nized our understanding of the events that control
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Fig. J. - Morphological change associated with neutrophil apoplosis.
Human neutrophils were purified from nuclear venous blood of healthy
donors and cultured for 20 h in the presence of 10% autologous serum.
Cytocentrifuge preparations were then performed revealing the clear
morphological features of the apoplotic (denser nuclear staining) and
iion-apoptotic (normal) neutrophils. Identical preparations using fresh¬
ly isolated neutrophils demonstrate no evidence of apoptosis.

| neutrophil behaviour at the inflamed site and offers
| many exciting and novel opportunities for develop¬
ing anti-inflammatory drugs which may target this
process. Although there are a number of recent re-

| views detailing the biology of neutrophil apoptosis
| [6], the principal aim of this article is to address
how this event relates to inflammation in the lung.

Detection of neutrophil apoptosis in
inflammatory lung disease

Recent data suggest that bacterial infection in the
lung triggers a rapid but surprisingly transient efflux

1 of neutrophils from the blood into the alveolar wall
and airspace [2, 7] and that, unlike in the systemic

| circulation, these cells exit at the the pulmonary cap-
! illary level rather than from postcapillary venules
[8]. For example, in experimental pneumonia caused

I by Streptococcus pneumoniae, neutrophil efflux only
occurs during the first 6 h following instillation of
the organism, and 1,1 indium-labelled autologous neu¬
trophils fail to accumulate in the lung in patients
with bacterial pneumonia, even when studied with¬
in hours of presentation (see [2]). Although granulo¬
cyte influx undoubtedly occurs on a more sustained
basis in conditions such as chronic bronchial sepsis
[7], the above data predict that in the setting of acute

'

inflammation, neutrophil influx is switched off early
and that events influencing neutrophil survival with¬
in tissues are likely to dominate the subsequent clini-

j cal course.
Neutrophil apoptosis has now been observed in a

I number of human diseases and experimental models
including neonatal lung injury [9], ARDS [10], and
experimental pneumonia and lung injury in animals
[11], and supports previous predictions made on the
basis of in vitro work [2]. The animal studies have
also demonstrated a close correlation between the onset
of neutrophil apoptosis in the lung, the subsequent

| ingestion of apoptotic cells by alveolar and inflam¬
matory macrophages, and tire resolution of the alve-

i olitis [11]. A similar correlation has been made for
I the eosinophil; apoptosis and the subsequent clear¬
ance of these cells from the airways has been demon¬

strated in patients with acute severe asthma treated j
with systemic corticosteroids [12]. In this latter study,
clinical improvement was mirrored by the appear¬
ance of apoptotic eosinophils in the sputum. Hence,
there is little doubt that granulocyte apoptosis occurs
in vivo and is particularly prominent in situations in
which spontaneous or drug-induced resolution of in¬
flammation occurs. Likewise, mice that lack the major
Pb integrin cell surface adhesion molecule CD lib/
CD 18 (which is required for phagocytosis-induced
apoptosis) are unable to effectively clear neutrophils
from the inflamed peritoneal cavity [13].

Functional consequences of
neutrophil apoptosis

Time-lapse video microscopy studies indicate that
neutrophil apoptosis is an energetic and rapidly exe¬
cuted event. The major morphological changes that
occur include cell shrinkage, nuclear condensation
and cytoplasmic vacuolation. These events are asso¬
ciated with the shedding of a number of cell surface
receptors, including CD 16 (FcyRIII) and the tumour
necrosis factor receptor (TNFR)-l, and the externaliza-
tion of phosphatidylserine, which is normally locat¬
ed only on the inner leaflet of the plasma membrane, i
This dramatic change in the morphology of the neu¬
trophil is associated with a "functional isolation" of
the cell, and an abrupt reduction in the cell's capac¬
ity to respond to stimuli that normally induce cherno-
taxis, degranulation or superoxide anion generation
14].

The second major consequence of neutrophil apop¬
tosis is the acquisition of a phenotype that allows
these cells to be recognized and engulfed by macropha¬
ges [5]. Although alveolar macrophages and fibro¬
blasts all display some ability to phagocytose apoptotic
granulocytes [14], this capacity appears dwarfed by
the ability of "professional" inflammatory macrophages
to engulf and degrade these cells, and this "eating" |
capacity can be further enhanced by a range of inflam- :
rnatory mediators including granulocyte-macrophage
colony-stimulating factor (GM-CSF), interferon-y in-
terleukin-(IL)-l|3 and transforming growth factor-31
[15]. Although the "ligand" on the apoptotic neutro¬
phil cell surface that allows the senescent neutrophil
to be recognized by macrophages is not known, the
macrophage side of this interaction involves both
the ot,,p3 vitronectin receptor integrin and CD36, which
bind thrombospondin, which engages the apoptotic
neutrophil cell surface [5],

Macrophage uptake of apoptotic neutrophils has
been observed at a number of inflammatory sites, in¬
cluding nonsuppurative arthritis, acute lung injury in
neonates, ARDS, streptococcal lobar pneumonia, expe¬
rimental peritonitis and resolving glomerulonephri¬
tis, and is thought to be the major disposal route of
these cells in vivo. The crucial benefit of such a mec¬

hanism is that the phagocytic process removes cells
that are potentially highly histotoxic in a "silent" and ]
nonphlogistic manner [16]. Under in vitro conditions, i
blocking macrophage uptake using agents such as col¬
chicine allows apoptotic cells to undergo secondary
necrosis, causing the release of their granule contents,
again underlining the need for neutrophil apoptosis
to be co-ordinately linked to macrophage uptake [5].

346



NEUTROPHILS APOPTOSIS AND LUNG INFLAMMATION

Regulation of neutrophil apoptosis

The speed at which neutrophils undergo apopto¬
sis when aged in vitro suggests the existence of a
very strong and inbuilt apoptotic programme in these
cells, which if triggered in vivo, could (and in strep¬
tococcal lobar pneumonia probably does) result in a
very rapid and effective process for switching off
and removing these cells from an inflamed site. Rat¬
her surprisingly therefore, it was revealed that the
vast majority of input signals to the neutrophil (e.g.
GM-CSF, lipopolysaccharide, complement factor 5a
and (C5a), 1L-6 and IL-8; fig. 2) cause a profound
inhibition of apoptosis [17-19] and, moreover, that
many of the pharmacological manipulations shown
to induce apoptosis in other cell types (including the
thymocyte and the lymphocyte) have the opposite
effect on the apoptotic programme in the neutrophil.
The most striking example of this difference is the
effect of raising intracellular calcium or cyclic ade-
nasine monophosphate, since both stimulate thymo¬
cyte apoptosis but delay this process in neutrophils
[20, 21]. This early indication that neutrophils dif¬
fer from most other inflammatory cells in their apop¬
totic programming was further supported by the
observation that corticosteroids markedly delay apop¬
tosis in the neutrophil yet clearly stimulate this process
in the eosinophil [22]. This latter observation may
explain, at least in part, the relative inability of cor¬
ticosteroids to influence the clinical outcome of many
neutrophil-dominated inflammatory diseases such as
ARDS.

It has also been demonstrated that the rate of neu¬
trophil apoptosis can be severely inhibited by hypo¬
xia [23]. This influence is again contraiy to the effect
of hypoxia on apoptosis in other cells types, e.g.
neurons and gut-derived epithelial tumour cells, and
suggests that hypoxia may be a further factor oper¬
ating to delay the resolution of neutrophil-mediated
tissue inflammation.

In view of these data, recent studies have focused
on how neutrophil apoptosis may be stimulated or,

at the very least, how the above largely cytokine-
mediated survival effects may be blocked. This has
proved a somewhat frustrating challenge since although
agents such as TNF-OC and Fas ligand (Fas-L) are
both capable of inducing neutrophil apoptosis through
binding to the cell membrane p55 and p75 TNF-a
receptors and Fas respectively [24—27], the magni¬
tude of the killing effect, at least in vitro, is small.
Furthermore, neutrophils previously primed by agents
such as platelet-activating factor, IL-8 or lipopolysac-
charide, or cells isolated from an inflammatory focus,
appear unresponsive to the same signals [26,28,29].
This implies that the early and often intense increase
in TNF-a levels observed in many acute inflamma¬
tory lung states may be unable to promote effective
neutrophil removal if the cells within the lung have
been unstimulated by other priming or activating
agents. Early reports suggested that neutrophils active¬
ly produce and release Fas-L and thereby regulate
their own survival via autocrine or paracrine Fas-L/
Fas interactions [27, 30]. However, Fas-L/Fas-mediat-
ed apoptosis may not be as important in regulating
neutrophil survival in vivo since inflammatory neutro¬
phils harvested from Fas-L (gld) and Fas (Ipr)-defi¬
cient mice undergo apoptosis at an identical rate to
cells from normal mice [31].

Other physiological stimuli known to enhance the
rate of neutrophil apoptosis include human immuno¬
deficiency virus infection [32], ingestion ofEscherichia
coli [33] and other particulate material [13], and, in¬
terestingly, migration of cells through an endothelial
monolayer [34]. This latter observation may explain
why apoptotic neufrophils are rarely if ever observed
in circulating blood, and may relate to the previous¬
ly noted ability of fi, integrins to facilitate constitu¬
tive and TNF-a-stimulated neutrophil apoptosis [13,
34]. There is also an early and fascinating sugges¬
tion that broncboalveolar lavage fluid recovered from
animals with experimental streptococcal (resolving)
pneumonia contains a factor that drives neutrophil
apoptosis in vitro and that this factor(s) is absent in
E. coli (non-resolving) pneumonia [35].

Serum from patients
with sepsis/trauma

_

Hypoxia

Normal
neutrophil

E. coli ingestion
Oil red ingestion
Peritoneal dialysate
UV irradiation
HIV infection

Inhibition

Acceleration

LPS, IL-113, TNF-a, IL-6. IFN-y, G-CSF,
GM-CSF, C5a, IL-8, NGF, calcium, cAMP,
corticosteroids, ATP, Ap3A, Ap4A

Apoptotic neutrophil
(leading to
macrophage
phagocytosis)

TNF-a/FasL, phorbol esters, CD11b/CD18
cross-linking, protein synthesis inhibitors,
sodium arsenite, ROS, nitric oxide, IL-10
(blocks GM-CSF survival), sphingosine,
hyperosmolarity

Fig. 2. - Regulation of neutrophil apoptosis. Summary of the physiological (left) and pharmacological (right) manipulations demonstrated to either
inhibit or accelerate the rate of neutrophil apoptosis in vitro. E. coli: Escherichia colt UV: ultraviolet; HIV: human immunodeficiency virus; LPS:
lipopolysaccharide; IL: interleukin; TNF-a: tumour necrosis factor-a; IFN-y: interferon-y; G-CSF: granulocyte colony-stimulating factor; GM-CSF:
granulocyte-macrophage colony-stimulating factor; C5a: complement factor 5a; NGF: nerve growth factor; cAMP: cyclic adenosine monophos¬
phate; ATP: adenosine triphosphate; Apy\, Ap4A: diadenosine polyphosphates; FasL: Fas ligand; ROS: reactive oxygen species.
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Although the intracellular pathways mediating
the above effects are uncertain, the proapoptotic effect
of TNF-o, unlilce its priming/activation functions,
are uniquely dependent on ligation of TNFR75 in
addition to TNFR55, and both TNF-a and Fas-L-
induced killing are blocked by compounds that inhi¬
bit the caspase family of cysleinyl proteases, which
orchestrate cell death in other mammalian cells. The
major nuclear and cytosolic targets of caspases in the
neutrophil are, again, uncertain but appear to include
gelsolin, which acts to sever actin filaments and
induce cells to round up, detach and undergo nuclear
fragmentation [36], and a Ca2+/Mg2+-independent
acid endonuclease [37]. The ability of protein synthe¬
sis inhibitors to induce neutrophil apoptosis also
implies that these normally short-lived cells are "pre¬
programmed" to die and that an actively produced
antiapoptotic protein factor or factors exist to prevent
premature cell death. Intriguingly, mature neutrophils
do not possess Bcl2, a major antiapoptotic factor pre¬
sent in most other cells [29, 38], and it has been
proposed that the loss of this protein, which occurs
during the final stages of granulocyte maturation, re¬
moves an important brake on the apoptotic capaci¬
ty of the neutrophil prior to entry into the circulation.
Current contenders for such survival proteins include
other members of the Bel, family, namely Mcl-1 and
Bax [39],

Potential for therapeutic manipulation

From the above line of argument, it follows that
devising a therapeutic strategy based on driving pro¬
grammed cell death or blocking the antiapoptotic
effects of certain agents should, if executed at the
appropriate stage of the inflammatory response, offer
a novel and effective form of anti-inflammatory ther¬
apy. "Proof principle" for this is the well-recognized
and major proapoptotic effect of glucocorticosteroids
in eosinophils and the ability of Fas-L administration
to induce resolution of eosinophilic inflammation in
the airways [40]. Such selective targeting is not yet
available for the neutrophil, but there are experimen¬
tal data to support both of the above approaches.
First, although the "solo" killing effect of TNF-a in
neutrophils appear to be modest and are easily over¬
come by other costimuli, it is now possible to increase
dramatically the efficacy of this response by coincubat-
ing neutrophils with the nuclear factor-idB inhibitor
gliotoxin [41], which also unmasks a capacity for
TNF-a to drive eosinophil apoptosis. Likewise, the
protein synthesis inhibitor cyclobeximide, used at a
concentration that alone does not influence the rate
of constitutive apoptosis, can also enhance TNF-a-
mediated neutrophil apoptosis [41]. Secondly, the anti¬
inflammatory cytokine IL-10 has been shown to be
able to block the survival (anti-apoptotic) effect of
lipopolysaccharide in vitro [42], and a similar effect
has been demonstrated with certain synthetic cell-
permeable inhibitors that block certain intracellular
second messenger phosphorylation pathways [43],
The very unusual and atypical apoptotic programme
that exists in the neutrophil, and the ability to deliver
drags in a selective manner to the lungs, fuels current
optimism that such an approach may be feasible.
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Pharmacological
manipulation of granulocyte
apoptosis: potential
therapeutic targets
Carol Ward, Ian Dransfield, Edwin R. Chilvers, Chris
Haslett and Adriano G. Rossi

Resolution of inflammation involves the clearance of

excess or effete inflammatory cells by a process of
physiological programmed cell death (apoptosis) and
the subsequent recognition and removal of apoptotic
cells by phagocytes. The therapeutic induction of
apoptosis for the resolution of chronic inflammation
and the general pharmacology of apoptosis have
become subjects of increasing interest. In this article,
some of the unique and important differences in the
control of apoptosis of various inflammatory cells
(particularly neutrophil and eosinophil granulocytes)
are highlighted. It is suggested that apoptosis can be
specifically regulated pharmacologically and could be
exploited to develop new drug therapies.

Granulocytes are recruited to inflammatory sites in
response to infection or tissue injury. However, many
defence mechanisms employed by these cells are poten¬
tially deleterious to host tissues; for example, excessive
release of granule proteases or production of reactive
oxygen species can damage tissue. Thus, it is important
that granulocytes are effectively and rapidly destroyed
concomitant with the removal of an inflammatory
stimulus to avoid excessive tissue damage or chronic
inflammation.

Apoptosis and resolution of inflammation
Necrosis of inflammatory cells involves a loss of mem¬

brane integrity, which leads to the release of potentially
toxic intracellular contents, whereas apoptosis1-3 is an
efficient, non-inflammatory method of removing aging
leukocytes from inflammatory sites1. Apoptosis should
ideally be matched by efficient recognition and removal
of the apoptotic cells by phagocytes such as macrophages
or, in certain situations, by cells with phagocytic potential
such as fibroblasts ormesangial cells1. Apoptotic cells, ifnot
recognized and removed, eventually undergo 'secondary
necrosis' releasing damaging intracellular contents and
amplifying the inflammatory response. This processmight
underlie the development of chronic inflammatory con¬
ditions inwhich apoptotic cell load and phagocytic clear¬
ance mechanisms are mismatched (Fig. 1). It is therefore

prudent that interventions to increase the rate of apoptosis
of inflammatory leukocytes as an anti-inflammatory strat¬
egy are developed in parallel with mechanisms that up-
regulate or preserve phagocytic clearance4-8. Macrophage
recognition of apoptotic cells does not liberate pro¬
inflammatory agents6 but can release anti-inflammatory
mediators such as interleukin 10 (IL-10)7 and transforming
growth factor (J (TGF-p)8, some ofwhichmight themselves
affect the apoptotic programme of inflammatory cells
(Figs 1,2). Thus, the removal processmight also succumb
to selective and specific modulation by pharmacological
agents for therapeutic gain.

Cell-specific signals and therapeutic strategies
To develop useful therapeutic strategies, it is necessary

to understand and exploit the underlying differences in
the apoptotic control mechanisms that exist between spe¬
cific cell types, as well as the common genes or proteins
involved in the execution pathways. For example, although
the activation of caspases is a crucial part of the effector
limb of apoptosis, several common substrates for these
proteases [e.g. poly (ADP-ribose) polymerase (PARP),
nuclear/mitotic apparatus protein (NuMA), Ul-70 kDa
(small ribonucleoprotein), or the catalytic subunitofDNA-
dependent protein kinase (DNA-PK)], are not detected in
neutrophils9. This suggests that some factors that regulate
the execution phase of apoptosis are not universally appli¬
cable to all cells, and that different death factors and caspase
subsets could be manipulated to interfere selectively
with the apoptotic programme.
Selective pharmacological intervention to drive granu¬

locyte apoptosismight be a realistic goal becausemanipu¬
lation of many of the physiological signalling pathways
induces cell death in other cell types but fails to induce
apoptosis in granulocytes. Granulocytes also show differ¬
ential responses to apoptotic stimuli compared with other
leukocytes. Importantly, there are also differences in the
control of apoptosisbetween neutrophils and eosinophils10
(Table 1). During culture, 50-70% of neutrophils undergo
consti tutive apoptosis by 20 h (Refs 10,11); in eosinophils
it can take up to turn days to achieve equivalent rates of
apoptosis10'11. This indicates that distinct regulatory
mechanisms control apoptosis in these cells.

Inhibition of survival pathways
Many stimuli that prime or activate granulocytes and

are present in abundance at inflammatory sites [e.g. granu¬
locyte/macrophage colony-stimulating factor (GM-CSF),
lipopolysaccharide (LPS) and complement fragment C5a]
delay granulocyte apoptosis. Altered functional longevity
influences the ability of granulocytes to migrate, degran-
ulate or generate superoxide (02_) anions1. Specific inhi¬
bition is afforded by the presence of distinct receptors on
the cell surface of granulocytes (e.g. binding of IL-5 to
specific IL-5 receptors suppresses eosinophil apoptosis
but does not affect neutrophil apoptosis1). Interestingly,
the anti-inflammatory cytokine, IL-10 (Ref. 12) and the
naturally occurring IL-1 receptor antagonist13 can suppress
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Fig. 1. Schematic representation of granulocyte removal pathways. Granulocytes undergo apoptosis and can then be recognized and phagocytosed by
macrophages in a non-phlogistic manner: that is, there is no release of pro-inflammatory mediators but a release of potential anti-inflammatory mediators
such as transforming growth factor {3, (TGF-fS,) and interleukin 10 (IL-10) (beneficial pathway). If the cells become apoptotic and are not removed by
macrophages as a result of ineffective clearance, the granulocytes can undergo 'secondary necrosis'. Cells can also undergo 'primary necrosis' before
phagocytosis. When cells become necrotic they have the potential to cause tissue injury and because of the release of pro-inflammatory mediators will
amplify the inflammatory process (detrimental pathway). Following phagocytosis of necrotic cells, macrophages liberate pro-inflammatory mediators such
as thromboxane B2 (TxBz), IL-8 and tumour necrosis factor a (TNF-a).

the anti-apoptotic effect of LPS and IL-1, respectively.
Therefore, by using specific receptor antagonists or neu¬
tralizing antibodies, it should be possible to accelerate
apoptosis. Alternatively, targeting receptor-mediated path¬
ways that induce apoptosis in such cells might represent
a more selective way of removing unwanted granulocytes
at sites of inflammation (Fig. 2).

Differential effects of glucocorticoids on
granulocyte apoptosis
Glucocorticoids are extensively used in treating patients

with asthma14; they inhibit inflammatory cell recruitment,
dampen cellular responsiveness and have diverse effects
on apoptosis of inflammatory cells (e.g. glucocorticoids
promote thymocyte and eosinophil apoptosis but inhibit
apoptosis in neutrophils1'1"). Thus, glucocorticoids might
exert part of their anti-inflammatory effect by affecting
apoptosis. For example, patientswith acute severe asthma
who benefit from steroid therapy have increased numbers
of apoptotic eosinophils in their sputum15. Although the
glucocorticoid effect on apoptosis is steroid receptor14 and
protein synthesis dependent16, and might involve certain

transcription factors [e.g. activator protein-1 (AP-1) and
nuclear factor kB (NF-kB)]14, a clear picture of the under¬
lying mechanisms has not yet emerged. Elevation of cyto-
solic free Ca2+ concentration j[Ca2+]j[ in inflammatory
cells mimics the apoptotic effects of glucocorticoids; that
is, elevation of [Ca2+]; in thymocytes17 and eosinophils18
increases apoptosiswhereas rises in [Ca2+]j in the neutro¬
phil delays apoptosis19,which suggests thatglucocorticoids
could regulate apoptosis by interfering with Ca24 homeo¬
stasis17. Glucocorticoids also increasemacrophage recog¬
nition of apoptotic leukocytes20. Together, these data pro¬
vide compelling evidence that glucocorticoids not only
affect the induction and propagation of inflammation
but also influence resolution.

Nitric oxide and oxidative changes
Because nitric oxide (NO) has powerful effects onmany

cells, including smooth muscle and inflammatory cells,
significant effort has focused on the role of NO in inflam¬
mation. Apoptosis can be modulated by NO in a con¬
centration-dependent manner, with increased levels of
NO having pro-apoptotic effects on neutrophils21"24,
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Fig. 2. Factors that influence the clearance of inflammatory cells. Neutrophil and eosinophil apoptosis is induced by Fas; tumour necrosis factor a (TNF-a)
induces apoptosis only in neutrophils whereas glucocorticoids induce eosinophil apoptosis. Granulocyte apoptosis is delayed by factors (indicated in the
boxes) found at the inflammatory site; for example, granulocyte/macrophage colony-stimulating factor (GM-CSF), lipopolysaccharide (IPS) and certain
prostaglandins delay apoptosis in both neutrophils and eosinophils. The recognition of apoptotic cells by macrophages is increased by TNF-a, GM-CSF,
interferon y (INF-y), interleukin 13 (IL-1 ft) transforming growth factor-p, (TGF-p,), glucocorticoids and ligation of CD44. Agents that elevate cAMP (e.g.
prostaglandins) inhibit recognition. By specifically triggering known or yet to be identified pro-apoptotic receptors and/or blocking survival pathways granu¬
locyte apoptosis can be augmented. Concomitantly, with pharmacological upregulation of macrophage recognition and phagocytosis of apoptotic cells
novel therapeutic targets might be developed. Modified from Ref. 1.

Table 1. Delay or acceleration of constitutive apoptosis in granulocytes by specific agents or treatments

Granulocyte Apoptosis delaying agents Refs

Neutrophil Agents that increase cytosolic cAMP (e.g. db-cAMP, PGs) 37-39, 41
Agents that increase [Ca2+]; (e.g. A23187) 18,19
Glucocorticoids (e.g. dexamethasone) 10,16
Neutrophil agonists (e.g. LPS, FMLP, PAF, LTB4, C5a, GM-CSF, IL-6, IL-8) 1,11,28, 58
Hypoxia 28

Eosinophil Agents that increase cytosolic cAMP (e.g. db-cAMP, PGs) 1,10
Eosinophil agonists (e.g. IL-5, GM-CSF) 40,41

Apoptosis accelerating agents

Neutrophil NO donors 21-24

Activating Fas antibodies, FasL 46-54
l'NF-u 11,58
Protein synthesis inhibitors (e.g. actinomycin D and cycloheximide) 10,67
NF-kB inhibitors (e.g. gliotoxin) 11

Eosinophil Activating Fas antibodies, FasL 41,47-50
Agents that increase [Ca2+]i (e.g. A23187) 43
Glucocorticoids (e.g. dexamethasone) 10
NF-kB inhibitors (e.g. gliotoxin) 11

Abbreviations: [Ca2+Jl, intracellular free Ca2+ concentration; C5a, complement fragment C5a; db-cAMP, dibutyryl cAMP; FasL, Fas ligand; FMLP, formyl-
methionylleucylphenylalanine; GM-CSF, granulocyte/macrophage colony-stimulating factor; IL, interleukin; LPS, lipopolysaccharide; LTB,, leukotriene B4;
NF-kB, nuclear factor k[ ; NO, nitric oxide; PAF, platelet-activating factor; PGs, prostaglandins; TNF-a, tumour necrosis factor a.
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whereas in eosinophils pharmacological augmentation
of NO levels inhibits constitutive25 and Fas-induced

apoptosis26. The mechanisms underlying these divergent
effects are unknown but might involve the guanylate
cyclase pathway, transcriptional regulation, direct DNA
damage or oxidative pathways27. Although changes in
oxidative metabolism can affect the rate of apoptosis in
inflammatory cells, hypoxia, which induces cell death in
many systems, inhibits neutrophil apoptosis28. Intri-
guingly, certain antioxidants such as pyrrolidine dithio-
carbamate increase neutrophil apoptosis - an obser¬
vation that might be related to other properties of these
compounds11. Coxon et al.29 showed that phagocytosis of
opsonized particles by human neutrophils induced apo¬
ptosis - a process that is dependent on the adhesion mol¬
ecule Mac-1 (also known as CDllb/CD18) and can be
blocked by anti-oxidants. A role for this adhesion mol¬
ecule in the control of granulocyte apoptosis has been
proposed30'31, although specific cell culture conditions
might influence these effects32.

Manipulation of signalling pathways
The adenylate cyclase-cAMP pathway can exert both

pro-inflammatory and anti-inflammatory effects depend¬
ing on concentration, site of action and route of adminis¬
tration of cAMP-elevating agents such as prostaglandins.
This pathway is a target for the treatment of chronic
inflammatory diseases [e.g. potential specific phospho¬
diesterase (PDE) inhibitors in asthma therapy]33. Elevation
of cAMP levels in inflammatory cells attenuates the cell's
response to secretory agonists and has a cell-dependent
effect on the rate ofapoptosis,with apoptosis in thymocytes
and leukaemic cell lines increasing in response to aug¬
mented intracellular concentrations of cAMP (Refs 34-36).
By contrast, cAMP elevation delays apoptosis in granu¬
locytes37-^0. The cAMP-mediated inhibition ofneutrophil
apoptosis appears to be protein kinase A (PKA) depen¬
dent37-39 whereas it is PKA independent in eosinophils40.
However, GM-CSF-mediated survival in eosinophils is
paradoxically inhibited by cAMP via amechanism involv¬
ing PKA, which indicates that PKA is involved in regulat¬
ing eosinophil apoptosis40. Recently, it has been reported
that PDE4 inhibitors suppress eosinophil survival by el¬
evating cAMP whereas theophylline, a relatively non¬
specific PDE inhibitor, augments eosinophil apoptosis
by a mechanism that is independent of its effects on the
cAMP pathway41. This suggests that modulation of the
adenylate cyclase-cAMP pathway might control the rate
of apoptosis in specific inflammatory cells - an effect that
must be considered when developing novel agents that
interfere with cAMP signalling pathways.
A role for protein kinase C (PKC) in the regulation of

granulocyte apoptosis is not fully established despite evi¬
dence that this enzyme is important in mediating granu¬
locyte responsiveness42. The nonspecific PKC inhibitor
staurosporine and the specific, but non-isoenzyme selec¬
tive, inhibitor Ro318220 induce granulocyte apoptosis43
and recently, the PKC isoform PKC8 has been associated

with neutrophil apoptosis44. However, in other inflamma¬
tory cells such as U937myelomonocytic cells an increase in
PKC|3 and a decrease in PKQ occur during apoptosis45.
Therefore, this area has potential for intervention strat¬
egies if different profiles of isoenzymes are involved in
apoptosis or survival in specific cell types.

Death-receptor-activated apoptosis
Fas is awidely expressedmembrane receptor,which, via

interaction with its ligand FasL, is responsible for con¬
trolling immune responses. Engagement of the FasL-Fas
pathway can initiate apoptosis both in vitro and in vivo but
its role in granulocyte apoptosis remains controversial.
Despite reports that Fas-mediated signals induce both
neutrophil and eosinophil apoptosis46"49, the demon¬
stration that production and release of FasL by granulo¬
cytes can effect constitutive apoptosis has not been con¬
vincing50-51. Although Fas activating antibodies induce
neutrophil cell death by apparent caspase- and mito-
chondrial-dependent mechanisms52, soluble FasL did not
induce apoptosis but acted as a chemotaxin for neutrophils
both in vitro53 and in vivo54. Furthermore, using FasL(gld)-
and Fas(Zpr)-deficientmice it has been questioned whether
FasL-Fas-mediated neutrophil apoptosis is important in
controlling neutrophil longevity during acute inflamma¬
tory responses55. However, activation of the Fas receptor
on lung eosinophils results in apoptosis and tire resolution
of eosinophilic inflammation of the airways47. It therefore
remains possible thatmechanisms involving the FasL-Fas
pathway might be exploited to manipulate granulocyte
death.

Manipulation of survival proteins
Granulocyte apoptosis in vitro is acceleratedby inhibitors

of protein synthesis, which suggests the existence of one
ormore survival proteins that might dictate the speed of
onset of apoptosis56. In other cells, including thymocytes,
inhibitors of protein synthesis prevent the onset of apo¬
ptosis induced by stimuli such as glucocorticoids, which
suggests that in this case proteins must be actively syn¬
thesized before apoptosis can occur57. The identity, func¬
tion and control of expression of these factors remain to
be determined.
Tumour necrosis factor a (TNF-a)might help to unravel

the identity of this survival protein(s) in granulocytes.
TNF-a induces apoptosis in many cells, but in neutro¬
phils it exerts differential effects, accelerating apoptosis
at early time points and inhibiting apoptosis after 18 h of
culture58. These divergent effects (i.e. rapid death of some
neutrophils and enhanced survival of others) are lost
when protein synthesis is blocked and instead the entire
neutrophil population synchronously undergoes apo¬
ptosiswithin 2 h of exposure to TNF-a (Ref. 11). This sug¬
gests that the differential effect of TNF-a is mediated via
the activation of an immediate 'pro-apoptotic pathway'
together with the induction of a 'protective' protein(s)
that protects the cells that 'evade' the initial apoptotic
trigger.
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TNF-a signals through three main inter-related path¬
ways: (1) activation of the caspase pathway via the inter¬
action of the TNF-receptor-associated death domain pro¬
tein (TRADD) with the death domain of TNF receptor I,
which allows recruitment of Fas-associated death domain

(FADD)/mediator of receptor induced toxicity (MORT1);
(2) the p38-Jun N-terminal kinase (JNK) pathway (p38 and
JNK represent two main families of mitogen-activated
protein kinases); and (3) activation of the transcription
factor NF-kB (Ref. 59). The caspase pathway is unlikely
to be involved in TNF-a-induced neutrophil survival,
although itmight be one target for an anti-apoptotic pro¬
tein. There is still controversy over the role of activation
of both p,38-JNK and NF-kB in cell death and survival.
For example, p38-JNK activation has been linked to Fas-
induced apoptosis60-62. By contrast, JNK and p38might be
involved in cell survival signals in response to TNF-a in
a murine fibroblast cell line63. In neutrophils, there
appears to be a p38-strcss activated pro-apoptotic path¬
way and a spontaneous or Fas-inducible pathway that is
p38 independent64. Clearly, the precise role of stress
kinases in apoptosis or survival pathways should be fully
assessed; they might play different roles in different cell
types.
In neutrophils, survival factors such as LPS activate both

the p38-JNK pathway and NF-kB (Ref. II)63. By contrast,
in HL60 cells and thymocytes NF-kB activation induces
apoptosis and NF-kB inhibitors prevent cell death66-67.
However,modulation ofNF-kB activation can make cer¬
tain cells more responsive to the cytotoxic effects of TNF-a
(Ref. 59), which suggests that NF-kB is involved in deter¬
mining how cells respond to TNF-a. By blocking the acti¬
vation of an inducible form of NF-kB in neutrophils, the
entire cell population undergoes apoptosis within 2 h of
exposure to TNF-a (Ref. 11). Although TNF-a alone has
no significant effect on constitutive eosinophil apoptosis,
in the presence of NF-kB inhibition almost 100% of the
cell population was apoptotic within 4 h of exposure to
TNF-a (Ref. 11). These data strongly suggest that NF-kB
has an important role in regulating granulocyte survival
(Fig. 3).
Many pro-inflammatory stimuli activate NF-kB, which

regulates the transcription of several genes encoding pro¬
inflammatory proteins. This regulatory mechanism acts as
an amplification loop that might enhance the longevity
of both neutrophils and eosinophils [e.g. via production
of GM-CSF and G-CSF (Ref. 68)]. Although this makes
physiological sense in an ongoing inflammatory situation,
prolonged granulocyte activation togetherwith inhibition
of apoptosis could cause an excessive tissue load of granu¬
locytes and the possibility of cell necrosis and chronic in¬
flammation. Becausemost inflammatory responses resolve
without complication, a physiologicalmechanism to limit
the activation of this and other transcription factors in¬
volved in promoting cell survival must exist and can be
overridden by pro-apoptotic factors. Thus, pharmaco¬
logical control ofNF-kB activation represents an attractive
target for intervention in inflammatory conditions.

Inflammatory mediator Inhibition of NF-kB activation

Granulocyte trends in Pharmacological Sciences

Fig. 3. The role of nuclear factor kB (NF-kB) in granulocyte apoptosis. In granulocytes, NF-kB
appears to control the expression of a survival factor that protects against tumour necrosis
factor ct (TNF-a)-mediated apoptosis. Many inflammatory mediators activate NF-kB and their
expression is in turn controlled by the activation of this transcription factor. Diverse inhibitors of
NF-kB induce apoptosis in both neutrophils and eosinophils. The effect of NF-kB can be inhibited
by: (1) blockage of cell-surface receptors: (2) inhibition of signalling pathways; (3) interference
with transcription factor activation (e.g. translocation and DNA binding); and (4) prevention of
synthesis or effects of survival factors, or both.

One strategy could be to develop compounds that inter¬
fere with the synthesis, metabolism or functions of puta¬
tive proteins known to be regulated by NF-kB that are
involved in controlling granulocyte survival. At present,
the identity of such factors remains elusive but several
possible candidates exist.

BCL2 family members
Control of apoptosis in various cells correlateswith the

expression of BCL2 family proteins, some of which are
regulated, at least in part, by NF-kB (Refs 69-72). In cells
in which activation of NF-kB leads to apoptosis, BCL2
suppresses NF-KB-dependent gene expression and inhibits
apoptosis70; conversely, BCL2 can suppress apoptosis
induced by disruption of NF-kB activation71. BCL2 is
thought to control mitochondrial permeability transi¬
tions allowing the release of cytochrome c (Ref. 73) and
apoptosis inducing factor74, which are both involved in the
execution phase of apoptosis. Mature human neutrophils
do not express BCL2 but do express the pro-apoptotic
protein BAX (Refs 75, 76), whereas eosinophils contain
BCLXL, BAX and low levels of BCL2 (Ref. 77). Expression
of MCL1, another BCL2 family member, decreases dur¬
ing neutrophil apoptosis but increases in response to LPS
and GM-CSF, suggesting a link with survival in neutro¬
phils75; however, the associationbetweenMCL1 expression
and eosinophil survival is more tenuous77. Neutrophils
also express mRNA for Al, another BCL2 homologue
with anti-apoptotic properties78. LPS and GM-CSF induce
expression of Al mRNA and inhibition of NF-kB acti¬
vation blocks accumulation of Al mRNA in some cells79.

Neutrophil apoptosis is enhanced in mice that lackAl-a,
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Table 2. NF-KB-inducible proteins that protect against TNF-a-induced apoptosis

Protein Present in Details Refs

granulocytes

c-Myc Yes Decreased in an NF-KB-dependent manner during apoptosis of HL-60 cells. In other cells, 83,84
increased c-Myc correlates with onset of apoptosis

A20 Unknown Specific protection against TNF-a-induced apoptosis. Once synthesized, it can inhibit NF-kB. 68,85-88
Might represent a physiological feedback mechanism. Does not protect NF-KB-deficient
fibroblast from TNF-a

clAP Unknown Induced by TNF-a. Exogenous expression did not protect cells from this cytokine when 89
NF-kB was inhibited

IEX-IL Unknown Confers resistance to TNF-a-induced apoptosis 90

Abbreviations: NF-kB, nuclear factor kB; TNF-a, tumour necrosis factor a.

a subtype of theAl gene80, and LPS-induced inhibition of
apoptosis is abolished. However, in these mice TNF-a-
induced apoptosis is unchanged, which suggests that A1
is involved in regulating some but not all neutrophil
apoptotic pathways80. The presence of A1 in eosinophils
has yet to be demonstrated convincingly81. BCLW, a BCL2
familymember that promotes cell survival82, hasnot been
shown in human granulocytes. Differences in the expres¬
sion of BCL2 proteins in eosinophils and neutrophils
might represent another specific checkpoint for therapeu¬
tic intervention. Other candidate survival proteins68'83-90
are shown in Table 2.

Activation ofNF-kB depends on inhibitory factors IkBs,
which are phosphorylated and ubiquitinated before degra¬
dation via the proteasome. Ubiquitination of one factor,
IkBq;, can be prevented by the small ubiquitin-like protein
SUMO-1 (also known as sentrin)91. This protein interacts
with both TNF receptor subtype 1 and the Fas receptor,
and protects against both TNF-a and Fas-mediated death
signals92. Whether SUMO-1 is regulated via NF-kB is un¬
clear, but it has the potential to both inhibit NF-kB acti¬
vation (thus increasing TNF-a-induced apoptosis) and to
protect against the cytotoxic effects of this cytokine - a
possibility that might explain the biphasic effects of TNF-a
on neutrophil survival.

Development of novel strategies
Neutrophils are the main defence against bacteria and

fungi, whereas eosinophils perform amainly anti-parasitic
role. Novel pro- and anti-apoptotic strategies could be
developed by considering the mechanisms that pathogens
have evolved to counter the immune attack posed by
these cells. Some fungal metabolites (e.g. gliotoxin) have
already proven to be powerful inducers of apoptosis in
granulocytes11 by inhibition of NF-kB (Refs 11, 93). Bac¬
teria can liberate agents (leukocidins) that can damage and
kill granulocytes. For example, the bacteria Haemophilus
somnus evades destruction by inducing neutrophil apo¬
ptosis94 and Mycobacterium tuberculosis induces a rapid
onset of neutrophil apoptosis in the presence of TNF-a
(Ref. 95). The ingestion of Escherichia coli by human neutro¬
phils induces apoptosis that is inhibited by antioxidants,
which suggests that an oxygen-dependent mechanism is

critically involved96. Bronchial lavage fluid obtained from
animalswith resolving experimental streptococcal pneu¬
monia but not non-resolving E. coli pneumonia contains a
powerful, yet unidentified, factor that accelerates neutro¬
phil apoptosis97. Viruses can also induce granulocyte apo¬
ptosis; for example, respiratory syncytial virus98, Epstein-
Barr virus99 and HIV (Ref. 100) all accelerate neutrophil
apoptosis. This induction of apoptosismight offer advan¬
tages to the pathogen because, unlike damaged or necrotic
cells, cleared apoptotic immune cells will not provoke
an immune response. A thorough characterization of
these naturally occurring promoters of granulocyte apo¬
ptosis and the elucidation of their mechanisms of action
might help in the development of novel therapeutic
agents.

Concluding remarks
The differences and similarities shownbetween eosino¬

phils and neutrophils and other immune cells in response
to pro-apoptotic and anti-apoptotic stimuli demonstrate
that there is a potential for the development of agentswith
specificity to remove both cell types selectively. Achieving
specificity could permit the resolution of inflammation
using agents that promote apoptosis to become a thera¬
peutic reality. Strategies for the development of such
compounds require more fundamental research on the
actual physiological mediators governing granulocyte
apoptosis both in vitro and in vivo to decipher the precise
underlying regulatory mechanisms. A similar strategy
might also prove useful in the development of com¬
pounds for the selective deletion of cancer cells resulting
in the dissolution of tumours without damaging healthy
non-malignant tissues.
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AN APPETITE FOR APOPTOTIC CELLS? CONTROVERSIES AND CHALLENGES

The biochemical pathways involved in programmed cell
death are broadly similar in phylogenetically diverse multi¬
cellular organisms, including the nematode worm Caenor-
habditis elegans, Drosophila and mammals, suggesting that
cell death and subsequent phagocytosis of apoptotic cells
represents an important regulatory mechanism that has
been conserved through evolution (Ellis et al, 1991;
Hengartner, 1996).
During apoptosis, the cell activates intrinsic suicide

mechanisms that lead rapidly (within hours) to the
characteristic macroscopic features of cell shrinkage, chro¬
matin condensation, membrane budding and, eventually,
the formation of one or more apoptotic bodies (Kerr et al,
1972). Phagocytosis of senescent cells had been described in
the late nineteenth century by the Russian biologist Elie
Metchnikoff who observed that 'mlcrophages' (neutrophil
granulocytes) were 'englobed' by macrophages in injured
tadpole fins, although the significance of these observations
has only become apparent in the last few decades. It has now
been established that apoptotic cells are swiftly recognized
and ingested by neighbouring phagocytes without elicitation
of pro-inflammatory responses from phagocytic cells
(Meagher et al, 1992; Savill et al, 1993; Fadok et al, 1998).
Apoptosis and the subsequent phagocytic clearance of
senescent cells have central roles in many fundamental
biological processes, including normal tissue turnover (Han
et al, 1993), remodelling of embryological tissues (Hopkin-
son-Wooliey et al, 1994), development of the immune system
(Cohen, 1991) and the normal resolution processes of
inflammation (Haslett et al, 1994). Macrophages are the
principal phagocytes that are responsible for clearance of
apoptotic cells in mammals, although cells with the potential
for phagocytosis, e.g. endothelial cells (Dini et al, 1995; Hess
et al, 1997), fibroblasts (Hall et al, 1994), glomerular
mesangial cells (Hughes et al, 1997), hepatocytes (Dini
et al, 1992), Sertoli cells (Shiratsuchi et al, 1997) and
vascular smooth muscle cells (Bennett et al, 1995) may
remove apoptotic cells in certain circumstances.

GRANULOCYTE APOPTOSIS AND THE

RESOLUTION OF INFLAMMATION

There is increasing evidence that aberrant apoptosis and/or
phagocytic clearance of apoptotic granulocytes may con¬
tribute to the pathogenesis of inflammatory diseases (Fig 1).
Neutrophil granulocytes play a vital role in the body's

Correspondence: Dr I. Dranslield, The Rayne Laboratory, Respiratory
Medicine Unit, University ofEdinburgh Medical School, Teviot Place,
Edinburgh EH8 9AG, UK.

defence against infectious agents, but uncontrolled release of
their formidable array of toxic substances may inflict
'friendly fire' damage on surrounding tissue and propagate
the inflammatory response (Haslett et al, 1994). In contrast
to the potentially harmful effects of necrotic cell death upon
tissue integrity and organ function, deletion of cells by
apoptosis represents a cellular removal pathway that does
not provoke pro-inflammatory phagocyte responses. Indeed,
dysregulated neutrophil and eosinophil granulocyte apop¬
tosis has been implicated in the pathogenesis of the adult
respiratory distress syndrome (ARDS), idiopathic pulmonary
fibrosis, ulcerative colitis, rheumatoid arthritis, asthma and
other allergic diseases (Weiss, 1989; Meagher et al, 1992;
Haslett et al, 1994; Stern et al, 1996; Woolley et al, 1996).
Uncoupling of neutrophil effector responses associated with
apoptosis (Whyte et al, 1993), together with 'anti-inflam¬
matory' clearance by phagocytes, provides a mechanism for
the 'safe' disposal of potentially destructive inflammatory
cells. Strategies for manipulation of cellular apoptosis
programmes for therapeutic gain in inflammatory or allergic
disease are likely to fail if the capacity for clearance of
apoptotic cells is exceeded. Data from in vivo experimental
models support this hypothesis. For example, induction of
widespread apoptosis in the liver, after treatment of mice
with intraperitoneal Fas antibody, led to extensive hepatic
necrosis and death of the animals (Ogasawara et al, 1993).
Similarly, induction of bronchial and alveolar epithelial cell
apoptosis in the rat lung by repeated inhalation of
aerosolized Fas antibody culminated in pulmonary inflam¬
mation and scarring (Hagimoto et al, 1997). Although
previous strategies have identified several distinct families of
molecules involved in apoptotic cell recognition, the precise
mechanism of phagocytosis of apoptotic cells is still not
known. Clearly, a detailed understanding of the mechanisms
of phagocytic clearance of apoptotic cells and the underlying
regulatory mechanisms are likely to have important
implications for the design of therapeutic strategies for the
treatment of inflammatory disease. In this review, we will
illustrate some of the problems that need to be resolved and
describe some of the challenges for future research on

phagocyte recognition of apoptotic cells.

PHAGOCYTE RECEPTORS FOR RECOGNITION OF
APOPTOTIC CELLS

At least seven distinct molecular families have been

implicated in the recognition process. Table 1 summarizes
the experimental data that support the involvement of the
receptor pathways for the clearance of apoptotic cells shown
schematically in Fig 2 (see also Savill et al, 1993; Hart et al,

© 2000 Blackwell Science Ltd 1
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Fig 1. Schematic representation illustrating
the proposed role of neutrophil apoptosis and
phagocytic clearance by macrophages in the
process of resolution of inflammation.

1996; Piatt et al, 1998a). The first molecular pathway for
the specific clearance of apoptotic neutrophils by human
macrophages was identified on the basis of distinct patterns
of inhibition by carbohydrates and sensitivity to altered pH
(Savill et al, 1989). Subsequent analyses implicated the
phagocyte integrin, av/33 (Savill et al, 1990) and the class B
scavenger receptor, CD36, as receptors of apoptotic cell-
associated thrombospondin (Savill et al, 1992). Inhibition of
phagocytosis of apoptotic cells after blockade of integrin
function in murine bone marrow-derived macrophages
indicated that similar pathways exist in other species
(Fadok et al, 1992a). However, Fadok et al (1992b) also
demonstrated that murine peritoneal macrophages did not
use this pathway and characterized phosphatidylserine (PS)
as a ligand for a putative PS receptor. In support of the
suggestion that macrophages from different tissue sites use
distinct pathways, Kupffer cells recognize altered carbohy¬
drate present on apoptotic cells via the asialoglycoprotein
receptor (Dini et al, 1995), whereas mouse thymic macro¬
phages use class A scavenger receptors (Piatt et al, 1998b).
Furthermore, alteration of macrophage phenotype after
stimulation (for example, with digestible particles) may

drive switching of the dominant pathway used for clearance
(Fadok et al, 1993; Pradhan et al, 1997). A number of
alternative pathways for human macrophage clearance of
apoptotic cells have been reported. Detailed characterization
of macrophage recognition of apoptotic B cells (Flora &
Gregory, 1994) pointed to a role for phagocyte CD14 (Devitt
et al, 1998) and apoptotic cell CD50 (Moffatt et al, 1999).
Recent data have also suggested a role for elements of
humoral immunity, specifically, complement components
Clq (Botto et al, 1998) and C3bi (Mevorach et al, 1998).
Specific opsonization of apoptotic cells may serve to
accelerate apoptotic cell clearance. In addition, there are
other receptors that have been identified to have a role in
apoptotic cell clearance, e.g. ATP binding cassette trans¬
porter (Luciani & Chimini, 1996). However, whether these
molecules mediate phagocyte recognition of apoptotic cells
directly is unclear. These data serve to illustrate the
molecular complexity of phagocyte recognition of apoptotic
cells and suggest considerable functional redundancy in
molecular pathways that are used for phagocytic clearance,
perhaps ensuring that clearance of apoptotic cells is not
compromised by genetic mutations in any one pathway.

Fig 2. Cell surface molecules implicated in the
uptake of apoptotic cells by phagocytes (see
also Table I and text).
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TableI.Phagocytesurfacereceptorsthathavebeenimplicatedintherecognitionofapoptoticcells. Surfacemolecule

Phagocyte

Apoptoticparticle

Experimentalevidence*

Lectin

Mouseperitonealmacrophage(Duvalletal,1985)
Thymocyte,lymphocyte

CL

(Pradhanetal,1997)

Asialoglycoproteinreceptor

Ratlivercell(Dinietal,1992)

Livercell

CL

Liverendothelialcell(Dinietal,1995) Kupffercell(Falascaetal,1996)
Mannose/fucosereceptor

Humanfibroblast(Halletal,1994)

Neutrophil

CL

CD36

HumanTHP-1macrophage

Lipidmicrospheres

CL,AB

MouseJ774macrophage(Tait&Smith,1999)
av/33(CD51/61)/thrombospondin/CD36
Humanmonocyte-derivedmacrophage(Savilletal,1990,1992)
Neutrophil

CL,AB,TF(CD36)

av03/thrombospondin

Humanfibroblast(Halletal,1994)

Neutrophil

CL,AB

av/j3/Ihrombospondin/proteoglycans
Humanglomerularmesangialcell(Hughesetal,1997)

Neutrophil

CL,AB

av@3

Mousebonemarrow-derivedmacrophage

Lymphocyte

CL,AB

(Fadoketal,1992a) J774mousemacrophage(Pradhanetal,1997) Humandendriticcell(Rubartellietal,1997)

Jurkatcell

CL,AB

CD29(01)

Humanmonocytes

Endothelialcells

AB

U937monocytes(Schwartzetal,1999)
Phosphatidylserinereceptor
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Interpretation of results from studies of phagocyte
clearance of apoptotic cells has been complicated by a
number of factors in addition to the existence of tissue-

specific clearance pathways. The use of 'apoptotic' cell
populations that may contain cells at different stages of
apoptosis (Hebert et ah 1996) and variable numbers of
necrotic cells (Vermes et ah 1997) represents an additional,
frequently overlooked variable in the study of phagocytic
clearance. Phagocytosis of Tate' apoptotic and necrotic cells
may be mediated by different mechanisms with distinct
functional consequences. Furthermore, the experimental
approaches that have been used to determine the involve¬
ment of specific molecules in recognition may give rise to
further ambiguity. Identification of the molecular pathways
involved in phagocytosis of apoptotic cells has relied to a
large extent on the use ofmonoclonal antibodies (mAbs) and
competitive ligands. One of the potential problems of
competitive ligands is that, if the affinity of binding is low,
high concentrations of ligand are necessary to compete with
surface presentation ofmultivalent ligands on the surface of
apoptotic cells, with the possibility of non-specific effects.
Intact mAb or bivalent F(ab')2 fragments have the potential
for cross-linking macrophage surface receptors (including Fc
receptors via intact mAb) and the initiation of signalling
cascades that may indirectly alter phagocyte function. For
example, we have demonstrated previously that cross-

linking CD44 with bivalent mAb augments phagocytosis of
apoptotic cells (Hart et al, 1997). It is therefore possible that
mAb may exert inhibitory effects without the recognized
receptor necessarily being directly involved in the phagocytic
process. It is notable that, with a few exceptions (Flora &
Gregory, 1994), confirmation of direct receptor involvement
using Fab' fragments has not been made. Specific genetic
deletion of putative apoptotic cell receptors has provided
somewhat equivocal data, perhaps reflecting the functional
redundancy of receptor usage discussed above. For example,
absence of thrombospondin-1 expression resulted in pneu¬
monia, together with marked changes in lung homeostasis,
which might have reflected altered potential for clearance of
apoptotic cells. However, these effects were largely attributed
to the ability of thrombospondin-1 to activate the latent form
of transforming growth factor (TGF)-/31 (Crawford et ah
1998). Similarly, deletion of the class A scavenger receptor
had profound effects upon phagocytosis of apoptotic
thymocytes in vitro, but did not alter the architecture of
the thymus significantly (Piatt et ah 1998b). However, the
absence of a structural abnormality in vivomay be accounted
for by a large functional reserve for apoptotic cell clearance
capacity in the healthy, 'pathogen-free' animal.
Although gene transfection into cell types lacking putative

apoptotic cell receptors provides evidence suggestive of direct
involvement via a 'gain of function' (Ren et al, 1995), these
experimental approaches may be limited by the requirement
for phagocytic machinery that may not present in the
transfected cell type. Recent studies examining the binding of
phospholipid vesicles have demonstrated a direct role for
CD36 binding to anionic phospholipids (Tait & Smith, 1999),
and uptake of oxidized low-density lipoprotein (LDL) via
scavenger receptor recognition of the lipid moiety rather

than apoprotein B as described previously (Bird et ah 1999).
Similar experimental approaches using binding of apoptotic
cells to purified isolated cell surface receptors would provide
definitive evidence for an apoptotic cell recognition receptor.
For each system described so far, it is also noteworthy that

there is often considerable mismatch between observed levels
of phagocytic responses in macrophage populations or
transfected cells with the percentage of cells that express
putative recognition molecules. For example, human mono¬

cytes express CD36 and CD14, yet they bind and ingest
apoptotic cells very poorly, implying that these receptors may
be necessary but not sufficient, for efficient phagocytosis to
occur. This suggestion is supported by the lack of complete
inhibition ofphagocytosis ofapoptotic cells, even when multiple
pathways are blocked, implying that further molecular path¬
ways for removal of apoptotic cells remain to be identified.
One of the characteristics of apoptotic cell clearance

mechanisms is the lack of induction of pro-inflammatory
macrophage responses, which may be important for the
silent clearance of apoptotic cells in normal physiological
processes (Meagher et ah 1992; Savill et al, 1993; Fadok et ah
1998). In contrast, phagocyte clearance of 'post-apoptotic'
or necrotic cells may trigger pro-inflammatory responses

(Stern et al, 1996; Hughes et ah 1997). Fadok et al (1998)
demonstrated that one potential mechanism for the inhibi¬
tion ofpro-inflammatory cytokine production after apoptotic
cell phagocytosis might involve the production of TGF-/3 and
prostaglandins to actively suppress pro-inflammatory med¬
iator production. Active modulation of inflammatory or
immune responsiveness by macrophages after apoptotic cell
phagocytosis is further supported by preliminary findings
that interleukin (IL)-IO may be released frommonocytes in a

CD36-dependent manner after interaction with apoptotic
cells (Voll et al, 1997). Recent data suggest that macrophage
phagocytosis of apoptotic cells may also lead to the release of
soluble Fas-ligand with the potential to influence inflamma¬
tory cell survival (Brown & Savill, 1999). It is likely that
progression of inflammatory responses and development of
disease is profoundly influenced by the combination of these
factors. Interestingly, analysis of interaction of type A
scavenger receptors and CD3 6 with oxidized LDL (oxLDL)
suggested that, in contrast to soluble oxLDL, surface-bound
oxLDL induced macrophage secretion of H202. Inhibition
studies indicated that CD36 might play a role in the
promotion of secretion, suggesting that distinct CD36
ligands (apoptotic cells and oxLDL) might exert differential
effects (Maxeiner et ah 1998). Similarly, CD14-mediated
binding of lipopolysaccharide (LPS) has pro-inflammatory
effects on macrophage behaviour, whereas apoptotic cell
recognition via CD14 does not (Devitt et ah 1998). For many
cellular molecular recognition processes (e.g. macrophage-
T cell interactions involved in antigen presentation), co¬

operative receptor interactions are required to ensure

appropriate responses in the interacting cell types. One
possibility is that phagocytes use a number of pathways in
parallel to ensure the rapid identification of membrane
changes of apoptotic cells and that the repertoire of receptor
engagement during apoptotic cell recognition determines the
phagocyte responses initiated. One of the challenges for
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future research on apoptotic cell recognition mechanisms is
to define the pattern of utilization of distinct molecular
pathways in vivo and the issue of functional redundancy or
exclusivity using tissue-specific and temporal gene targeting
strategies or double knock-out animals.

PHAGOCYTOSIS: GENERAL MECHANISMS

Understanding the basic cellular machinery required for
apoptotic cell internalization and comparison with well-
characterized [e.g. FcR- and complement receptor (CR)-
mediated] phagocytic mechanisms may generate useful clues
for understanding the underlying control processes involved
and provide the basis for novel strategies formanipulation of
apoptotic cell clearance for therapeutic gain.
The dissociation of two distinct phases (initial binding to

specific receptors on the phagocyte surface and subsequent
internalization) during phagocytosis of particles that have
been opsonized with immunoglobulin (Ig) or complement
has allowed detailed dissection of the pathways at the
molecular level. Binding of opsonized ligands via FcR or CR
occurs in the absence of intact microfilaments or micro¬
tubules (Newman et al, 1991; Caron & Hall, 1998). In
contrast, attachment of apoptotic neutrophils appears to be
both energy dependent and requires intact cytoskeletal
elements. Little or no binding of apoptotic cells to human
macrophages is observed at 4°C or when cytoskeletal
elements are disrupted (our unpublished observations).
These findings contrast with studies of scavenger receptor
function, which show temperature-insensitive binding of
lipid microspheres (Bird et al, 1999).
Particle internalization requires microfilament integrity in

all three forms of phagocytosis. Fc phagocytosis is mediated
by Iamellipodia extension around the particle in a 'zipper¬
like' fashion (Griffin et al, 1975), and blockade of surface
receptors after particle attachment inhibited internalization.

I

Fig 3. Scanning electron micrograph of the interaction between a
human monocyte-derived macrophage and an apoptotic neutrophil
in vitro. The apoptotic neutrophil has been bound to the ruffled
membrane of the macrophage, and membrane projections can be
seen extending around the apoptotic cell (arrowed). Bar = 10 /mi.

Consistent with this model, inhibition of pseudopod exten¬
sion by the PI-3 kinase inhibitor, wortmannin, prevented
phagosome closure (Cox et al, 1999). CR1- and CR3-
mediated ingestion also requires intact microfilaments
but, in contrast to FcR-mediated internalization, bound
complement-opsonized particles appear to 'sink' into the
phagocyte surface, suggesting that internalization may
occur via a 'modified zippering' mechanism involving the
formation of a phagocytic pit (Kaplan, 1977). Further
differences were revealed after stabilization of microtubules

by elevation of cGMP, which enhances CR-mediated phago¬
cytosis (Newman et al, 1991). Examination of macrophages
ingesting apoptotic cells by scanning electron microscopy
suggests that apoptotic cell uptake may be similar to the
zippering mechanism observed for FcR-mediated phago¬
cytosis (Fig 3). In support of this assertion, stabilization of
microtubules via elevation of cGMP did not affect phago¬
cytosis of apoptotic neutrophils, whereas microfilament
disruption after cAMP elevation agents prevented ingestion
(Rossi et al, 1998).
Ultrastructural identification of differences in phagocytic

uptake is supported by recent molecular analysis of the
recruitment of cytoskeletal elements to nascent phagosomes
and regulation of cytoskeletal integrity by the Rho family of
GTPases. These findings suggest intriguing parallels with the
recruitment of proteins to nascent phagosomes and the
formation of actin-rich podosomes containing talin and
tyrosine-phosphorylated proteins that have been described
during macrophage adherence (Marchisio et al, 1987). During
FcR-mediated phagocytosis, cytoskeletal proteins (actin, talin,
paxillin and a-actinin) and tyrosine-phosphorylated proteins
are enriched near to the phagosome membrane in a diffuse
manner, and phagocytosis is sensitive to tyrosine kinase
inhibitors (Allen & Aderem, 1996). In contrast, during CR-
mediated phagocytosis (which is insensitive to tyrosine kinase
inhibition), discrete foci of these proteins are distributed over
the phagosome surface. Consistent with the requirement for
cytoskeletal elements described above, manipulation of Rho
family GTPases does not alter FcR- or CR-mediated binding of
particles. However, inhibition of formation of lamellipodial
and filopodial membrane extensions by microinjection of
dominant negative forms of Rho family GTPases, Rac and
Cdc42, inhibits FcR-mediated phagocytosis (Caron & Hall,
1998). In addition, Rac and Cdc42 control membrane
ruffling in macrophages, causing cell rounding and loss
of integrin-containing focal complexes with co-localized
vinculin, paxillin and FAK (Allen et al, 1997). In contrast,
injection of the Rho inhibitor C3 transferase into macro¬

phages inhibited the assembly of mechanotransducing
actomyosin filaments and prevented CR-mediated phago¬
cytosis (Allen et al, 1997; Caron & Hall, 1998). Distinct
effects of Rho on cytoskeletal organization and adhesion
were also observed with cell rounding after the injection of
constitutively active Rho into macrophages, whereas inhibi¬
tion of Rho led to loss of the presence of fine actin cables
(Allen et al, 1997). These data demonstrate that there are
distinct molecular mechanisms for phagocytosis via FcR and
CR (termed type I and type II respectively), which may
account for the observed differences in pro-inflammatory
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mediator production after particle internalization (Wright &
Silverstein, 1983; Yamamoto & Johnston, 1984; Aderem
et al, 1985; Scholl et al, 1992; Debets et al, 1998).
As yet, there has been no direct demonstration of a role for

Rho or Rac in apoptotic cell uptake. However, recent studies
of C. elegans mutants that display defective phagocytic
removal of cellular 'corpses' have characterized a number
of genes involved in this process (Liu & Hengartner, 1998;
Wu & Horvitz, 1998a,b), which suggest an important role
for cytoskeletal-associated proteins and regulators in apop¬
totic cell uptake. The ced-6 gene product has sequences
similar to phosphotyrosine-binding domains, and it may
therefore act as an adaptor in the signalling pathways
engaged after recognition and binding of apoptotic cells (Liu
& Hengartner, 1998). Our preliminary data indicate that
there is an absolute requirement for tyrosine kinase activity
in apoptotic cell uptake, in keeping with the involvement of
tyrosine phosphorylation and ultrastructural evidence for a
'zippering'-like mechanism (Fig 3).
The protein encoded for by ced-5, a gene that is required

for the orderly engulfment of cell corpses in C. elegans, shows
homology to the human CRK-binding protein DOCK! 80,
which has been implicated in cytoskeletal function and
extension of cell surfaces (Hasegawa et al, 1996, Wu &
Horvitz, 1998a). We would suggest that phagocytosis of
apoptotic cells shows characteristics that distinguish it from
those involved in the clearance of opsonized particles,
perhaps defining a novel 'type IH' phagocytic mechanism.
Further analysis of the basic phagocytic processes involved in
the uptake of apoptotic cells will be required to identify the
underlying control mechanisms.

REGULATION OF PHAGOCYTOSIS OF APOPTOTIC
CELLS

Macrophage capacity for apoptotic cell phagocytosis is likely
to be closely regulated in order that the tissue load of
apoptotic cells is matched by appropriate clearance activity.
Macrophage capacity for phagocytosis of apoptotic cells is
influenced by soluble mediators, such as cytokines (Ren &
Savill, 1995), prostaglandins (Rossi et al, 1998) and

glucocorticoids (Lui et al, 1999), and by adhesive inter¬
actions with the extracellular matrix (McCutcheon et al,
1998). After binding of ligand to cell surface receptors,
intracellular signals are transduced that may influence the
capacity of the macrophage to phagocytose apoptotic cells
(Fig 4). The potentially important Iigand-receptor inter¬
actions and intracellular signalling pathways that are
involved in the regulation of phagocytosis of apoptotic cells
are beginning to be identified. Furthermore, as mentioned
previously, analysis of the proteins encoded by engulfment
genes in C. elegans has provided additional clues relating
to the role of intracellular signalling pathways and the
cytoskeleton in the phagocytosis of apoptotic cells in
mammals.

SOLUBLE MEDIATORS

Co-ordination of cellular behaviour during the inflammatory
response involves a complex interplay of cytokines. It is
perhaps not surprising that, in addition to the modulation
of apoptotic pathways in leucocytes (Lee et al, 1993),
incubation of human monocyte-derived macrophages with
granulocyte-macrophage colony-stimulating factor (GM-
CSF), IL-1/3, interferon (fFN)-y, tumour necrosis factor
(TNF)-ct or TGF-/31 for 4h was found to augment macro¬
phage phagocytosis of apoptotic neutrophils significantly
(Ren & Savill, 1995). However, in rodent models, IFN-7
appears to exert inhibitory effects upon the uptake of
apoptotic neutrophils, suggesting possible species differences
(Erwig et al, 1999). More recently, we have identified a novel
role for glucocorticoids in 'reprogramming' the phagocyte
for enhanced recognition and phagocytosis (Lui et al, 1999).
One implication of these findings is that increased capacity
for disposal of apoptotic cells may contribute to the powerful
anti-inflammatory effects of glucocorticoids.
In contrast to the relatively slow effects of cytokines and

glucocorticoids, transient elevation of cAMP and activation
of protein kinase A after exposure to inflammatory mediators
and pharmacological agents that stimulate adenylate
cyclase (e.g. prostaglandins) rapidly and specifically inhibit
macrophage phagocytosis of apoptotic neutrophils (Rossi

Fig 4. Regulation of macrophage phagocytic
potential by soluble mediators, surface
receptors and the concomitant intracellular
signalling pathways (AC, adenylate cyclase;
ABC1, ATP binding cassette transporter 1;
GcR, glucocorticoid receptor; TF, transcription
factor).
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et al, 1998). Inhibition of macrophage phagocytic capacity
for apoptotic cells persisted long after the intracellular cAMP
concentration had fallen back to basal levels, implying that
secondary signalling pathways had been initiated that
ultimately determined phagocytic responses. Furthermore,
activation of protein kinase C by phorbol esters enhanced
macrophage phagocytosis of apoptotic neutrophils in vitro,
while inhibition of tyrosine kinases with genestein had an

inhibitory effect (unpublished observations). Together, these
observations suggest that macrophage phagocytic capacity
in the tissue may be dynamically 'fine-tuned' by the balance
between the activity of different protein kinases.

ADHESION MODULATION AND PHAGOCYTOSIS
OF APOPTOTIC CELLS

Phagocytosis shares mechanistic links with adhesion,
spreading and migration, processes that require co-ordinated
cytoskeletal reorganization, suggesting that regulatory
factors may also have a role in the control of phagocytosis
of apoptotic cells. Inhibition of apoptotic cell uptake after
elevation of intracellular cAMP was associated with redis¬
tribution of cytoskeletal proteins, including actin, talin and
paxillin, and profound morphological alterations (Rossi et ah
1998). In contrast, ligation of cell surface adhesion receptors
by extracellularmatrix (ECM) molecules leads to the assembly
of cytoskeletal components and activation of intracellular
signal transduction cascades (Giancotti, 1997), which, in
concert with soluble chemical mediators, allows the behav¬
iour of inflammatory cells to be co-ordinated (Nathan &
Sporn, 1991). Remodelling of the ECM and temporal
alterations in the matrix composition after injury or infection
(Alitalo et ah 1980; Gailit & Clark, 1994) may therefore
modulate the capacity for apoptotic cell phagocytosis during
progression of the inflammatory response.
A precedent for the suggestion that adhesion receptor

ligation may influence phagocyte capacity for clearance of
apoptotic cells was provided by our demonstration that
cross-linking of CD44 by bivalent antibodies rapidly (within
minutes) augmented phagocytosis of apoptotic neutrophils
by human monocyte-derived macrophages (Hart et ah
1997). CD44 is a cell surface glycoprotein that has been
proposed to bind multiple ligands in the ECM (including
hyaluronan and fibronectin) and has been implicated in
cytoskeletal organization and intracellular signalling (Lesley
et ah 1993; Tsukita et ah 1994; Galandrini et ah 1996; Taher
et al, 1996). Previously defined inhibitors of apoptotic cell
recognition did not affect CD44-augmented phagocytosis of
apoptotic neutrophils, suggesting either that several path¬
ways were engaged together or that unique molecular
recognition pathways were involved. This latter possibility
was supported by the finding that CD44 mAb failed to
augment phagocytosis of apoptotic lymphocytes.
Although there is evidence that /31 and (33 integrins

may directly mediate apoptotic cell recognition (Savill et ah
1990; Schwartz et ah 1999), integrins may have a broader
role in the control of phagocytic processes. Generation of
'outside-in' signals via integrins allows 'sensing' of the local
microenvironment and may influence phagocytic function.

in support of this suggestion, we have shown recently that
adhesion of human monocyte-derived macrophages to
fibronectin substantially augmented phagocytosis of apopto¬
tic neutrophils (McCutcheon et ah 1998), an effect that was
partially dependent on macrophage /31 integrins. However,
ligation of av|8}. aJ3z or after apoptotic cell uptake or
with mAb, was reported to inhibit subsequent phagocytosis
when macrophages were rechallenged with apoptotic cells
48 h later (Erwig et ah 1999). Association of integrins with
phosphatidylinositol 3-kinase (PI3K) (Lakkakorpi et ah
1997) or induction of tyrosine phosphorylation and activa¬
tion of focal adhesion kinase-related molecule Pyk2 (Duong
et al, 1998) after integrin-mediated binding of osteoclasts
to matrix components illustrates how integrins might exert
indirect effects.
It is interesting to note that other molecules implicated in

apoptotic cell recognition have well-defined roles in adhesion
processes. The macrophage scavenger receptor has a role in
divalent cation-independent adhesion to serum-coated cell
culture plastic (Fraser et al, 1993), and certain anti-CD36
mAbs may mimic many of the anti-adhesive effects of the
ECM molecule thrombospondin (Dawson et al, 1997).
Interestingly, CD3 6 may associate with tyrosine kinases
Fyn, Yes and Lyn (Huang et ah 1991) and link directly with
signal transduction cascades. Furthermore, ligation of
cell surface molecules from diverse receptor families [e.g.
urokinase-plasminogen activator receptor (CDS 7), integrin-
associated protein (CD47), CD14, CD16, CD66 and CD31;
Petty & Todd, 1996; Stocks et ah 1996] act to regulate
adhesion (Klemke et ah 1998; Schaffner-Reckinger et ah
1998). Further investigation into the role of indirect effects
(e.g. via adhesion modulation) is required in order to
understand the regulation of apoptotic cell phagocytosis.
One of the challenges for future studies is to distinguish
receptors that may act as accessory molecules (in a manner

analogous to (CDlla/CD18) LFA-1 and ICAM-1 (CD54) in
antigen presentation via the T-cell receptor) from those that
play a direct role in the recognition of apoptotic cells.

APOPTOTIC CELL LIGANDS

The final level of complexity concerning regulation of
apoptotic cell uptake is the role of apoptotic cell ligands.
Although it has been widely assumed that phagocytes are
able to recognize alterations in the plasma membrane that
distinguish apoptotic cells from their viable neighbours, it
remains possible that phagocytes respond to a loss of signals
that characterize interactions between viable cells. For

example, in the absence of 'viable cell' signals, 'non-specific'
phagocytosis mechanisms involved in the internalization of
inert particles, such as latex microspheres or aldehyde-fixed
cells, may be engaged. However, as discussed above, in
contrast to apoptotic cell phagocytosis, uptake of inert
particles elicits pro-inflammatory cytokine release in some

phagocyte populations (Meagher et ah 1992). These data lend
support to the concept that phagocytes have the capacity for
recognition of determinants specific for apoptotic cells.
While a number of distinct phagocyte receptors involved

in the recognition and subsequent internalization of dying
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cells have been identified, the determinants on the surface of
the apoptotic cell that signal phagocyte recognition and
removal remain poorly characterized. For the erythrocyte
(which has an average lifespan of 120 days in the healthy
adult human), post-translational modification of the anion
transport protein band 3 may lead to binding of endogenous
IgG autoantibodies and subsequent Fc receptor-mediated
phagocytosis (Kay, 1981; Kay et al, 1996). In parallel, non-
enzymatic glycosylation of surface proteins to form advanced
glycosylation end-products (AGE) may allow the engage¬
ment of specific receptors (e.g. the immunoglobulin super-

family member RAGE; Schmidt et al, 1994) that trigger
clearance. However, the kinetics of appearance of AGE on
senescent cells is likely to be too slow to serve as a signal for
apoptotic cell recognition by phagocytes. In addition, the
patterns of inhibition of macrophage phagocytosis of
apoptotic neutrophils using polyanionic ligands indicated
that AGE and AGE receptors were unlikely to participate
(Savill et al, 1989).
Recent data indicate that rapid redistribution of amino-

phospholipids, including PS (Martin et al, 1995) and
phosphatidylethanolamine (Emoto et al, 1997), may repre¬
sent a general feature of apoptosis in many cell types. In
viable cells, PS is confined to the cytoplasmic face of the
plasma membrane by the action of a phospholipid trans-
Iocase and is specifically relocated (possibly via specific
phospholipid scramblases) to the outer surface of the
membrane during apoptosis (Verhoven et al, 1995). PS
exposure has been implicated in the recognition of apoptotic
leucocytes by mouse inflammatory macrophages, but not by
human monocyte-derived macrophages, in vitro (Fadok et al,
1992b). Binding of the serum fc-glycoprotein I to exposed PS
residues on apoptotic thymocytes and lipid symmetric red
blood cell ghosts may 'mark' them for uptake by both
thioglycollate-elicited mouse peritoneal macrophages (Bala-
subramanian et al, 1997) and the human THP-1 macro¬

phage cell line (Balasubramanian & Schroit, 1998). Studies
using the monocyte cell line THP-1 suggest that CD36 may
act as a receptor for phosphatidylserine, with little or no
specificity for other anionic phospholipids (phosphatidylino-
sitol and phosphatidylglycerol). This activity appeared to
involve sites in the receptor distinct from those involved in
binding collagen or tlirombospondin (Tait & Smith, 1999).
In addition, anti-oxLDL autoantibodies cloned from Apo-E-
deficient mice specifically bound to apoptotic aortic endo¬
thelial cells and prevented phagocytosis by mouse peritoneal
macrophages (Chang et al, 1999). It is therefore possible
that scavenger receptor-mediated recognition of oxidized
phospholipids and oxidized phospholipid protein complexes
may provide a specific signal for phagocyte binding and
recognition of damaged or apoptotic cells.
It has been reported recently that complement compo¬

nents Clq and iC3b bind to the surface of certain apoptotic
cell types, facilitating their uptake by macrophage Clq
receptors or CR3/CR4 (Takizawa et al, 1996; Korb & Ahearn,
1997, Mevorach et al, 1998). These findings contrast with
previous reports that CR3 was not involved in the recognition
of apoptotic neutrophils by human monocyte-derived
macrophages (Savill et al, 1989). Interestingly, cells in the

late stages of apoptosis or blebs derived from apoptotic cells
have been shown to contain self-antigens (Gilligan et al,
1996; Kalden, 1997), which are targets for autoantibodies
found in autoimmune disease. One interpretation of these
findings is that failure of tissue phagocytes to clear apoptotic
cells may result in the development of autoimmune
responses. Susceptibility of patients with Clq deficiency to
the autoimmune disease systemic lupus erythematosus may
be partly explained by the excess of free non-ingested
apoptotic cells in the inflamed glomeruli seen in mice
deficient in Clq (Botto et al, 1998).
Other molecular changes in the membrane of apoptotic

cells have been studied using mAbs and lectins as probes.
Early studies indicated that cellular microelectrophoretic
mobility was reduced on apoptotic mouse thymocytes,
suggestive of changes in the net negative charge of cell
membranes (Morris et al, 1984). Reduced binding of lectins
and mAbs observed in flow cytometric analysis corresponded
closely with the degree of reduction in membrane surface
area after apoptosis (Morris et al, 1984). It has been reported
that high levels of mannose, N-acetylgalactosamine and
galactose can be detected on apoptotic human peripheral
blood lymphocytes using fluoresceinated lectins (Dini et al,
1992). However, flow cytometric analysis of binding of a
panel of conjugated lectins to apoptotic neutrophils suggests
that exposure of these carbohydrate moieties may not be a

general feature of apoptosis on all cell types (unpublished
observations). Screening of a large panel of mAbs revealed
that blockade of certain epitopes of ICAM-3 (CD50) on
apoptotic B cells was found to inhibit their phagocytosis by
macrophages. These epitopes have been suggested as being
associated with apoptotic cell-specific modifications of ICAM-
3 recognized by macrophage CD14 (Gregory et al, 1998;
Moffatt et al, 1999). There is evidence that specific changes
in surface protein expression accompany apoptosis (Drans-
field et al, 1994, 1995), implying that mechanisms for the
maintenance of receptor numbers are compromised during
programmed cell death. Neutrophil apoptosis is associated
with a marked downregulation of FcyRIII (CD16) (Dransfield
et al, 1994), leukosialin (CD43) and l-selectin (CD62L)
(Dransfield et al, 1995), which may provide a mechanism for
functionally isolating apoptotic neutrophils from potentially
pro-inflammatory signals. As these receptors are shed by
proteolytic mechanisms during activation, one possibility is
that there is activation of surface-associated proteases during
apoptosis or, alternatively, release of functional constraints
upon protease activity by as yet undefined mechanisms.
Proteolytic shedding of surface receptors during apoptosis
has been observed in myeloid cell lines (Brown et al, 1996),
but whether this represents a fundamental feature of
apoptosis in different cell types remains to be determined.
One possibility is that the presence of proteolytic 'stubs' of
shed receptors could contribute to a 'signal' for phagocytosis.

CONCLUSION

Phagocytosis of apoptotic cells is a vital process in cellular
homeostasis in a wide range of tissues, but especially so in
the inflammatory response in which apoptotic granulocytes
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have the potential to inflict tissue damage if they are not
removed quickly and efficiently. Further work is required to
identify cell surface molecules present on apoptotic cells that
may trigger phagocyte recognition. Future research must
resolve apparent differences in receptor usage in experi¬
mental models of apoptotic cell clearance in different species
using different phagocyte and apoptotic cell populations. In
addition, the role of macrophage receptors that may act as
'accessory' molecules that indirectly influence the recogni¬
tion process needs to be defined. We would speculate that
modulation ofmacrophage phagocytic capacity by a variety
of cytokines, prostanoids, hormones, matrix molecules and
possibly neighbouring cells may allow the tissue load of
apoptotic cells to be matched by appropriate phagocyte
clearance capacity, thereby minimizing release of histotoxic
apoptotic cell contents. In contrast, phagocyte clearance
capacity may be exceeded in pathological states. We suggest
that therapeutic induction of cellular apoptosis to ameliorate
tissue damage in inflammatory diseases, such as ARDS or
rheumatoid arthritis, will require concurrent augmentation
of phagocyte clearance capacity. Identification of the surface
receptors involved in phagocyte recognition of apoptotic cells
and definition of the contribution of regulatory influences in
vivo will be important for the development of future
therapeutic strategies for the treatment of inflammatory
allergic and autoimmune diseases.
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Abstract

Apoptosis of inflammatory cells is a critical event in the
resolution of inflammation, as failure to undergo this form of
cell death leads to increased tissue damage and exacerbation
of the inflammatory response. Many factors are able to
influence the rate of apoptosis in neutrophils, eosinophils,
monocytes and macrophages. Among these is the signalling
molecule nitric oxide (NO), which possesses both anti- and
proapoptotic properties, depending on the concentration and
flux of NO, and also the source from which NO is derived. This
review summarises the differential effects of NO on

inflammatory cell apoptosis and outlines potential mechan¬
isms that have been proposed to explain such actions.
Cell Death and Differentiation (2003) 10, 418-430. doi:10.1038/
sj.cdd.4401152
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Introduction

The free radical nitric oxide (NO) was first discovered as an
endogenous vasodilator released from the endothelium to
regulate vascular tone.1 However, it is now known that NO is a
key mediator in a great number of physiological and
pathophysiological processes (see Quinn).2 This ubiquitous
signalling molecule can regulate the rate of apoptosis, or
programmed cell death, in many cell types, including human
inflammatory cells. Whether or not cells undergo apoptosis
depends on the net balance of a large number of pro- versus
antiapoptotic factors. Studies have revealed that NO
has both pro and antiapoptotic properties, depending
largely on the concentration and flux of NO, and the cell type
under scrutiny (for reviews, see Nicotera et al.3 and Kim et
al.A). It has been proposed that low concentrations of NO,
derived from constitutively active endothelial and neuronal
isoforms of NO synthase (eNOS and nNOS), usually have a
protective effect on cells whereas higher concentrations
derived from the inducible isoform (iNOS) are more likely to
drive cell death.3

In stark contrast to cells undergoing necrosis, apoptotic
inflammatory cells fail to release their proinflammatory and
histotoxic contents.5 Furthermore, their clearance by profes¬
sional phagocytes such as macrophages occurs via a
nonphlogistic mechanism, which additionally aids the resolu¬
tion of the inflammatory response (see Figure 1).6 Thus,
apoptosis is generally regarded to be noninflammatory and is
crucial for the successful resolution of inflammation. Chronic

inflammatory conditions are frequently characterised by an
apparent failure of myelocytic inflammatory cells to respond to
apoptotic stimuli, or of phagocytes to remove apoptotic cells.
Persistence of these cells leads to damage of the surrounding
tissue and exacerbation of inflammation, as cells ultimately
undergo either primary or secondary (following failed clear¬
ance of apoptotic cells) necrosis, an extremely proinflamma¬
tory form of cell death (see Figure 1).5,7 Manipulation of the
rate of apoptosis in critical inflammatory effector cells, such as
neutrophils, eosinophils, monocytes and macrophages, could
therefore be of therapeutic benefit.7 NO is capable of inducing
inflammatory cell apoptosis and also possesses several other
anti-inflammatory properties, including direct downregulation
of leukocyte functions, such as neutrophil and monocyte
adhesion, and neutrophil chemotaxis, degranulation and
superoxide anion (02) generation.8-10 It also acts to maintain
the impermeable nature of the vascular endothelium to
leukocytes.9 Thus, manipulation of NO concentrations is a
particularly promising candidate to alter leukocyte function
and rates of apoptosis in inflammatory conditions.
A number of different NO donor classes have been utilised

to investigate the role of NO and NO-related species in
apoptotic processes. These fall into several broad categories
defined by the species derived and the metabolic process
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INFLAMMATORY
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APOPTOSIS

Membrane integrity preserved and
histotoxic/pro-inflammatory cell

contents are retained

PHAGOCYTOSES

Failure to release pro-inflammatory
mediators. Release of anti-inflammatory

mediators (e.g. TGF-p, 1L-10)

SECONDARY NECROSIS

Occurs following failure or
overwhelming of phagocyfic clearance

»

1* J.

PRIMARY NECROSIS
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contents are released

PHAGOCYTOSIS

Accompanied by release of pro-inflammatory
mediators (e.g. TNF-a. IL.-8, TxB;)

PRO-INFLAMMATORY PATHWAY

Figure 1 Death pathways and phagocytic clearance of inflammatory cells. Cells may undergo apoptosis, the noninflammatory form of cell death, in which granule
contents are retained within the cell, and cells are cleared by macrophages that release anti-inflammatory mediators. Alternatively, they may undergo primary necrosis,
during which the cell membrane integrity is compromised and granule contents are lost, exacerbating inflammation and tissue injury. Phagocytosis of these cells leads to
release of proinflammatory mediators from the macrophages. In the event of failure of phagocytosis, or if the capacity ot the phagocytes to ingest cells is exceeded, then
apoptotic cells may enter into secondary necrosis. Again, this leads to release of toxic granule contents and clearance by a proinflammatory mechanism. TGF,
transforming growth factor; IL, interleukin; TNF, tumour necrosis factor; Tx, thromboxane

underlying NO release.11 Existing drugs such as sodium
nitroprusside (SNP), azide and hydroxylamine require com¬
plex metabolism to generate intracellular NO. Release of NO
from azide and hydroxylamine is catalase-dependent, while
membrane-bound proteins are thought to have a role in NO
generation from SNP.11,12 Another class of NO donors is the
S-nitrosothiols, which can release NO spontaneously, prob¬
ably both inside and outside the cell. However, they also have
the ability to transfer NO+ to free reduced thiols and cysteine
residues in proteins, thus modulating enzyme activity, and this
may constitute an important component of their cellular
effects.12,13 The diazeniumdiolate, or 'NONOate', compounds
are nucleophiles with two molecules of NO, which are
spontaneously released in aqueous solution in a temperature-
and pH-dependent reaction. A wide variety of diazeniumdio-
lates are available, such as spermine (SPER/NO), diethyla-
mine (DEA/NO) and diethylenetriamine (DETA/NO)-based
compounds, each with a different rate of release of NO that
depends on the nature of the nucleophile.14 Finally, although
not strictly NO donors, the sydnonimines are frequently used

in studies into the effects of NO. These compounds, such as
SIN-1, generate equal amounts of NO and O2, which combine
rapidly to form peroxynitrite (ONOO); as a result, they are
generally considered to be ONOO" donors.15 As the
oxatriazole-5-imine derivative GEA 3162 is structurally similar
to molsidomine, the precursor of SIN-1, it is possible that GEA
3162 generates ONOO" rather than pure NO, although this
issue remains to be resolved.
This review will examine our current understanding of

the regulation of inflammatory cell apoptosis by NO and
the mechanisms through which the process is mediated.
Primary human inflammatory cells will constitute the main
focus of the review since cell lines are usually transformed
and, therefore, their apoptotic machinery is likely to be altered.
The biology and chemistry of NO,2 the various classes of NO
donor11 and the apoptotic process itself16 have all previously
been extensively reviewed elsewhere and will not be covered
in detail here. The regulation of apoptosis in distinct
inflammatory cells of the myeloid lineage will be considered
first, and summarised in Table 1, then potential mechanisms

Cell Death and Differentiation
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Table 1 Summary of the effects of NO on inflammatory cell apoptosis

Cell type Species/cell line Source of NO Cone" Effect on Reference
(pM unless otherwise stated) apoptosis

Monocytes
and macrophages

Myelomonocytic
cell lines

Myelomonocytic
cell lines

Neutrophils

Human 1° monocytes

Murine 1° macrophages
Murine 1° peritoneal
macrophages
Murine 1° peritoneal
macrophages/RAW
264.7

Human 1°MDM/RAW
264.7

Human canine LTMC
J774
Murine macrophages in
vivo
Murine macrophages in
vivo

HL-60

HL-60
HL-60

RAW 264.7

RAW 264.7

RAW 264.7

RAW 264.7

RAW 264.7

RAW 264.7

RAW 264.7
RAW 264.7
J774

U937/THP1

Human

Human
Human

Human

Human
Human

SIN-1
SNAP
iNOS
iNOS

iNOS
GSNO

GSNO
SPER/NO

SIN-1

L-arginine

L-arginine

SNP

DETA/NO

SNP
SNP
SNAP
iNOS
GSNO
SPER/NO
SNP
GSNO
SPER/NO
DEA/NO
DETA/NO
SNAP

L-arginine
iNOS
GSNO
SPER/NO
SIN-1
GSNO
SPER/NO
ONOO-

GSNO

SPER/NO
ONOO
GSNO
SNAP
DETA/NO
DETA/NO

GEA 3162
SIN-1
SNP
GEA 3162
SIN-1
GEA 3162
SIN-1
NO gas
GSNO

250-2000
500-2000
?
?

?
1000

1000
1000

0.006-0.6

900

1000

10

50-250

1000-2000
500-5000
100
?
300-750
500
50-1000
50-1000
50-1000
50-1000
50-1000
1000
12000
?
500
250
3000
200-1000
200-2000
30-50

250-1000

100-500
10-300
1000
1000
1000
1000

10-100
300-3000
8000-32000
10-100
300-3000
10
1000

20-50ppm
100-5000

Induction
No effect
Induction
Induction

Induction

Induction

Induction

Induction

Induction

Induction

Induction
Induction

Induction

Induction

Induction

Induction

Induction

Inhibition

(iNOS-
mediated

apoptosis)

Induction

Induction
Induction
Induction

Induction

Induction

Induction
Induction

Induction
No effect
Induction
Induction

Adrie et at.33

Sarih et at."
Albina ef a/.18

Hortelano et ai.23

Von Knethen etal.25

Lee etal.39

Niebauer et al.75

Wang et al.74

Yabuki et al.3B

Kwak et at.37
Kuo et al.36

Brune et al.22

Messmer and
Brune26

Gotoh et al.24

Brockhaus and
Brune31

Scivitarro et at27

Callsen and Brune28

Boggs et al29
Sandoval etal. 30,116
Borutaite et al.40

Ferret et at.35

Wong et aiV

Brennan et al. 42
Ward ef al.10

Blaylock et al46

Fortenberry et at.43
Fortenberry et al.45
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Table 1 (continued)

Cell type Species/cell line Source of NO Cone" Effect on
(/iM unless otherwise stated) apoptosis

Reference

Eosinophils

Human
Human

Human

Human

Human

SNP
GEA 3162
SPER/NO

DEA/NO

Azide

Hydroxylamine
SNAP
SIN-1
SNOC

DETA/NO

Azide

Hydroxylamine
SNAP

125-500
30-100
0.1-3
300-1000
0.1-30
1000

100
300
1000-5000
1000-5000
1000-5000
100-3000

300-3000

20-1200

300-1200
1-100

Induction
Induction
Inhibition
Induction
Inhibition
Induction

Inhibition

Inhibition
Inhibition
No effect
Induction

(IL-5 primed
cells)
Induction (IL-5
primed cells)
Inhibition (Fas-
stimulated

Cells)

Singhal et al,44
Taylor et al.48

Beauvais et at.29

Beauvais and Joly5

Hebestreit et al.5

SIN-1, 3-morpholino-sydnonimine; SNAP, S-nitroso-acetyl-penicillamine; iNOS, inducible nitric oxide synthase; GSNO, S-nitrosoglutathione; SPEFI/NO, spermine
diazeniumdiolate (NONOate); SNP, sodium nitroprusside; DETA/NO, diethylenetriamine diazeniumdiolate (NONOate); ONOO- peroxynitrite; DEA/NO,
diethylamine diazeniumdiolate (NONOate); SNOC, S-nitrosocysteine; IL, interteukin

through which NO may be acting will be discussed in general
(Figure 2), as inevitably there seems to be a large degree of
overlap between the mechanisms engaged in different cell
types.

Regulation of Inflammatory Cell
Apoptosis by NO
Myelomonocytic cells
It is well established that exogenous or endogenous
iNOS-derived NO induces apoptosis in macrophages. Indeed,
the macrophage was the first cell type in which NO-mediated
apoptosis was demonstrated.17,18 Much of the work on this
cell type has been carried out using cell lines, in particular,
the murine macrophage cell line RAW 264.7. However,
uncertainties have now been cast over the relevance of
data obtained with animal cell lines to humans, as it has
become apparent that species differences are more important
than initially anticipated. Critical differences have been
discovered in enzyme pathways in macrophages from
different species, which may have a profound effect on
NO production in these cells. It has been demonstrated
that, whereas murine- and bovine-stimulated macrophages
can produce copious amounts of NO, human, caprine, lapine
and porcine cells may not be able to do so.19,20 Thus, although
it Is clear that stimulation of murine macrophages with LPS
and IFN-y provokes NO production from iNOS, which
is sufficient to induce apoptosis,21-24 it is by no means
certain that this is also the case in human cells. Nevertheless,
despite the relative inability of human macrophages to

produce endogenous NO upon external stimulation, they
appear to respond to exogenous sources of NO in much the
same way as those from other species. NO from the S-
nitrosothiol, S-nitrosoglutathione (GSNO) and the sponta¬
neous NO generator, SPER/NO, increased apoptosis in both
RAW 264.7 cells and primary human monocyte-derived
macrophages.25 Therefore, observations using NO donors
in murine cells could still be extrapolated to human cells, and
may provide useful guidance on the potential therapeutic
benefits of using NO in inflammatory conditions. Several NO
donors have been demonstrated to elicit apoptosis in RAW
264.7 cells, including sodium nitroprusside (SNP),26 S-
nitroso-/V-acetylpenicillamine (SNAP),24 GSNO21-23,26-28
and the NONOates SPER/NO, 21,22,26,27,29 DEA/NO and
DETA/NO.26
In addition, Sandoval et al.30 demonstrated increased

apoptosis in RAW 264.7 cells upon exposure to peroxynitrite
(ONOO-; 100-300//M over 4h and 10-100over 14h).
Conversely, Scivittaro etal.27 observed that lower concentra¬
tions (30-50 j(M) of ONOO- had a protective effect against
LPS and IFN-y-induced apoptosis in these cells, although not
against exogenous NO-mediated apoptosis. This discrepancy
may well be the result of the different concentrations of
ONOO used in the above studies. In addition, Brune etal.22
reported that RAW 264.7 cells that have higher levels of O2
are resistant to iNOS-mediated apoptosis, suggesting that
ONOO plays no role in mediating NO-induced apoptosis in
murine macrophages, and indeed may have a protective role.
Although Brockhaus and Brune31 showed that overexpres-
sion of superoxide dismutase (SOD) in RAW 264.7 macro¬
phages inhibited NO-mediated apoptosis, which implies a role

Cell Death and Differentiation
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ANTI-APOPTOTIC EFFECTS PRO-APOPTOTIC EFFECTS

NF-tcB inhibition -

4- transcription of
survival proteins

Metabolic inhibition

ATF6 & CHOP activation

APOPTOSIS
Caspasc
activation

DNA damage
T p53, p21, Bax; I BcI-2

Mitochondrial effects-4-1

respiratory inhibition

mptp opening
• cytochrome c release

Figure 2 Proposed mechanisms for the effects of NO, its metabolites or by¬
products on inflammatory cell apoptosis. Antiapoptotic effects are thought to be
mediated through an increase in cGMP, S-nitrosation of apoptotic effector
proteins or activation of the transcription factor NF-kB by NO or reactive higher
oxides of nitrogen, especially N203 the principal metabolite of NO which is likely
to mediate many of its biological effects. A number of mechanisms have been
suggested to explain the proapoptotic effects, which appear to converge on the
release of cytochrome c from mitochondria and subsequent activation of
caspases, the central proteases of the apoptotic cascade. NF-kB, nuclear factor
kappa B; cGMP, cyclic GMP; ER, endoplasmic reticulum; AVm, change in
mitochondrial membrane potential; MPTP, mitochondrial permeability transition
pore

for ONOO , on further investigation they found this not to be
the case. The ONOO scavenger, uric acid, failed to block
apoptosis elicited by the NO donors GSNO and SPER/NO,
while abolishing that induced by SIN-1, thus ruling out
ONOO as a mediator of NO-induced apoptosis. Inhibition
of murine monocyte/macrophage J774 cell apoptosis by NO
has also been reported when 02 was scavenged using
SOD.32 Boggs etal.29 found that a subset of RAW 264.7 cells
that were resistant to NO-induced apoptosis had lower
glutathione (GSH) levels and, therefore, higher oxidant status
than nonresistant cells.
Little work has been carried out to examine the effects of

NO on apoptosis in primary human monocytes that have not
matured into macrophages. Adrie et al.33 demonstrated that
the peroxynitrite donor, SIN-1 (0.25-2 mM), induced cell
death (apoptosis and necrosis) in primary human monocytes
from healthy volunteers, but that NO from S-nitroso-W-
acetylpenicillamine (SNAP; 0.5-2 mM) was unable to do so.
Muhl et al.34 used U937 cells and peripheral blood mono¬
nuclear cells from human volunteers, and demonstrated an
induction of apoptosis using DETA/NO, which has also been
shown by Ferret etal35to induce apoptosis in U937 and THP-
1 cells. Some studies have also demonstrated NO-induced

apoptosis in HL-60 cells, using DETA/NO, SNP and SNAP,36-
38 while ONOO- from SIN-1 can also induce apoptosis in
human and canine long-term marrow cultures and J774
cells.39 Borutaite et al.40 demonstrated increased caspase
activation in J774 cells treated with GSNO, SNAP and DETA/
NO (1 mM), which is generally accepted to be an indication of
apoptosis. However, morphological apoptosis was not mea¬
sured in these studies.

Neutrophils

In recent years, it has become clear that NO also has the
ability to induce apoptosis in neutrophils. Wong et at.4''
demonstrated that the oxatriazole-5-imine derivative, GEA
3162, and SIN-1 increased the rate of apoptosis in human
neutrophils. Simultaneously, Brennan etal42 found increased
markers of DNA fragmentation treated with high (8-32 mM)
concentrations of SNP in these cells. However, this effect may
have been the result of respiratory inhibition by cyanide
derived from the liberation of NO from such high concentra¬
tions of this compound. Since then, a number of groups have
validated these findings through the use of several different
sources of NO. NO gas (20 and 50ppm) reduces cell viability
and augments DNA fragmentation over 2 or 24 h of culture, an
effect that is particularly pronounced in the presence of 80%
02.43 Whether this cell death comprises apoptosis or merely
necrosis, however, remains unclear. An induction of neutro¬
phil apoptosis has also been observed using both traditional
NO donors such as SNP44 and different sources of NO such
as GSNO (0.5-5 mM)45 Blaylock et al46 reported that GEA
3162 (10 pM) increased neutrophil apoptosis as assessed by
annexin V binding to exposed phosphatidylserine (PS) at 4
and 8 h, but not at 16 h. On the other hand, the ONOO- donor,
SIN-1 (1 mM), showed no significant increase in PS exposure
compared to control cells, although there was a small
enhancement of annexin V binding at 4h. The effects
of these two compounds were also studied by Ward et a/.,10
who demonstrated that concentrations of 10-100pM GEA
3162 and 0.3-3 mM SIN-1 enhanced caspase-dependent
morphological neutrophil apoptosis at 6 and 20 h, and 30-
100mM GEA 3162 increased annexin V binding at 6h. In
contrast to Blaylock's study, however, the increase in
morphological apoptosis by 10pM GEA 3162 was not
significant at 6h, whereas Blaylock observed significant
differences at just 4 h. The principal methodological difference
between the two studies is in the culture conditions. It has

previously been demonstrated that the microenvironment,
including cell density and concentration of plasma proteins,
has a critical effect on the rate of neutrophil apoptosis in
vitro 47 It must therefore be emphasised that the choice of
culture conditions may subtly alter the effects of NO on
neutrophils, and experimental design should receive careful
consideration.
The early induction of PS exposure, but later absence of

differences between control and GEA 3162-treated cells was
confirmed and extended by Taylor et al.48 in 2001. It was
reported that 30-100 pM GEA 3162, 300 pM-1 mM SPER/NO
and 1 mM DEA/NO all induced morphological evidence of
neutrophil apoptosis over 20 h. However, PS exposure was
only increased from control levels at early time points in GEA
3162-treated neutrophils. The shedding of CD16 by apoptotic
neutrophils equated well with morphological indications of
apoptosis, but DNA fragmentation, as evidenced by propidium
iodide intercalation and DNA ladders, was not necessarily
observed alongside other markers of apoptosis. GEA 3162
(30-100 pM) and SPER/NO (1 mM), but not DEA/NO (1 mM),
produced a paradoxical inhibition of DNA fragmentation
despite a clear induction of apoptosis as assessed by other
techniques.

— NF-kB activation

t transcription of
survival proteins

— cGMP-dependent
effects

Unknown mechanism

S-nitrosation of

apoptotic proteins
I activity of caspases,
jnk2

ONOO"
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Although there is a large body of evidence to demonstrate
the proapoptotic effect of NO on neutrophils and the
antiapoptotic effects in many cell types, it was not until
recently that inhibition of neutrophil apoptosis by NO was
reported.48 NO derived spontaneously from low concentra¬
tions of the diazeniumdiolate compounds SPER/NO and
DEA/NO reduced the rate of neutrophil apoptosis over a 20-h
time course. In contrast, equivalent concentrations of the
oxatriazole derivative, GEA 3162, produced no such inhibi¬
tion, suggesting that the antiapoptotic effects of NO may
depend on the mechanism of NO liberation from donor drugs.

Eosinophils
Conflicting results have been reported for the effects of
exogenous NO on eosinophil apoptosis. Beauvais et al.4s
reported in 1995 that the catalase-dependent NO donors,
azide and hydroxylamine, dramatically reduced the rate of
apoptosis in this cell type, as evidenced by several apoptotic
markers, with optimum concentrations for these effects being
100/iM for azide and 300/tM for hydroxylamine. In contrast,
only a small inhibitory effect of azide (0.02-1.2mM), hydro¬
xylamine (300^M-1.2mM) and the S-nitrosothiol, SNAP
(1 /(M-1 mM), on constitutive eosinophil apoptosis was
observed by Hebestreit et al.50 However, Beauvais et al.51
later published that other sources of NO, which are not
dependent upon enzymatic activity to generate NO, fail to
promote eosinophil survival. Although SNAP (1-5 mM)
inhibits eosinophil apoptosis, it appears to drive the cells into
a necrotic state; overall cell survival is virtually unchanged.
Similar effects were also reported for SIN-1, but it appears that
cell survival actually increased as expected on exposure to
this compound, with a concomitant decrease in apoptosis.
Treatment with S-nitroso-cysteine (SNOC), which has a very
fast rate of NO release, produced little change in either cell
survival or apoptosis. However, it is important to note that the
concentrations used in this study were extremely high
(1-5 mM) and it appears that lower concentrations of SNOC
(1-3 mM) and SNAP (1 mM) may in fact slightly increase
apoptosis. It is therefore possible that submillimolar concen¬
trations could induce eosinophil apoptosis, but that higher
concentrations are sufficiently toxic to push the cells into
necrosis. The increased eosinophil survival observed with
azide and hydroxylamine was mimicked when 3-10 nM SNAP
was added to the cells in the presence of 10 /<M haematin, the
ferric form of haeme. On the other hand, when the cells were
first primed using the cytokine IL-5 (which promotes eosinophil
survival), a simultaneous inhibition of eosinophil survival and
induction of apoptosis was observed with SNOC (100/jM-
3mM) and DETA/NO (300pM-3mM). This difference from
unstimulated cells was put down to the priming effect of IL-5.
However, the concentrations used in these studies were

considerably lower than in nonprimed cells, and as previously
mentioned, submillimolar concentrations of these compounds
could conceivably be able to induce apoptosis rather than
necrosis, whether or not the cells are primed.
Alongside spontaneous eosinophil apoptosis, NO has also

been reported to inhibit cell death stimulated by Fas receptor
activation. Hebestreit et al.50 demonstrated that enhanced
DNA fragmentation and PS exposure provoked by treatment

with anti-Fas monoclonal antibody could be attenuated by NO
derived from LPS and IFN-y-stimulated human monocyte-like
U937 cells. This inhibitory effect on Fas-mediated apoptosis
could be blocked using inhibitors of NOS (L-NMMA; 1 mM) or
the GC pathway (LY 83583; 10/<M), and was mimicked in a
concentration-dependent manner by exogenous NO from
0.02-1.2mM azide, 0.3-1.2 mM hydroxylamine and 1/iM-
1 mM SNAP.

In vivo effects of NO and its therapeutic
potential
Delayed apoptosis of activated granulocytes has been
reported to occur in a number of inflammatory conditions in
humans or animal models,5,52 including rheumatoid arthritis,53
acute pancreatitis,54 bacterial pneumonia,55 inflammatory
bowel disease,56 asthma,57-59 and following surgery.60,61
Failure of these cells to undergo programmed cell death and
to be cleared by phagocytes allows persistent and inappropri¬
ate inflammation to occur, as activated granulocytes release a
number of proinflammatory mediators, which may contribute
significantly to the aetiology of the disease. Therefore, the
induction of apoptosis in these cells is a potential target for
therapeutic intervention, by removal of the inflammatory
effector cells, thereby minimising tissue damage and oedema.
As NO has a wide range of anti-inflammatory properties,
including inhibition of platelet and neutrophil functions (see
Granger and Kubes9 for review), this molecule could provide
effective multitarget therapy against inflammation.
Although iNOS has been implicated in the pathogenesis of

certain inflammatory diseases, such as arthritis, SLE and
irritable bowel syndrome,62 a number of studies have
demonstrated a protective effect of NO against several
conditions characterised by inflammation, such as glomer¬
ulonephritis,63 acute hepatic necrosis,64 arthritis,65,66 endo-
toxaemia64 and acute lung injury67 in vivo (reviewed by Clancy
and Abramson62). Most studies attribute these effects to the
wide range of general anti-inflammatory properties of NO,
as reviewed by Granger and Kubes,9 and are outwith
the scope of this review. Of particular interest with regard to
this review, however, is the increasing evidence that the
protection afforded against inflammation and immunity by NO
may be mediated in part through the induction of inflammatory
cell apoptosis. As for apoptosis induction in vitro, the
concentration of NO in the local environment,68,69 the timing
of administration70,71 or the route of administration, and
perhaps therefore the NOS isoform targeted72 appears to be
critical. Studies have suggested that lower doses of NO may
be detrimental but that higher doses may attenuate the
inflammatory response, with some authors proposing a role
for the cytotoxic effects of NO on myeloid inflammatory
cells.69,73-75
NO appears to be particularly effective in autoimmune

conditions, such as experimental allergic encephalomyelitis
(EAE), which serves as a model for human multiple
sclerosis.76 In this model, several studies have reported that
iNOS-deficient rats or mice that were immunised directly with
myelin basic protein developed exacerbated disease,
although results obtained following immunisation with myelin
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basic protein-specific T cells often contradict these findings.76
One proposed mechanism for the protective effect of iNOS-
derived NO is induction of apoptosis in macrophages or T
cells.71,77
Other autoimmune disease models in which NO has been

reported to be protective are the rat model of autoimmune
interstitial nephritis and experimental autoimmune uveitis, as
inhibition of NOS caused exacerbated injury in both models,
although again other studies have produced conflicting results.76
Therefore, NO may be protective in a number of autoimmune
conditions, although further research will be required to fully
understand the apparent contradictory effects of NO.
A beneficial protective effect of NO has also been shown in

the elicitation phase of contact hypersensitivity, as prolonged
inflammatory reactions were observed in iNOS knockout
mice.69 Again, it has been suggested that this effect may be
partly because of the induction of apoptosis in infiltrating cells.
In a human model similar to sunburn and psoriasis, Ormerod
et al.68 described a cytotoxic effect of high concentrations of
topically administered NO to immunocompetent cells, which
was not seen with low concentrations. Aminoguanidine, an
inhibitor of iNOS, prevented the impairment of renal vascular
bed responses and reduced urine nitrate levels and apoptotic
mononuclear cells in a rat model of experimental nephro¬
pathy.78 However, although inflammatory apoptosis might be
expected to be beneficial, the effect of this form of cell death
on prognosis was not studied within the late, sclerotic phase of
the disease during this study. In the same model, Rangan et
al.79 discovered that NOS inhibitors exacerbated progression
of the disease, and tubulointerstitial injury was also found to
be increased in the presence of NOS inhibitors in a model of
thrombotic microangiopathy.80
Two in vivo studies were published in 1999, investigating

the effects of NO on macrophage apoptosis in cardiovascular
disease of cholesterol-fed rabbits. Niebauer et al.75 demon¬
strated that provision of L-arginine (the substrate for NOS) in
drinking water could reduce the formation of inflammatory
lesions following balloon angioplasty, while Wang et al.74
showed that it decreased existing atherosclerotic lesions, by
inducing macrophage apoptosis.
Thus, there is a significant body of evidence to suggest that

supplementation of NO may be beneficial in inflammatory
diseases and that the induction of apoptosis in infiltrating cells
may have a role in mediating this protection. However, these
issues remain controversial, with much conflicting evidence. It
is clear, however, that provision of NO may not be suitable for
the treatment of all inflammatory conditions, and indeed may
only be appropriate at certain stages of disease progression
or disease provoked by a particular mechanism. Much further
work is required to clarify these issues.

Mechanisms of action of NO

The mechanisms through which NO is able to both promote
and delay inflammatory cell apoptosis still remain to be fully
elucidated. However, it is generally believed that low
concentrations tend to be antiapoptotic, acting through a rise
in cyclic GMP or S-nitrosation of caspase enzymes. On the
other hand, high concentrations of NO are generally more

toxic, inducing either apoptosis or necrosis, with most reports
suggesting that such actions occur independently of the sGC
signalling pathway (see below).
Another possibility is that NO may indirectly interfere with

alternative pathways that regulate inflammatory cell survival.
For example, glucocorticoids (GCs) promote eosinophil
apoptosis but inhibit neutrophil death.7,81 It has been shown
that NO can inhibit GC receptor binding through S-nitrosa-
tion,82 and therefore could attenuate both the pro- and
antiapoptotic effects of glucocorticoids on inflammatory cells.

Antiapoptotic mechanisms
The pathway by which inhibition of neutrophil apoptosis
occurs has not yet been investigated. However, it is known
that NO induces a rise in cGMP in neutrophils through
activation of sGC.8,83Given that the cell permeable analogues
of cAMP (db-cAMP) and cGMP (db-cGMP) can delay
constitutive neutrophil apoptosis,10 and that a rise in cGMP
has been postulated to at least partially account for NO-
mediated inhibition of apoptosis in other cell types,84,85 it is
possible that an increase in one or other of these cyclic
nucleotides mediates the inhibition of apoptosis in neutrophils
exposed to low concentrations of NO. A role for cyclic
nucleotide (cGMP or cAMP) signalling has also been
proposed in NO-mediated inhibition of both constitutive and
Fas-triggered eosinophil apoptosis. Beauvais et al.49 ob¬
served that NO could only reduce eosinophil apoptosis when
compounds that form nitrosyl-haeme in their liberation of NO
were used, which was mimicked by the permeable cGMP
analogue db-cGMP and reduced by the sGC inhibitor LY
83583. Pure NO donors alone, in contrast, failed to increase
eosinophil survival, although inhibition of apoptosis could be
seen if haematin was added alongside a pure NO donor to
artificially create a nitrosyl-haeme complex.51 It has been
suggested that such inhibition occurs through activation of
sGC by the nitrosyl-haeme complex,51 which has been shown
to occur in vitro using purified sGC,86 but as yet there is no
evidence to suggest that this may occur in intact cells in vivo.
However, the mechanism is not fully understood: the issue is
complicated by the fact that haeme groups are known to
scavenge NO, and therefore might be expected to inhibit NO-
mediated effects. Inhibition of Fas-mediated apoptosis was
reproduced by both db-cGMP and db-cAMP, and potentiated
by the phosphodiesterase inhibitor IBMX,50 again suggesting
a role for cyclic nucleotides. This group localised the site of
Fas receptor death pathway blockade to downstream of
SMase activation and ceramide generation but upstream or
around the level of JNK activation. So et al.87 showed
inhibition of the stress protein JNK2 by NO in vitro via S-
nitrosation.

Secondly, the transcription factor NF-kB is known to
regulate neutrophil apoptosis as its inhibition leads to
increased apoptosis.88 Agents such as LPS have been shown
to delay apoptosis in this cell type through stimulation of
NF-kB and subsequent caspase-1 -dependent activation of
IL-1/J.89 It has been demonstrated in several cell types that
activation of NF-kB leads to the transcriptional upregulation of
survival factors such as the immediate early gene, IEX-1L,
inhibitor of apoptosis proteins (lAPs), and members of the
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antiapoptotic Bcl-2 gene family, including Mcl-1, Bfl1/A1, Bcl-
XL and Nr13, potentially explaining the survival effects of NO
which, at low concentrations, induces NF-kB activation in
macrophage cell lines90,91 and in human peripheral blood
mononuclear cells.92 Activation of NF-kB may occur through a
cGMP-dependent mechanism,93 and NO has been demon¬
strated to modulate the expression of several proteins
affecting the activity of Bcl-2 family members through sGC
activation. A cGMP-dependent mechanism has been pro¬
posed to account for the NO-induced downregulation of
BNIP3, a dominant proapoptotic Bcl-2 family member in
hepatocytes.94 Levels of MAP kinase phosphatase-3 (MKP-3)
mRNA, which causes degradation of Bcl-2 via ERK1/2
dephosphorylation, were seen to be decreased by NO, thus
protecting Bcl-2 levels and promoting survival of endothelial
cells.95 The proapoptotic adapter protein, p66shc, is also
downregulated by NO via sGC activation.96 Furthermore,
survival genes such as Bcl-2 and Bcl-XL have been shown to
be upregulated in the presence of NO in endothelial cells97
and human neuroblastoma cells;96 therefore, it seems

possible that there is a role for NF-icB-mediated transcriptional
regulation in the antiapoptotic effects of NO in inflammatory
cells.

Contrasting studies in macrophage cell lines22,29,32 suggest
that the redox status of the cell may partially determine the
effects of NO. An inhibitory effect of endogenous NO on J774
cell apoptosis can be unmasked when O2 is scavenged,32
and over-expression of SOD also protects RAW 264.7 cells
against apoptosis induced by endogenous or exogenously
supplied NO.31 These studies suggest a role for ONOO in
mediating NO-induced apoptosis. Conflicting evidence sug¬
gests that RAW 264.7 cells that overproduce O2 are resistant
to NO-mediated apoptosis,22 and von Knethen et al.98
observed that O2 activates NF-kB, thus mediating survival
in these cells. Furthermore, Brockhaus and Brune31 found
that ONOO had no role in NO-evoked apoptosis, despite the
protective effect of SOD in RAW 264.7 cells. Others have
found that such protection is observed when cellular thiols are
depleted in RAW 264.7 cells.29 It has been reported that
endogenous antioxidant levels,99 or the balance between
oxidative and nitrosative stress,100 can determine the cellular
response to NO. It has been proposed that in low thiol
concentrations, NO actually protects against cell death,
whereas it induces death in cells with normal thiol levels."
Exogenous glutathione has also been shown to enhance
neutrophil apoptosis and increase H2O2 levels, possibly
leading to hydroxyl radical- mediated damage.101

In the absence of large quantities of scavenger thiols such
as glutathione, but in the presence of oxygen, it is possible that
NO S-nitrosates critical effector molecules of apoptosis such
as caspases, thus preventing their activation and having an
inhibitory effect on the proteolytic cascade. It has been shown
by several groups that NO can inhibit a number of apoptotic
proteins,102 including caspase 3 (the protease responsible for
the initiation of internucleosomal DNA fragmentation),103-108
caspase 8,105,109,110 caspase 9,111 caspase 1109'110 and
caspases 2, 3, 4, 6 and 7105 activation via S-nitrosation.
Inhibition of caspase 3 has been reported to involve two
distinct mechanisms in hepatocytes - direct protein S-
nitrosation, and another mechanism, which has not yet been

elucidated, but is dependent upon cGMP.108 Therefore, the
cGMP-dependent antiapoptotic effects of NO in inflammatory
cells may be mediated through an inhibitory effect on
caspases.

Proapoptotic mechanisms
Studies have shown that apoptosis in neutrophils and
macrophages proceeds via activation of caspase protease
enzymes,10,112,113 part of the classical apoptotic effector
cascade. However, the upstream mechanisms by which
exposure to NO causes these enzymes to become activated
has not been clarified, although several theories have been
suggested.
ONOO is considered to be one of the most likely

candidates for the increased apoptosis of inflammatory cells
observed with higher concentrations of NO, particularly in the
case of neutrophils,10,43,46 which generate large quantities of
O2 that rapidly combines with NO to form ONOO .

Compounds that generate ONOO", such as SIN-1, may
promote neutrophil apoptosis similar to that evoked by NO,10
and primary human monocytes also undergo apoptosis in
response to ONOO" by a mechanism that involves mitochon¬
drial membrane depolarisation, release of cytochrome c and
caspase activation (see Figure 2).33 ONOO has been shown
to reversibly or irreversibly inhibit a number of mitochondrial
respiratory complexes as well as inducing mitochondrial
swelling, depolarisation, calcium release and permeability
transition.114,115
Macrophage apoptosis can also be induced by exposure

to ONOO", via oxidative stress, which can be reduced
by antioxidants such as ascorbic acid or phytolens.30,116
Induction of apoptosis by NO in elicited murine macrophages
or RAW 264.7 cells has also been attributed to the formation
ofONOO" within mitochondria, as nitrotyrosine residues were
detected in cytochrome c.23 ONOO" and metabolites of NO
(e.g. Nz03) can cause direct DNA damage or inhibit DNA
repair enzymes,117 leading to an increase in the tumour
suppressor protein p53, which has been shown to accumulate
in NO-treated macrophages and may be the factor respon¬
sible for driving them towards apoptosis.22'25,118,119 The p53
protein promotes apoptosis through upregulation of the
apoptotic proteins Bax and cyclin-dependent kinase p21,
and downregulation of the antiapoptotic protein Bcl-2 (Figure
2).85 However, Gotoh etal.24 measured no increase of p53 in
NO-mediated apoptosis in RAW 264.7 cells stimulated with
LPS/IFN-y. Instead, this group proposed a role for the
endoplasmic reticulum stress pathway involving the transcrip¬
tion factors ATF6 and CHOP leading to cytochrome c release
(Figure 2). Also, studies in murine macrophages31 suggest
little or no involvement for ONOO in NO-induced apoptosis in
this cell type.
As previously described, the activation status of the survival

factor, NF-kB, has been shown to play a role in regulation
of the induction of inflammatory cell apoptosis.88 It has been
demonstrated that high concentrations of NO can inhibit
NF-;cB activation in macrophage cell lines91 and human
macrophages,120 monocytes121 and neutrophils.121,122 NO
may inhibit NF-kB DNA binding through S-nitrosation of the
p50 subunit of the transcription factor, as has been demon-
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strated in isolated NF-kB protein123 and in human respiratory
cells and murine macrophages.124 Alternatively, transcrip¬
tional induction and stabilisation of the inhibitory molecule I-
kB, that keeps NF-kB sequestered in the cytoplasm, may
account for the inhibition of NF-kB activity.125 Furthermore, it
has been reported that NO inhibits NF-kB activation in rat
vascular smooth muscle cells via a cGMP-independent
inhibition of the phosphorylation and proteasomal degradation
of I- kB,126 and inhibition of the proteasome by NO has
additionally been demonstrated by Glockzin et al.127 in
macrophages. The result of such inhibition would be down-
regulation of survival factors under the control of this
transcription factor, such as the antiapoptotic Bcl-2 family
members. Indeed, this has been observed by a number of
studies, as exogenous NO downregulates Bcl-2 but upregu-
lates the proapoptotic protein, Bax, in neurons,128'129 and
upregulates Bad and Bax, but downregulates Bcl-2 in human
colon adenocarcinoma cells.130

In nonsmall cell lung cancer cells, it has been shown that
NF-kB inhibition leads to apoptosis by increasing mitochon¬
drial permeability, thus allowing release of cytochrome cand
subsequent caspase activation (see Figure 2).131 This
concurs with findings by Borutaite et al.,40 who demonstrated
increased mitochondrial permeability and cytochrome c
release from isolated rat mitochondria, and increased
caspase activation in J774 cells treated with S-nitrosothiols
(SNAP, GSNO) but not NONOates (DETA/NO), which
activate caspases through an as yet unidentified alternative
mechanism. As S-nitrosothiols readily transnitrosate endo¬
genous cysteine residues, this supports the concept of S-
nitrosation of the NF-kB p50 subunit as the mechanism of
inhibition.

In addition, the biphasic effects of NO on NF-kB activation
reported by Connelly et al. are mirrored by its effects on the
open probability of the mitochondrial permeability transition
pore (MPTP). Low concentrations of NO donors (GEA 3162,
SNAP, SIN-1; 1-20,uM) delayed or had no effect on MPTP
opening, while at higher concentrations (20-100/tM), opening
was enhanced.132 In this study, GEA 3162 was found to be
particularly effective at inducing MPTP opening compared to
the other two NO donors, and this drug induces neutrophil
apoptosis at lower concentrations than NONOates48 or SIN-
1.10 Enhanced MPTP opening on exposure to NO was also
reported by Hortelano et a/.133 Therefore, there is growing
evidence to suggest that the proapoptotic effects of NO in
inflammatory cells may be mediated, at least in part, through
inhibition of NF-kB.
Albina ef a/.18 proposed metabolic inhibition as a potential

mechanism, as glucose starvation and inhibition of glycolysis
or the TCA cycle all pushed macrophages into apoptosis. On
the other hand, inhibition of the electron transport chain of
respiration had no effect,18 and Messmer and Brune26
showed no reduction in NAD+ or ATP levels in NO-induced

apoptosis, suggesting that NO does not act through respira¬
tory inhibition. In contrast, others have reported that NO
inhibits mitochondrial respiration through two distinct path¬
ways.114,115 Reversible inhibition of cytochrome oxidase was
seen with low concentrations of NO, whereas higher
concentrations caused an inhibition of alternative respiratory
chain complexes.115 Inhibition of complex IV was reversible,

whereas inhibition of complex I was irreversible.114 Of course,
the mechanisms described above may not be mutually
exclusive. For example, respiratory inhibition by NO may
enhance the production of reactive oxygen species by
mitochondria, leading to the formation of ONOO and
providing an ONOO -mediated pathway for NO-induced
cytotoxicity (Figure 2).115

Conclusion
NO has a biphasic effect on apoptosis in many cell types, in
which low concentrations delay but higher concentrations
enhance this form of cell death, a pattern that has recently
been confirmed in neutrophils. This correlates with the
dichotomous action of NO on the activity of caspase enzymes
responsible for the execution of apoptosis in vitro. Inhibition of
caspases by S-nitrosation is a direct consequence of
exposure to low concentrations of NO or, more likely, its
oxidation products (e.g. N203). On the other hand, activation
of these enzymes observed during the proapoptotic actions of
higher concentrations represents a downstream event follow¬
ing initial effects on DNA or mitochondria, and can therefore
be considered an indirect effect of NO.

Although the mechanism of inhibition has not yet been fully
investigated, it is likely that cGMP production, NF-kB
activation and subsequent expression of survival proteins or
S-nitrosation of apoptotic proteins will play a major role.
Inhibition of eosinophil apoptosis has been reported, but only
with certain sources of NO that are capable of activating sGC
with a consequent rise in cGMP. No such inhibitory effects
have yet been demonstrated in monocytes or macrophages,
and it remains to be seen whether these cell types are capable
of producing such a response to low concentrations of NO.

It has been demonstrated that exogenous NO can induce
apoptosis in all inflammatory cell types discussed in this
review: monocytes, monocyte-derived macrophages, neutro¬
phils and eosinophils. In addition, endogenous NO from iNOS
also promotes apoptosis in macrophages. There still remains
some controversy over the mechanism bywhich this molecule
causes this form of cell death, although it involves activation of
caspase proteases, and most agree that this occurs through a
cGMP-independent pathway. Moreover, mitochondria appear
to play a key role in the initiation of apoptosis by NO through
release of cytochrome c, resulting in caspase activation.

It is clear that ONOO- derived from SIN-1 or other agents
has the ability to promote apoptosis in its own right, but its role
in mediating NO-induced apoptosis remains controversial.
Some groups have reported that NO-evoked cytotoxicity is
likely to be effected through ONOO- formation, while studies
by others have indicated little or no role for ONOO .

Modulation of the activation status of the transcription factor
NF-kB has also been proposed to account for NO-induced
apoptosis in neutrophils and macrophages, and there is an
increasing body of evidence to support this theory. On the
other hand, DNA damage (by N203 orONOO-) has also been
shown, leading to an accumulation of the proapoptotic
molecule p53.
Differences may exist in the mechanisms by which NO

causes apoptosis in different cell types that could potentially
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be exploited to target a particular inflammatory cell type in
certain conditions. Despite the uncertainties and controver¬
sies surrounding the regulation of inflammatory cell apoptosis
by NO, it is clear that the class and concentration of NO-
donating compound used and the cell type are critical
determinants of the response. Major differences between
different classes of NO donors and opposing effects with low
and high concentrations of certain NO donors are observed.
Thus, the amount and rate of NO release and the redox status
of the target cell appear to be key factors in the cellular
response to NO exposure, and certain NO donors appear to
be more effective than others in promoting inflammatory cell
apoptosis.

It is also important to realise that the concentration of NO
donor used may not necessarily reflect the concentration of
NO to which the cells are exposed. Equivalent concentrations
of different NO donors may liberate NO to different extents or
at different rates, or may produce different reactive nitrogen
species, such as ONOOCulture conditions may also affect
NO levels; for example, plasma proteins such as albumin are
able to scavenge NO through the formation of S-nitro-
sothiols.13,134,135 Therefore, the concentration of free NO in
the vicinity of the cells at any given time may vary from
compound to compound, and the NO concentration in the
system needs to be measured in order to directly compare
different NO donors.
The vast majority of work on this subject has been carried

out using in vitro systems, often utilising animal cell lines. How
the results obtained in these systems relate to the in vivo
situation during inflammation in humans still largely remains to
be determined, but two studies in rabbits show that NO is a
promising candidate for treatment or prevention of inflamma¬
tory conditions such as atherosclerosis and restenosis,
possibly by influencing apoptosis.74,75 Further studies are
required to elucidate completely the mechanism of action of
NO on inflammatory cell apoptosis, in order to identify
potential targets for the treatment of human inflammatory
conditions and to evaluate the sources of NO that provide
greatest therapeutic potential.
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Regulation of Granulocyte Apoptosis by Hemopoietic Growth Factors,
Cytokines and Drugs: Potential Relevance to Allergic Inflammation
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Abstract: It has become apparent that the resolution of inflammation depends on the
removal of unwanted inflammatory cells, a process governed by physiological
apoptosis and non-inflammatory clearance of apoptotic cells. Granulocytes are centra! to
many of the pathophysiological consequences of uncontrolled inflammatory reactions.
Hemopoietic factors and cytokines play a critical role in regulating the longevity of
these cells in vitro and in vivo. Here we review the progress that has been made in the
understanding of granulocyte apoptosis and the implications for immunotherapy and
pharmacological strategies in the treatment of allergic inflammatory diseases for
therapeutic gain.

Keywords: eosinophil, neutrophil, inflammation, apoptosis, IL-5, GM-CSF, Glucocorticoids

INTRODUCTION

Common allergic diseases include asthma, allergic
rhinitis, eczema, contact dermatitis and chronic sinusitis.
Allergy is often considered to be an inappropriate
inflammatory response resulting in deleterious effects to the
patient. Asthma affects 155 million people world wide and
its incidence is on the increase [1]. Although, eosinophilic
inflammation is strongly associated with asthma,
increasingly in severe asthma neutrophilic inflammation is
being implicated [2], Initiation of an inflammatory response
requires that large numbers of circulating leukocytes (e.g.,
neutrophils, eosinophils and mononuclear cells) are rapidly
recruited to the affected site, a process requiring migration
across the vascular endothelium (Fig. (1)) [3],

Migration of leukocytes from the blood vessels into the
site of inflammation is dependent on the activation of
adhesive molecules, on both the circulating cells and the
endothelial cells [4]. Neutrophils bind to the vessel wall
transiently, a form of adhesion known as 'rolling' and this is
mediated by the reversible binding of selectins (e.g., E-
selectin) to their ligands (e.g., PSGL-1) expressed on both
neutrophils and vascular endothelial cells [5], L-selectin is
expressed on most circulating leukocytes and E- and P-
selectin on endothelial cells lining the blood and lymph
vessels [4], Rolling adhesion on activated endothelial cell
selectins allows adhesion of neutrophils via integrins (e.g.,
CD11/ CD18 complexes) and their counter ligands (e.g.,
ICAM-1, -2), particularly when chemokines are present to
facilitate 'firm' adhesion to the endothelial cell and arrest
from vascular flow [6]. Following adhesion, leukocytes
undergo diapedesis and migrate by chemotaxis towards the
site of inflammation [3]. At the inflammatory site,
granulocytes can then phagocytose and destroy invading

*Address correspondence to this author at the Respiratory Medicine Unit,
Centre for Inflammation Research, University of Edinburgh Medical
School, Teviot Place, Edinburgh, EH8 9AG, Scotland, UK; Fax (+44) 131
650 4384; E-mail: a.g.rossi@ed.ac.uk

microorganisms by releasing proteolytic enzymes,
bactericidal proteins and toxic oxygen products into the
phagolysosome (Fig. (1)).

Necrotic cell death or the inappropriate release of
granulocyte granule contents is thought to be a major
contributing factor to tissue damage occurring during
inflammatory disease. Oxygen metabolites, produced by
granulocytes to exert microbicidal function, can also injure
surrounding host tissue. Although tissues contain protective
anti-oxidant enzymes, e.g. superoxide dismutase and
catalase, these enzyme systems may be overwhelmed during
intense local production of toxic oxygen metabolites.
Neutrophil granules also contain a large family of over 20
enzymes, of which the serine proteases, elastase and the two
metalloproteinases-collagenase and gelatinase, seem to have
the greatest potential to act as mediators of tissue destruction
[7], Similarly, eosinophil granule contents (e.g., major basic
protein, eosinophil peroxidase, and eosinophil cationic
protein), which are panicularly effective against parasitic
infection, are also liberated (Fig. (2)) [8, 9].

Resolution of inflammation and the restoration ofnormal
tissue architecture require the inflammatory stimulus to be
removed, cessation of influx of inflammatory cells and
elimination of inflammatory cells already present. The
removal of granulocytes has been shown to be mediated by
apoptosis [10-13] and their subsequent phagocytosis by
macrophages or neighbouring cells, providing a mechanism
for the safe removal of'unwanted' cells without eliciting an
inflammatory response [14]. However, if the inflammatory
response becomes overwhelmed and either apoptotic
granulocytes become too numerous for quick removal by
macrophages or there is a defect in the phagocytic potential
of macrophages then apoptotic granulocytes may undergo
secondary necrosis and cause tissue damage. This is
supported by the observation that apoptotic granulocytes
incubated in vitro in the absence of macrophages
spontaneously release their granule contents [15, 16]. Thus it
has become apparent that as well as the processes involved
in the induction and propagation of the inflammatory
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Fig. (1). Processes involved in leukocyte recruitment. Inflammatory cells normally leave the blood by binding loosely to post¬
capillary venule endothelial cells before flattening and transmigrating to sites of infection through endothelial cell junctions and
interstitial tissue. Invading organisms are then phagocytosed or destroyed by, for example, neutrophils, which then liberate their
toxic contents into phagolysosomes. Once the useful function of recruited inflammatory cells has been fulfilled they normally die by
the process of apoptosis. Apoptotic cells are then ingested and cleared by phagocytes such as macrophages using non-inflammatory
mechanisms. Under non-physiological conditions inflammatory cells can undergo tissue damaging 'primary' necrosis or by
'secondary' necrosis in the case of failed phagocytic clearance.

response, the mechanisms controlling its resolution (e.g.
granulocyte apoptosis and phagocytosis of apoptotic
granulocytes) are also critical in determining the ultimate
outcome of the inflammatory response [17-19], We therefore
believe that by understanding the mechanisms underlying
the resolution of the inflammatory response, novel highly
effective therapies for the prevention and treatment of
inflammatory diseases including allergic diseases such as
asthma, allergic rhinitis, eczema, contact dermatitis and
chronic sinusitis may be a reality. Our laboratory is focused
on investigating the mechanisms controlling granulocyte
apoptosis with a view to selectively induce apoptosis in
neutrophilic and eosinophilic diseases for therapeutic benefit.
Regulation of Granulocyte Apoptosis

Seminal work in the early seventies described a
physiological mode of cell death termed apoptosis [20].
Previously, it was believed that cell death occurred primarily
by necrosis [21]; a process that would ultimately lead to the
release of histotoxic intracellular contents provoking an
exaggerated inflammatory response. Evolutionary
conservation of death programs across a diverse range of
species and tissue types means that in many cases the central
pathways leading to cellular demise are common to different
cell types. However, a thorough understanding of the subtle
differences in the apoptotic program between different cells

may be key for selective drug targeting strategies for the
therapeutic manipulation of disease pathogenesis.

Fig. (3) provides an overview of the apoptotic pathways.
The death receptor pathway may be triggered by binding of
Fas ligand (FasL), inducing trimerisation of the Fas receptor
(FasR). This results in the recruitment of procaspase-8
(procaspases are proteolytically cleaved to produce the active
caspase form) via the adaptor molecule FADD, leading to
activation of caspase-8. Caspase-8 (also known as FLICE)
can be blocked by FLIP (FLICE-inhibitory protein). In so-
called type II cells, caspase-8 mediates cleavage of Bid to
truncated Bid (tBID) which then acts on the mitochondria to
induce apoptosis. In certain cells (type I cells) caspase-8 can
cleave procaspase-3 directly to promote apoptosis. The
mitochondrial death pathway is induced by cellular stress
which includes cytotoxic drugs, serum withdrawal or DNA
damage. The death receptor and mitochondrial pathways
converge at the point of caspase-3 activation, which results
in the cleavage of cellular substrates and apoptosis. Inhibitor
of apoptosis proteins (lAPs) are thought to act as
pseudosubstrates for caspascs, binding to active caspases and
neutralizing their activity. However, upon the induction of
apoptosis, the inhibitory activity of lAPs is suppressed by a
second mitochondria-derived activator of caspase (Smac/
DIABLO). Bcl-2 family members can be functionally
divided into two classes, those that are anti-apoptotic (e.g.
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Fig. (2). Pathophysiological role of granulocytes. The physiological function of granulocytic neutrophils is to destroy invading
organisms such as bacteria and fungi whereas eosinophils are particularly effective in the defense against parasitic infection. However
inappropriate or exaggerated granulocytic recruitment or activation can lead to the release of tissue destructive granular contents,
which contributes heavily toward the pathogenesis and propagation of chronic inflammatory conditions.

Bcl-2, Mcl-1) and those that promote apoptosis (e.g. Bax,
Bad). Many proteins have a C-terminal region that allows
them to interact with the outer mitochondrial membrane. For
example, Bax is normally cytosolic but upon the induction
of apoptosis is inserted into the mitochondrial membrane.
Activation of caspase-9 requires the release of cytochrome c
and apoptosis protease-activating factor (Apaf-1) from the
inner mitochondrial membrane. Binding of cytochrome c
and ATP is thought to cause a conformational change in
Apaf-1, which allows caspase-9 to activate caspase-3 (for
review see [117]).

There are fundamental differences in apoptotic control
mechanisms governing many cell types including thymocyte
apoplosis compared to granulocyte apoptosis and indeed
between eosinophil and neutrophil apoptosis [22, 23, 19].

Neutrophils undergo constitutive apoptosis during in
vitro culture, but factors such as TNF-a, 1L-15, INF-y, G-
CSF, GM-CSF, LPS and hypoxic conditions can inhibit
this process [22, 19]. On the other hand, while GM-CSF
also prolongs eosinophil life-span, IL-5 has no effect on
neutrophil survival/apoptosis. It is likely that granulocytes
would encounter these stimuli at inflammatory sites in vivo,
thereby prolonging their life-span and allowing them to
fulfil their functional roles. Delayed apoptosis is however
not a universal phenomenon associated with all pro¬
inflammatory mediators. For example TNF-a can induce
neutrophil apoptosis following short term culture [24] and
other agents with pro-inflammatory properties do not have a
major effect on granulocyte apoptosis [25, 26]. Many death

receptors belong to the TNF receptor family and contain
homologous cytoplasmic regions termed "death domains"
[27, 28]. The signalling mechanisms underlying TNF-a
mediated apoptosis/survival are unknown but likely involve
receptor associated proteins such as TNF-receptor-associated
death domain (TRADD), Fas-associated death domain
(FADD) and caspase-8. Ligand binding results in the
recruitment of the death-inducing signalling complex (DISC)
when procaspase-8 is activated [29]. Apoptosis proceeds by
the direct activation of downstream caspases by caspase-8 in
type I cells; alternatively, it proceeds through caspase-8-
initiated modulation of Bcl-2 family members, which are
able to influence the mitochondrial pathway of caspase
activation, in type II cells [30]. At present, it is still unclear
which pathway is utilised by granulocytes.

The pro-apoptotic Bcl-2 family members, Bax, Bad, Bak
and Bid are constitutiveiy expressed in neutrophils and have
a long half-life, perhaps explaining why on balance
neutrophils are 'primed' for apoptosis [31]. Further, during
constitutive neutrophil apoptosis, Bax translocates from the
cytoplasm to the mitochondria resulting in caspase-3
activation [32], In addition, translocation is not inhibited by
z-VAD-fmk, the broad range caspase inhibitor, suggesting
that Bax redistribution is caspase-independent [33].

Eosinophils have similarly been shown to contain
mitochondria which appear to have negligible respiratory
chain function but instead appear to play a central role in the
apoptotic process [34]. Differences in the activation of
caspases-3 and -8 have also been noted in granulocytes where
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Fig. (3). General Overview of Apoptosis Pathway. The death receptor pathway may be triggered by binding of Fas ligand (FasL),
inducing trimerisation of the Fas receptor (FasR). This results in the recruitment of procaspase-8 via the adaptor molecule FADD
leading to activation of caspase-8. Caspase-8 (or FLICE) can be blocked by FLIP (FLICE-inhibitory protein). In type II cells, caspase-8
mediates cleavage of Bid to truncated Bid (tBID) which then acts on the mitochondria to induce apoptosis. In type I cells caspase-8
can cleave procaspasc-3 directly to promote apoptosis. The mitochondrial death pathway is induced by cellular stress. The death
receptor and mitochondrial pathways converge at the point of caspase-3 activation, which results in the cleavage of cellular
substrates and apoptosis. IAP proteins bind to active caspases and neutralize their activity. The inhibitory activity of IAPS is
suppressed by Smac/' DIABLO. Bcl-2 family members can be functionally divided into two classes, those that are anti-apoptotic (e.g.
Bcl-2, Mcl-1) and those that promote apoptosis (e.g. Bax, Bad). Bax is normally cytosolic but upon the induction of apoptosis is
inserted into the mitochondrial membrane. Activation of caspasc-9 requires the release of cytochrome c and Apaf-1 from the inner
mitochondrial membrane. Binding of cytochrome c and ATP is thought to cause a conformational change in Apaf-1, which allows
caspase-9 to activate caspase-3.

caspases-3 and -8 were reported to play a critical role in
neutrophil but not eosinophil apoptosis [35] (see Fig. (3) for
a schematic diagram showing the major pathway mediated
by Fas-induced death). The signalling mechanisms
governing granulocyte survival remain ill-defined but,
depending on the survival factor involved, will involve
complex interactions between various kinase cascades such

as PI3K, MAPK and PKC [19, 22, 23, 36], Furthermore,
transcriptional regulation has also been implicated in the
control of granulocyte apoptosis, for example, inhibition of
NF-kB dramatically enhances constitutive apoptosis and
NF-kB activation critically regulates the retardation of
apoptosis induced by LPS and TNF-a [37, 38].
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HEMOPOIETIC GROWTH FACTORS AND
CYTOKINES AND THEIR EFFECTS ON
APOPTOSIS

Hemopoietic growth factors are a family of glycoproteins
with multiple regulatory functions of hemopoietic
progenitors. Some of them profoundly influence granulocyte
production, differentiation, functional activation and
longevity. The hemopoietic growth factors include
erythropoietin, colony stimulating factors (CSF), various
interleukins (IL-1 - IL-13) and stem-cell factor (SCF) [39J.

Allergic diseases are commonly attributed to an
'inappropriate' immune response mediated by a polarised
Th2 response [40]. Cytokines secreted by Th2 cells include
IL-3, IL-5 and GM-CSF [41] which are known to influence
granulocyte survival [42]. This has led to the view that
therapeutic intervention should be focused on modulating
the levels and or activities of these cytokines.

GM-CSF, IL-3 and IL-5

GM-CSF, IL-3 and IL-5 stimulate granulocyte
production from the bone marrow, cause activation and
suppress apoptosis (except for IL-5 which does not affect
neutrophils). Levels of these cytokines are often foimd to be
elevated during allergy and are suggestive that they are key
players in allergic disease [43]. Under normal circumstances
GM-CSF is only found at very low levels in the circulation
but becomes readily detectable in atopic individuals [44].
GM-CSF has long been known to enhance eosinophil and
neutrophil survival [45] and one recent study has suggested
that it more efficiently delays eosinophil apoptosis than
either IL-3 or IL-5 [46] with which GM-CSF shares a
receptor subunit [24, 37, 47]. The GM-CSF receptor belongs
to the class 1 subgroup of the cytokine receptor superfamily
and is expressed not only on cells of the granulocyte-
macrophage lineage, but also on endothelial cells where it is
postulated to have a role in proliferation and migration [48,
49]. The GM-CSF receptor is composed of two subunits:
the a chain, which binds GM-CSF with only low affinity
by itself; and the (3 chain, which does not bind ligand but is
required for high-affinity binding in conjunction with the a
chain [50-52], While the a chain is specific for GM-CSF,
the p chain is common for the receptors of GM-CSF, IL-3
and IL-5. The role of the common (3-chain in signalling has
been relatively well characterised. It is known that the
common P-chain is able to interact with various receptor-
associated proteins that are important for the signalling
downstream of the receptor [53-55]. In contrast, relatively
little is known about the cytokine-spccific signalling events
mediated by the short cytoplasmic domains of the a-chains.

One consequence of GM-CSF signalling in eosinophils
is inhibition of Bax activation/translocation and maintenance
of the X-Chromosome-linkcd inhibitors of apoptosis (x-
lAPs) even in the face of glucocorticoid treatment (Fig. (3)).
Prolonged JNK activation is necessary for Bax translocation
in dexamethasone-treated eosinophils and while GM-CSF
did not affect initial JNK activation, prolonged activation
was abolished [56]. Similarly in neutrophils, GM-CSF was
demonstrated to reduce intracellular Bax levels in vitro

during culture, which correlated with enhanced neutrophil
survival [57] and was also responsible for maintaining the
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level of the anti-apoptotic protein Mcl-1 [31]. In addition,
GM-CSF has been suggested to maintain the level of Bcl-
Xp and to influence caspase-3 activity [58],

GM-CSF acts on both eosinophils and neutrophils while
IL-5 acts specifically on eosinophils. Increased levels of IL-5
have been detected in bronchoalveolar lavage (BAL) fluid
and lung biopsies [59, 60] from asthmatic patients and the
levels of IL-5 have also been shown to correlate to the
number of eosinophils present in the lung [60].
Interestingly, IL-5 has long been known to increase
eosinophil longevity [61, 62] although the intracellular
survival mechanisms remain relatively ill defined. Ligand
binding to the IL-5 receptor activates the Jak2/Stat pathway,
MAPK cascades, Lyn and Syk tyrosine kinases [63] and Src
homology 2 phosphatase 2 tyrosine phosphatase (SHPTP-2)
[64]. However, how these signals integrate into the apoptotic
pathway and prevent Bax translocation to the mitochondrion
[65] is unknown. IL-5 binding has been shown to upregulate
Bcl-Xj, [66] and Bcl-2 [67] demonstrating that eosinophil
survival is protein synthesis dependent.

Considerable work has been carried out to investigate the
therapeutic potential of removing IL-5 either by gene
deletion or blocking antibodies from experimental models of
allergic inflammation. In animal models of asthma there
have been promising results. In a mouse model,
administration of an antibody to IL-5 prevented airway
hyper-reactivity (AHR) [68]; alternatively, in transgenic mice
that constitutively express IL-5 there was increased AHR
[69]. Conversely, there are other reports of the use of
monoclonal antibodies against IL-5 in mouse models where
IL-5 significantly reduced eosinophilia but did not prevent
AHR [70, 71]. The expectation was that abrogation of IL-5
would reduce the number of eosinophils and thereby
improve the clinical symptoms of asthma. However, in a
human trial, patients with asthma were treated with a
monoclonal antibody against IL-5 (mepolizumab) and
although eosinophil counts were effectively reduced in blood
and induced sputum, there was no improvement in AHR
[72]. A recent study, however, showed that mepolizumab
only reduced airway tissue and bone marrow eosinophils by
50%. In addition, they demonstrated that eosinophil
degranulation was on going even after high doses of
mepolizumab treatment in the residual airways [73].
Therefore, the authors concluded that the eosinophil couldn't
yet be excluded as a therapeutic target in asthma. A further
twist to the IL-5 story, however, is a recently published
study using IL-5 transgenic mice, which when challenged
with allergen induced a vigorous accumulation of
eosinophils into their airways. Astonishingly, the
eosinophilia protected against allergen-induced AHR, which
the authors attributed to eosinophil TGF-P production [74J.
Interestingly, a recent study has shown that the IL-3, IL-5
and GM-CSF-a chain receptors are regulated differentially in
eosinophils. All three cytokines mediate a reduction in IL-5-
a chain receptor expression but up-regulated IL-3-a chain
receptor and only GM-CSF is able to regulate GM-CSF-a
chain expression [75]. It may be, therefore, that a more
effective therapeutic target would be the common [3 chain
receptor. Mice lacking the common P chain receptor had
reduced eosinophil responses to airway challenge [76]
suggesting that while IL-3, IL-5 and GM-CSF are clearly
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critical to eosinophil recruitment and survival, they do not
fully account for the role of granulocytes in allergic disease.

G-CSF

G-CSF is the major hematopoietc growth factor involved
in the control of neutrophil development and is essential for
neutrophil release from the bone marrow. G-CSF signals
through a receptor of the hematopoietin superfamily, to
activate a variety of signalling pathways including Jak/Stat,
Ras-Raf-MAP Kinase and Src family MAP Kinase pathways
[77], G-CSF is the principal hemopoietic growth factor
regulating neutrophil release from the bone marrow [78] and
can also extend the life-span ofmature neutrophils (Fig. (4))
[79, 31, 57] and as such has a role in regulating the number
of circulating neutrophils. Already G-CSF has been used
clinically to stimulate neutrophil production as a therapy for
neutropenia [80], Whether G-CSF can be targeted
therapeutically in allergy to influence the number of recruited
or circulating neutrophils has not been fully investigated.

IL-4 and IL-13

While most research to date has been focused on IL-5,
other hemopoietic factors are gaining attention. Key
cytokines produced in many models of allergic

inflammation, with effects on granulocytes, during a Tin¬
type response include IL-4 and IL-13, which in addition to
their role in immune regulation have also been shown to
have a direct effect on granulocyte survival/'apoptosis. IL-4
and IL-13 both bind to the same receptor subunit IL-4Ra,
explaining many of the overlapping biological activities of
these cytokines [81]. Binding of Iigand to IL-4Ra leads to
the recruitment of either yc (type 1 receptor) or IL-13Ral
(type 2 receptor). Type 1 receptor complexes can only be
initiated by IL-4 binding whereas type 2 receptor complexes
can be mediated by both IL-4 and IL-13. The heterodimeric
receptor in the case of IL-4 is formed by the initial binding
of IL-4 to IL4Ra with the subsequent recruitment of IL-
13al, whereas IL-13 binds IL-13al prior to recruiting IL-
4Ra [82]. IL-4 was shown to induce apoptosis directly in
both eosinophils [83] and neutrophils (Fig. (4)) [84] in
vitro, although the signalling events have yet to be
characterized. In the case of eosinophils, IL-4 was not able to
overcome the survival effects of IL-3, IL-5 or GM-CSF [83].
IL-13 on the other hand induced a variety of changes
including morphological cell shape changes, protein
synthesis and IL-8 production but there was no effect on
neutrophil survival or apoptosis [25]. In eosinophils, IL-13
not only promoted activation but also enhanced eosinophil
survival (Fig. (4)) [85]. In keeping with this, in transgenic
mice overexpressing IL-13, eosinophilia, AIIR and airway
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Fig. (4). Regulation of human granulocyte apoptosis by hemopoietic factors, cytokines and drugs. Functionally competent but
potentially histotoxic granulocytes undergo constitutive apoptosis where the cells become hyporesponsive to stimulation and are
recognizable by phagocytes such as macrophages. The rate of apoptosis can be altered dramatically by a number of factors. For
example, certain hemopoetic factors and inflammatory mediators (e.g. GM-CSF, LPS, C5a, IL-ip INF-y, LTB4, or PAF), environmental
conditions (e.g. hypoxia, extracellular matrix proteins), increases in signalling molecule levels (cAMP, Ca2+), as well as
glucocorticoids can ali alter the rate of apoptosis. Other stimuli such as TNF-a, nitric oxide, Fas-L, and bacterial and fungal products
can promote the onset of apoptosis.
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fibrosis were observed [86] and conversely in IL-13
knockout mice, AHR did not occur after challenge with
allergen [87], Studies targeting the blockade of IL-13 [88]
have had promising results but whether the effects of IL-13
are due to its direct effects on granulocytes is debatable.
Instead, IL-13 has been argued to primarily exert its effects
through action on epithelial cells and smooth muscle cells
[89],

DRUGS USED IN THE TREATMENT OF ALLERGY
AND THEIR EFFECTS ON APOPTOSIS

Although there are several classes of drugs used in the
treatment of allergy, very few have been investigated for
their effects on granulocyte apoptosis. It is unknown, for
example, whether the antihistamine class of drugs directly
influence granulocyte survival or apoptosis, a possibility
that should be further investigated. Therefore, we have
focused on some of the major drugs used in allergic disease
known to modulate granulocyte apoplosis.

Glucocorticoids

Glucocorticoids are one of the main anti-inflammatory
classes of drugs widely used in allergic inflammation [90].
More recently of direct clinical importance is the discovery
that glucocorticoids dramatically influence granulocyte
apoptosis and also profoundly augment macrophage capacity
for safe, non-inflammatory clearance of apoptotic
granulocytes in vitro [91, 92] (Fig. (4)). However, while
glucocorticoids accelerate eosinophil and lymphocyte
apoptosis, they delay neutrophil apoplosis [93]. Although
the mechanisms underlying this divergent effect of
glucocorticoids on inflammatory cell apoptosis are currently
unknown, the effect may explain why steroid therapy is so
efficacious in eosinophilic inflammation such as asthma.
Interestingly, asthmatic patients who show an improvement
in lung function after corticosteroid treatment also have an
increased proportion of apoptotic eosinophils in their airway
secretions [94]. However, the enhancement of neutrophil
survival by glucocorticoids (Fig. (4)) could be a concern in
the treatment of chronic severe asthma where neutrophils
play an important role [2, 95, 96].

Glucocorticoids are cell permeable and thus arc able to
bind directly to the cytosolic glucocorticoid receptor (GR).
There are two GRs GRcc and GRfl, as a result of alternative
splicing. GRa binds glucocorticoids with high affinity; in
contrast, GR(3 lacks a steroid binding domain and is unable
to bind glucocorticoids [97, 98], Recently, it was shown
that glucocorticoid sensitive mouse hybridoma cells stably
transfccted with GR[3 became resistant to glucocorticoid
treatment and it was suggested that increased expression of
GR|3 could contribute to chronic inflammatory diseases
which are refractory to glucocorticoid treatment [99].
Interestingly, GR(3 has been shown to be the predominant
isoform of GR in neutrophils [100] and the inability of this
receptor to induce apoptosis may contribute to the
pathogenesis of severe asthma. Therefore, further research
delineating the molecular consequences of high GR(3 levels
is needed in order to target neutrophils for therapeutic
advantage in severe asthma.

Theophylline

Theophylline has been used for over 60 years in the
treatment of asthma and yet its molecular mechanisms
remain poorly defined [101]. Interestingly, theophylline is
known as a phosphodiesterase (PDE) inhibitor and has been
shown to induce neutrophil and eosinophil apoptosis [102],
Elevation of intracellular cyclic-adenosine-monophosphate
(cAMP) delays apoptosis in neutrophils (Fig. (4)) [103, 104]
in contrast to inducing apoptosis in other cell types [105].
The effect of cAMP on eosinophil apoptosis is more
complex since cAMP has been shown to delay constitutive
apoptosis [106-108] but inhibits the survival induced by
GM-CSF [106], It is therefore questionable whether the
effect of theophylline on apoptosis is due to its effect on
cAMP. Indeed, the induction of apoptosis in neutrophils
appears to be via adenosine-.^ receptors [109] whereas in
lymphocytes effects occur via PDE inhibition [110, 105].
Clinical studies have shown that combination therapy of
glucocorticoids and theophylline can be more effective in
controlling mild to moderate asthma than doubling the dose
of glucocorticoids [111, 112]. It is possible that one
advantage of combination therapy would be that
theophylline is able to overcome glucocorticoid-mediatcd
inhibition of neutrophil apoptosis and therefore provide an
effective method of removing both eosinophils and
neutrophils from sites of inflammation.

Leukotrienes

The cysteinyl leukotrienes (LTC4, LTD4, LTE4) are
proinflammatory arachidonic acid derived mediators which
have been shown to be involved in immediate
hypersensitivity reactions, influence bronchoconstriction and
vascular permeability and may partly mediate cosinophilia
associated with asthma [113]. Recently, LTD4 receptor
antagonists have been successfully used in the treatment of
asthma especially in combination with glucocorticoid
therapy [114, 115]. Whether these agents will be useful in
the management of other allergic diseases such as allergic
rhinitis or eczema awaits investigation and the outcome of
clinical trials. Although the cystcinyl LTs can influence
eosinophil function, whether these inflammatory mediators
and their antagonists can modulate apoptosis is less well
defined. For example, despite LTD4 being a potent
stimulator for the elevation of eosinophil intracellular
[Ca2+], it does not seem to affect the longevity of these cells
in vitro [26]. However, the activation status of the cells may
be important since the apoptotic program of eosinophils
derived from asthmatic patients does appear to be inhibited
by the cysteinyl LTs [116j. It may be that the cysteinyl LTs
and/or the antagonists would influence granulocyte apoptosis
when the apoptotic pathways have been altered by pre¬
exposure to other mediators such as GM-CSF, IL-3 or IL-5.

CONCLUSION

Although in recent years there has been some progress in
unraveling the intracellular signalling mechanisms induced
by hemopoietic factors and cytokines that influence the
balance between life and death of granulocytes, further work
is required. We believe that it is necessary to target
neutrophil and eosinophil function and apoptosis pathways
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selectively for the treatment of diseases where these cells
play a prominent role.
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ABBREVIATIONS

Apaf-1 = Apoptotic Protease Activating Factor-1
BAD = Bcl-XL /Bcl-2-associated Death Promoter

BAL = Bronchoalveolar Lavage
Bel = B-cell Lymphoma
DD = Death Domain

DED = Death Effector Domain

DISC = Death Inducing Signalling Complex
FADD = Fas-Associated Death Domain

fMLP = n-formylmcthionylleucyl phenylalanine
G-CSF = Granulocyte Colony Stimulating Factor
GM-CSF = Granulocyte Macrophage Colony

Stimulating Factor
ICAM = Intercellular Adhesion Molecule

IFN - Interferon

IL = Interleukin

Jak = Janus Kinase

JNK = Jun N-terminal Kinase

NF-kB = Nuclear Factor-xB

PDE = Phosphodiesterase
PI3-Kinase = Phosphoinositide 3-Kinase
PKC = Protein Kinase C

STAT = Signal Transducer and Activator of
Transcription

TNF = Tumour Necrosis Factor

TNFR = Tumour Necrosis Factor Receptor
TRADD = TNFR-associated Death Domain

TRAF2 = TNFR-Associated Death Domain

X-IAP = X-Chromosome Linked Inhibitor of
Apuplosis

z-VAD-fmk = N-benzyloxycarbonyl-Val-Ala-Asp-
fluoromethylketone;
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Abstract

The field of apoptosis has expanded to include research in almost all subject
areas of cell biology. Despite this growth, there are still many unanswered
questions, some of which are fundamental to the development of therapeutic
strategies. Most importantly, the underlying mechanisms involved in conferring
specificity of apoptotic signals must be determined. This will allow the
development of treatments to delete injured or transformed cells and minimize
damage to other tissues. Such information is also necessary to combat
degenerative diseases, to prevent critical loss of cells. In addition, it would be of
therapeutic benefit to selectively induce apoptosis in specific cells where
removal of unwanted cells is required (e.g. tumour cells in malignant tissue or
inflammatory cells responsible for tissue damage in chronic inflammatory
disease). Therefore we have to understand how the full complement of
signalling pathways, and survival and apoptotic proteins determine the end
effect of an apoptotic signal. Apoptotic cells are known to functionally
influence phagocytes that ingest them, but little is known of the effect of
apoptosis on neighbouring cells or of signals generated during the apoptotic
process itself. Although the processes of mitosis and apoptosis would appear to
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be diametrically opposed, cell-cycle proteins are involved in apoptosis, and may
be able to influence cell-death mechanisms; conversely, proliferation may be
caspase-dependent in some cells. Further study is necessary to discover how
these pathways are interlinked since such knowledge would be particularly
useful in cancer treatment. The link between pathogen-survival strategies and
apoptotic mechanisms will also reward further work. Viruses, in particular,
exploit cellular survival and death pathways for replication purposes and may
represent a targeting approach for specific treatments.

Introduction

The exponential growth in our knowledge of the biochemistry and cellular
mechanisms of apoptosis has allowed development of new strategies for
therapeutic treatment of disease. Since the realization in the early 1980s that
apoptosis or programmed cell death is an important physiological process in
multicellular organisms, research into the underlying molecular mechanisms,
cellular alterations and physiological consequences has yielded tremendous
insights into the full significance of this process in homoeostasis. Apoptosis
plays a fundamental role in oncogenesis, development, inflammation and
immune regulation; it is now clear that both the manner in which cells die
and their subsequent recognition by neighbouring cells or phagocytes
profoundly influence tissue integrity and generation of immune responses. It is
therefore not surprising that defects in these processes underlie disease
pathogenesis and developmental errors. Although we can now define pathways
linking death-receptor signalling to caspase activation and changes in the
mitochondrial membrane potential and we have a detailed understanding of the
cell-surface membrane changes during apoptosis, there are still many facets of
programmed cell death that remain ill-defined. The close association of cell-
death regulation with signalling pathways and intracellular mechanisms for
detecting cellular stress may give clues as to the origins of apoptotic
mechanisms. In multicellular organisms, apoptosis represents a mechanism for
deletion of.cells that have accumulated genetic modification or DNA damage
that threatens the existence of the whole organism. The overall frequency of
tumours is below the levels that would be predicted given the rates
of spontaneously arising mutations or those arising from genotoxic insults. It
has been suggested that for a multicellular organism, cells are 'cheap' and that
the default response to perturbation of cellular homoeostasis should be
apoptosis. In vertebrates, excess cell production is critical for innate immune
mechanisms, allowing 'disposable' cells (e.g. granulocytes) to be produced in
large numbers in the fight against infectious organisms. Similarly, in the
acquired immune response, cells with diverse receptor specificities can be
generated and then those that are not required can be eliminated (e.g. cells that
are autoreactive). Many intracellular pathogens or viruses interfere with
homoeostatic mechanisms, thereby influencing apoptotic-effector pathways.
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Whereas some pathogens have exploited these mechanisms for survival
advantage, deletion of infected cells and maintenance of tissue integrity was
clearly a driving force in the development of molecular pathways involved in
cell death. This chapter aims to discuss some of the unanswered questions and
speculate on the future goals of apoptosis research.

A matter of specificity
One of the most pressing problems yet to be solved in programmed cell death
research, which would allow full therapeutic benefit to be realized, is the
understanding of how and why defined apoptotic signals can kill one cell, but
have no effect on another. At present, many therapeutic interventions will also
inflict damage on bystander cells, resulting in complications and side effects when
dealing with patients. Although genetic studies in Caenorbabditis elegans and
other model organisms have allowed us to fit the key molecular regulators of
apoptosis into a generalized model, there are additional levels of complexity
associated with increased cellular diversity and tissue compartmentalization. Such
levels of complexity are implicitly required in multicellular organisms. A simple
apoptotic 'switch' would place unnecessary restrictions upon the development of
complexity of multicellular organisms. Instead, multiple levels of regulation allow
some cells to be deleted more readily, whereas cells with little capacity for
proliferation must be protected from apoptosis. For example, some cell types lack
caspases that are critical for apoptosis in C. elegans and there are distinct, tissue-
specific profiles of pro-apoptotic and survival proteins. Furthermore, diverse
patterns of receptor expression on different cell types may confer differential
responses to apoptotic signals within a single organ or tissue. In addition, there
may be interplay between pro-apoptotic and other intracellular signalling
pathways that act to moderate the engagement of apoptotic effectors. This can be
refined further by differential expression patterns and activation profiles of key
signalling intermediates such that the repertoire of kinases, phosphatases,
transcription factors and proteases that are produced in a particular cell confer
additional flexibility of response. For example, TNFa (tumour necrosis factor a)
can drive apoptosis via the TNF-receptor-induced assembly of a death-inducing
signalling complex. However, activation of the transcription factor nuclear factor
kB can override the apoptotic signal via the production of specific survival
proteins. Therefore cellular responses to specific mediators of apoptosis can be
interpreted in the context ofmicro-environmental cues.

Induction of apoptosis in specific cells would therefore be beneficial in a
number of diseases. For example, in cancer therapy, one of the greatest break¬
throughs would be complete induction of tumour-cell death leaving no resistant
cells that would allow evasion of anti-tumour therapy. Additionally, it would be
of paramount importance that therapy to induce tumour cell apoptosis did not
detrimentally affect survival of healthy cells and tissues. In inflammatory diseases,
where a particular cell is believed to contribute to tissue damage, it may be desir-

© 2003 The Biochemical Society



158 Essays in Biochemistry volume 39 2003

able to specifically eliminate the offending cell by apoptosis. For example, in the
asthmatic lung, where oeosinophils and/or lymphocytes are found in abundance
and probably contribute to disease progression, a good therapeutic strategy
would be to direct drugs to induce apoptosis in these cells without influencing the
structural cells (e.g. epithelial cells) of the lung. In addition, such therapy would
have to ensure that cells induced to undergo apoptosis are recognized and effi¬
ciently removed by macrophages without eliciting an inflammatory response.
Failure to do this would cause detrimental inflammation due to liberation of his¬
totoxic products from apoptotic cells that had undergone secondary necrosis due
to failed clearance [1], Indeed, it is possible that anti-asthma drugs already in clin¬
ical use may be using these mechanisms: for example, glucocorticoids induce
apoptosis of eosinophils (and lymphocytes) and simultaneously enhance
macrophage clearance of these apoptotic cells. Conversely, in degenerative disease
(e.g. Alzheimer's disease, Parkinson's disease, Fluntington's disease and
amyotrophic lateral sclerosis), we need to define the factors that will prevent pro¬
grammed cell death or convert necrotic to apoptotic death. Thus it seems likely
that defining the fine-tuning of the death pathways in a specific cell or tissue will
allow identification of targets that would modulate cell death for therapeutic gain.

Signalling during apoptosis
It is widely accepted that apoptotic cells become functionally senescent, but
the question of whether apoptotic cells are really 'inert' remains open. In
inflammatory loci, programmed cell death means that clearance occurs before
cells become necrotic and cause tissue damage. Phagocytosis of apoptotic
corpses influences macrophages causing them to release cytokines with anti¬
inflammatory properties, such as transforming growth factor (3 and interleukin
10. In addition, there is evidence that macrophages can direct apoptosis of
surrounding cells. Studies of macrophage-clearance mechanisms indicate that
recognition of apoptotic cells requires specific changes on the surface of the
cell undergoing apoptosis. Thus apoptotic cells trigger signals generating an
anti-inflammatory phenotype in the ingesting phagocytes, whereas a pro¬
inflammatory profile occurs when the phagocyte ingests non-apoptotic entities
(e.g. necrotic cells or opsonized particles) [2]. It has been suggested that
phagocyte recognition of apoptotic cells may be determined by a lack of
signalling via the adhesion molecule CD31 [3]. It is possible that viable cells
remain in constant dialogue with their neighbours through molecules such as
CD31, representing another important homoeostatic mechanism. However,
the possibility that apoptotic cells are not 'inert' remains to be fully explored.

Recent evidence suggests that cells undergoing apoptosis produce signals
that can change the behaviour of other cells. Activation of caspase-3 initiated
the release of lysophosphatidylcholine from apoptotic cell membranes which
then acted as a chemotactic factor for macrophages [4]. Whether apoptotic cells
can influence the behaviour of other neighbouring cells is not known and repre-
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sents a novel facet of cell-death research that is ripe for development. The inter¬
section of signalling pathways from cell-adhesion molecules and those that
influence cell survival is another example of how micro-environmental cues can
determine cell survival. Recent studies have revealed that tumour-cell resistance
to chemotherapeutic agents may be determined by the repertoire of adhesion
receptors that are engaged. Another example of this phenomenon is the recent
report that PECAM-1 (platelet-endothelial cell adhesion molecule)/CD31 acts
as a powerful inhibitor of apoptosis, inhibiting Bax-induced cytochrome c
release from mitochondria [5], Thus an alternative strategy for targeting tumour
cell apoptosis may be to 'uncouple' adhesion signalling in combination with
more traditional radiotherapy or chemotherapeutic drugs. Within tissues, cellu¬
lar detachment from neighbouring cells or extracellular matrix may precede or
accompany apoptosis, although the mechanisms involved are not known. One
possibility is that disengagement of cellular adhesion associated with apoptosis
may trigger proliferation or migration in those cells adjacent to the dying cell..

Apoptosis versus mitosis
Given the similarities between mitosis and apoptosis in terms of nuclear
reorganization and organelle disassembly, the idea that apoptosis represented
failed or aborted mitosis has been proposed. Whereas this view has lost favour
over the years, new data would support the suggestion that proteins involved in
cell-cycle control also have a role in the induction of apoptosis. Little is known
of other potential functions of these cell-cycle proteins in addition to their role
as 'checkpoints' that allow a cell to divide or act to inhibit proliferation. Cell
division requires the activation of CDKs (cyclin-dependent kinases) by partner
proteins called cyclins. Fas-induced death in Jurkat cells causes activation of
CDK2 when caspase-3 cleaves the inhibitory kinase, Wecl [6], although this
does not involve general activation of mitotic mechanisms. In cultured cortical
neurons, proteasome inhibitors induce apoptotic cell death in a manner that is
dependent upon CDK2, CDK4 and CDK6 activation [7], In mouse mesangial
cells, differential localization of active CDK2 and cyclin A during proliferation
(nuclear) and apoptosis (cytoplasmic) suggests that the subcellular location of
CDK2 is an important determinant of whether a cell divides or dies [8J.
Increased CDK activity occurred before mitochondrial involvement and did
not involve caspascs. Furthermore, some cell-cycle proteins such as

p21Cip/Wafl and p27Kipl are known caspase targets and, as such, their
cleavage could lead to CDK2 activation [9]. The CDK inhibitor p21Cip/Wafl
protects some cells from p53-mediated apoptosis, but is pro-apoptotic in some
systems and conditions [10].Whether proteins involved in the cell cycle are able
to interact with molecules identified in the classical pathway of programmed
cell death during either the activation (mitochondrial) or execution (capsases)
phases remains to be addressed. It is now emerging that cyclins have broader
roles in regulation of cellular function and recent data suggest that integrin-
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dependent cell migration may require Cdc2/Cdkl and cyclin Dl (see [11] for a
commentary). Such diversity in the roles of cell-cycle proteins in a given cell
type may provide additional novel targets for therapeutic intervention
strategies. The links between the distinct processes of mitosis and apoptosis are
further underlined by recent data demonstrating that caspases may also be
involved in cell proliferation as well as cell death. Caspases 8 and 6 exhibit
increased activity in B-cells treated with proliferative stimuli, and specific
caspase inhibitors blocked B-cell division independently of apoptosis [12].
Similar results have also been reported for activated T-cells [13]. The
mechanisms by which caspase activation can be uncoupled from the rest of the
apoptotic execution pathways remains to be determined, and whether caspasc
activation is involved in other non-apoptotic cellular responses is not yet
known. The extremely close relationship between the evolution of what would
appear to be diametrically opposed processes of cell division and apoptosis may
reflect the requirement for protection of the genome, with apoptosis
representing the ultimate 'checkpoint' in cell division when DNA is damaged.

Our understanding of how complex systems develop is still poor -
perhaps the application of complex mathematical models will help us to under¬
stand the way in which organs in which there arc repeating structural units
formed from cells (e.g. lung, kidney and liver) or how development of vascular
beds is achieved. This may be critical in understanding the response to tissue
injury and for the therapeutic goal of restoration of tissue architecture.

Pathogen-mediated interventions
Researchers have long been aware that viral infection can modulate the
apoptotic programme. Whether viruses have 'hijacked' control proteins as a

way to manipulate host-cell survival to ensure completion of their replication
cycle or whether the cellular repertoire of apoptotic proteins has evolved to
combat viral infection is unknown. Many survival proteins have viral
homologues which can act at almost any point in the cell death pathway (see
[14] and references therein), which would ensure that replication occurs.
Paradoxically, virus-induced cell death may also be advantageous, since
apoptotic-body formation and phagocytic uptake by neighbouring cells
facilitates the spread of viral progeny without causing activation of the immune
response. A single virus may therefore be able to produce mediators that can
either promote or inhibit cell death according to the phase of the viral life cycle
that is active. For example, the HIV-1 protein Nef can increase expression of
cell-surface TNFa, Tat can increase the expression of CD95, while Vpr induces
cell-cycle arrest as a prelude to the induction of apoptosis. Conversely, both Tat
and Vpr have been reported to inhibit cell death by increasing Bcl-2 levels.
Interestingly, viruses can also manipulate apoptosis through interference with
cell-cycle proteins such as p53 and pRb/pl07/pl30 [15]. Examination of
virus-cell interactions will undoubtedly lead to a more comprehensive
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understanding of the mechanisms that underlie regulation of apoptosis. This
may represent a starting point for the development of novel approaches to
manipulation of cell death for therapeutic gain in either degenerative conditions
or diseases in which cellular proliferative responses are dysregulated.

Other pathogens such as protozoa and bacteria have also been shown to
affect apoptotic pathways (see [16] and references therein). For example, an
important aspect of the pathogenic capacity of Mycobacterium tuberculosis is
survival within host macrophages by active inhibition of phagosome-lysosome
fusion. Stimulation of the P-,X7 receptor on infected macrophages induces
macrophage apoptosis, leading to phagosome-lysosome fusion and conse¬
quently killing of intracellular mycobacteria. Recent evidence suggests that lig¬
ation of Toll-like receptors may also lead to induction of macrophage apopto¬
sis and killing of intracellular mycobacteria, although the cellular mechanism
has yet to be elucidated. Definition of the regulatory mechanisms underlying
macrophage apoptosis and macrophage ability to kill mycobacteria may also
provide novel approaches for manipulation of disease. Whether we can use our
knowledge of the control of apoptosis in eukaryotes to induce bacterial death
as an alternative to antibiotics is an intriguing possibility that may be worthy
of further exploration.

Implications for the future
Government statistics forecast that by 2020 at least 20% of the population will
be over 65. With the incidence of cancer and degenerative diseases increasing
markedly with age, the manipulation of programmed cell death as a

therapeutic strategy has obvious benefits. Although our understanding of this
process has greatly increased in the last few years, there are still many
questions that require answers. The importance of this field cannot and should
not be underestimated; it is now poised to reap the rewards of years of
research in terms of possible medical advances.

Summary

9 Regulation of apoptosis is required for many homoeostatic mechanisms
and failure to control cell death may underlie the development of
tumours and chronic inflammatory disease.

• The signalling pathways involved in initiation of apoptosis are tightly
controlled to ensure that cell death effector pathways are engaged fol¬
lowing cellular damage and are closely linked to signalling pathways
involved in cell activation.

® Similarities between the mechanisms underlying control of apoptosis
and the cell cycle (particularly involvement of proteins of the cyclin
family) suggest that cell death may have represented a form of check¬
point to ensure that damaged cells were deleted efficiently.
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• Determining the cellular specificities of agents that trigger death path¬
ways will be crucial for targeted deletion of cells in inflammatory dis¬
ease or within tumours without causing tissue damage.

9 Defining how apoptotic cells influence neighbouring cells or phagocytes
behaviour may offer new strategies for manipulating disease progres¬
sion (e.g. autoimmunity, wound healing).
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CHAPTER 2()

Apoptosis of Inflammatory Cells
■ Adriano Giorgio Rossi, Carol Ward, Ian Dransfield, and Christopher Haslett

To fight infection and promote tissue repair, the inflamma¬
tory response normally serves to partition, dilute, destroy, or
ultimately remove invading organisms (e.g., bacteria, fungi,
parasites), injurious agents, or injured tissues. When this
normally beneficial, highly complex, biochemical and phys¬
iologic response goes awry in an uncontrolled or exaggerated
manner, inappropriate or excessive tissue damage can occur,
culminating in chronic inflammation and loss of organ
function. At sites of inflammation, recruited leukocytes
(e.g., neutrophils, eosinophils, mononuclear cells) have the
potential to liberate products such as reactive oxygen species
(ROS; e.g., 02~, H202, OH~, NO) and proteases (e.g., elastase,
collagenase) that are involved in the fight against infection
but that also exhibit tissue-damaging properties. It is now
generally accepted that to circumvent this potential tissue
damage, leukocytes are removed in a noninflammatory
manner.

This chapter discusses the cellular and molecular mecha¬
nisms involved in the resolution phase of the inflammatory
response, focusing on the critical role of apoptosis in this
process. Understanding the mechanisms underlying the reso¬
lution of the inflammatory response may lead to novel and
highly effective therapies for the prevention and treatment
of inflammatory diseases, including rheumatoid arthritis,
glomerulonephritis, asthma, chronic bronchitis, emphysema,
myocardial infarction, and reperfusion injury.

THE ACUTE INFLAMMATORY RESPONSE

Although the gross clinical hallmarks of the acute inflamma¬
tory response (redness and swelling with heat, pain, and
frequently loss of function) were described at the beginning
of the first millennium, the processes responsible for these
changes have became apparent only relatively recently.
Vasodilation resulting in augmented blood flow to the tissues
is responsible for the redness (erythema) and increased
warmth occurring at inflammatory foci. For example, vasodi¬
lation of capillaries and arterioles mediated by prostaglandins
(PGs), neuropeptides, and nitric oxide (NO) cause increased
intraluminal hydrostatic pressure downstream in postcapillary
venules, where microvascular permeability occurs. These
mediators act in synergy with agents that directly increase
postcapillary venule microvascular permeability, resulting in
tissue fluid exudation (swelling or edema). Agents act either

directly on endothelial cells, such as histamine, vasopressin,
bradykinin, and platelet-activating factor (PAF), or indirectly
by requiring recruitment of inflammatory cells, including
C5a, C3a, formylated bacterial peptides, leukotriene B4
(LTB4), and interleukin-8 (IL-8), to increase microvacular
permeability. Thus the concerted actions of these mediators
and processes are responsible for the responses observed
during inflammation.1

INFLAMMATORY CELL RECRUITMENT

To reach sites of inflammation, inflammatory cells must
(1) adhere loosely (tethering and rolling) to endothelial cells,
a process mediated by the selectins (E-, L-, and P-selectin)
and their respective ligands; and (2) flatten and adhere firmly
to the endothelial cells, primarily through the integrins (e.g.,
P„ P2) and immunoglobulin (Ig) superfamily members,
including intercellular adhesion molecule-1 and -2 (ICAM-1,
ICAM-2) and vascular cell adhesion molecule-1 (VCAM-1);
(3) traverse the endothelium of the blood vessel wall; (4) pen¬
etrate the basement membrane; and (5) transmigrate through
the interstitial tissue to reach the affected area2 3 (see Chapter 9).
The inflammatory insult and inflammatory milieu determine
which type of inflammatory cell is recruited; for example,
specific chemokines produced in response to injury and infec¬
tion promote selective recruitment of neutrophils (e.g., IL-8),
eosinophils (e.g., eotaxin), or monocytes such as monocyte
chemotactic protein-1 (MCP-1). In addition, cell adhesion
molecule (CAM) expression is critical in determining the
type of inflammatory cell recruited; for example, very late
antigen-4 (VLA-4, or a4p, integrin) is highly expressed on
eosinophils and monocytes but less well expressed on
neutrophils.

The structure and physiology of the vasculature may influ¬
ence leukocyte recruitment. In parasitic infection, allergy, and
asthma, for example, there is an abundance of recruited
eosinophils and lymphocytes, whereas in rheumatoid arthritis,
adult respiratory distress syndrome (ARDS) and neonatal
respiratory syndromes, the predominant leukocyte is the neu¬
trophil. In inflammatory disease of the lung, evidence indicates
that capillaries are the major sites of leukocyte emigration,
whereas in other diseased organs (e.g., psoriasis), postcapillary
venules are the principal site of leukocyte recruitment.1'4'5
Leukocyte accumulation therefore depends on the complex
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interactions among inflammatory mediators, expression of
CAMs and extracellular matrix (ECM) proteins, and physiol¬
ogy of the vasculature.

RESOLUTION OF INFLAMMATION

In addition to the processes involved in the induction and
propagation of the inflammatory response, the mechanisms
controlling its resolution are also critical in determining the
ultimate outcome of the inflammatory response.6"8 The remain¬
der of this chapter therefore focuses on this rapidly developing
latter area, with particular emphasis on the process of apoptosis
and the removal of apoptotic cells.

Inflammatory Mediator Dissipation
At inflammatory loci, many inflammatory mediators are
produced endogenously and also are introduced from exoge¬
nous sources. A number of mechanisms have evolved that
control the removal or inactivation of these pleiotropic medi¬
ators. First, vasodilation and edema formation not only help
bring plasma proteins and leukocytes to inflammatory sites,
but also reduce the effective concentrations of inflammatory
stimuli. Second, extravasated leukocytes remove or destroy
invading organisms, thereby directly removing the source of
exogenous mediators and triggers of endogenously generated
inflammatory products. Third, certain inflammatory media¬
tors, such as thromboxane A2 (TxA2) and NO, become deacti¬
vated spontaneously, whereas others, such as C5a, PAF, and
LTB4, are enzymatically rendered inactive. Fourth, reduced
synthesis and release, or increased metabolism, of a particular
mediator can limit its effective concentration. Fifth, mediator-
induced cellular or tissue desensitization can also limit the

response. Sixth, many mediators, generated at inflammatory
sites, have opposing effects on effector cells; for example, C5a
and IL-8 are potent neutrophil chemoattractants, whereas PGs
can down-regulate cellular responsiveness by triggering
inhibitory signals. In addition, some inflammatory mediators,
such as granulocyte-macrophage colony-stimulating factor
(GM-CSF), can prolong the survival of granulocytes by
retarding apoptosis, whereas others such as tumor necrosis
factor alpha (TNF-a), can induce apoptosis (see later
discussion).

Termination of Cell Recruitment
Mechanisms regulating the cessation of inflammatory cell
accumulation remain poorly defined, although a number of
in vivo studies investigating the kinetics of inflammatory cell
accumulation from the blood to experimentally induced
inflamed tissue have yielded useful information. In the acutely
inflamed skin, lung, or joints, for example, neutrophils
accumulate within the first few hours (usually 30 minutes to
4 hours), followed later by more protracted accumulation of
mononuclear cells. In chronic inflammatory models or dis¬
eases associated with tissue damage and scarring, neutrophils
and macrophages continue to accumulate for several days
before resolution occurs. The mechanisms responsible for
early cessation of neutrophil extravasation in acute inflamma¬
tory conditions are incompletely elucidated, but dissipation
of inflammatory mediators and removal of effete cells by
apoptosis likely are key events.

Control of Inflammatory Responses
The following mechanisms limit the destructive capacity of
inflammatory cells and allow resolution to occur:
1. Reduction in the effective concentration of certain proin¬

flammatory stimuli.
2. Increase in potential antiinflammatory mediators, such as

interleukin-1 receptor antagonist (IL-1RA), interleukin-10
(IL-10), and transforming growth factor beta (TGF-fi).

3 Exhaustion of the responsiveness of inflammatory cells;
that is, cells may no longer have the capability to liberate
further destructive enzymes or toxic oxygen metabolites
due to depletion of cellular resources or internal energy
stores.

4. Receptor or cellular desensitization.
5. Receptor shedding, leading to loss of cellular responsive¬

ness and liberation of soluble receptors that can bind to
ligands to prevent ligand binding to surface receptors.

6. Ultimately, apoptotic death of inflammatory cells and their
subsequent removal by phagocytes.

Apoptotic Cells
In the early 1970s, Kerr, Wyllie and Currie9 described a
physiologic mode of cell death that they termed apoptosis
(programmed cell death).10 It had been widely believed that
cells disintegrated by uncontrolled necrosis.11 If this were the
case, however, most cells and especially inflammatory cells
would liberate their histotoxic intracellular contents, many of
which would likely provoke an exaggerated inflammatory
response. Virtually all cells can undergo controlled physio¬
logic death by apoptosis, a process known to play a funda¬
mental role in almost all aspects of life, including the
resolution of the inflammatory response.5-10-12

Intriguingly, apoptotic cells exhibit remarkably similar
structural, morphologic, and biochemical changes, suggesting
a common underlying series ofmolecular mechanisms. Apop¬
totic cells are usually smaller (due to cytoplasmic shrinkage),
are vacuolated, and exhibit major cell surface changes. Impor¬
tantly, apoptotic granulocytes remain intact, maintaining
plasma membrane integrity (i.e., they exclude vital dyes such
as trypan blue) and retaining their cytoplasmic granules. On
the other hand, cells that have undergone necrosis will readily
incorporate vital dyes and liberate cellular contents (e.g., lactate
dehydrogenase), events that are easily measurable in the lab¬
oratory. Nuclear ultrastructural changes include condensation
of chromatin into dense, crescent-shaped aggregates, with the
nucleolus becoming more prominent. In multilobed or bilobed
inflammatory cells, such as the eosinophil or neutrophil, there
is nuclear coalescence (Figure 26-1).

Biochemically, endogenous endonuclease activation results
in internucleosomal cleavage of chromatin typified by
deoxyribonucleic acid (DNA) fragments of 180 to 200 base
pairs (bp) in length; this type of DNA breakdown can be
observed as a characteristic DNA ladder by gel electro¬
phoresis. Most apoptotic cells express phosphatidylserine
molecules on the external surface of the plasma membrane; this
highly regulated process involves two enzymes, phospholipid
scramblase and aminophospholipid translocase, and is
important in phagocyte recognition. Phosphatidylserine expo¬
sure has been useful in assessing apoptosis because annexin V
conjugated to fluorochromes (e.g., FITC, PE) binds
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FIGURE 26-1 Light micrograph of aged neutrophils. Isolated human neu¬
trophils cultured in vitro for 20 hours undergo physiologic cell death, or
apoptosis, in which approximalely 60% of the cells usually become smaller,
with visible, darkly stained nuclei (black arrows). Remaining nonapoptotic
neutrophils {white arrows) eventually become apoptotic within next 20 hours
of culture. Note that apoptotic cells have an intact plasma membrane that
excludes vital dyes such as trypan blue.

phosphatidylserine and can be detected by flow cytometry.
Other cell surface changes that may be particular to a specific
cell type, such as loss of FcyRlII (CD16) from neutrophils,13
can also be used to assess apoptosis by flow cytometry. Apop¬
totic granulocytes are less responsive to external receptor-
directed stimuli, in that functions such as chemotaxis,
phagocytosis, and degranulation are down-regulated due to
loss of molecules important for activation (e.g., FMLP recep¬
tors), phagocytosis (CD16), and adhesion (L-selectin).13-15

When investigating cell death, it important to distinguish
between apoptosis and necrosis, and a number of techniques
have been adopted. One of the "gold standards" to demon¬
strate apoptosis convincingly is to view cells by light and
especially electron microscopy and observe characteristic
morphologic changes associated with apoptosis or to detect
cell surface changes by flow cytometry. Use of dyes such as
propidium iodide has been useful because uptake of such dyes
by cells indicates necrosis has occurred. Alternatively, by delib¬
erately making cells permeable, propidium iodide intercalates
into the DNA, and when apoptosis has occurred, the DNA
is stained in a characteristic manner, with a hypodiploid peak
easily distinguishable by flow cytometry. Fluorescence
microscopy is also particularly useful because dyes such as
Hoechst 33342, acridine orange, and ethidium bromide can be
used to determine the mode of cell death. Additional tech¬

niques to show evidence of apoptosis include measurement of
the activity of key enzymes involved in executing apoptosis,
such as the caspase family of proteases described later.

Detection of apoptosis in vivo has been more difficult;
direct visualization by microscopy has been useful. The
terminal deoxynucleotidyl transferase (TdT)-mediated
^/-uridine triphosphate (UTP) nick end labeling (TUNEL)
technique involves staining and visualization of DNA of
apoptotic cells in tissue sections and has been used with varying
degrees of success, but care should be taken not to overestimate
the amount of apoptosis occurring.

Regulation of Apoptosis
Although the characteristic features of apoptosis are remarkably
similar in all cell types, regulation of the apoptotic process

differs greatly from one cell to another. This phenomenon
is especially apparent when control mechanisms are examined
closely in inflammatory cells. For example, apoptosis in lym¬
phocytes and thymocytes is regulated differently than in
granulocytes. Indeed, there are even fundamental differences
in the control of neutrophil and eosinophil apoptosis.7,16,17
Many inflammatory stimuli, such as GM-CSF, lipopoly-
saccharide, and C5a, by profoundly delaying neutrophil apop¬
tosis, greatly prolong the functional longevity of these cells,
as assessed by chemotaxis and degranulation assays15,17
(Figure 26-2). Eosinophil apoptosis is suppressed by GM-
CSF and interleukin-5 (IL-5), whereas IL-5 exerts no effect
on neutrophil longevity. Delayed apoptosis, however, is not a
universal phenomenon associated with all proinflammatory
mediators; treatment of isolated human neutrophils in culture
with TNF-a for 6 hours accelerates the rate of constitutive

apoptosis, whereas at later time points (>16 hours), apoptosis
is delayed by this cytokine.18,19

Many death receptors belong to the TNF family and
contain homologous cytoplasmic regions termed death
domains20,21 (Figure 26-3). The mechanisms underlying
TNF-a induction of apoptosis is unknown but likely involves
TNF receptor associated proteins such as TNF receptor-
associated death domain (TRADD), Fas-associated death
domain (FADD), and caspase-8 and may involve pathways
mediating Fas (CD95) and sphingomyelin ceramide signal¬
ing. Ligand binding causes association of cytoplasmic death
domains that bind TRADD, allowing recruitment of FADD
and procaspase-8, resulting in formation of a death-inducing
signaling complex (DISC) when procaspase-8 is activated.22,23
Apoptosis proceeds either by the direct activation of down¬
stream caspases through caspase-8 or by caspase-8 causing
modulation of Bcl-2 family members, which influences the
mitochondrial pathway of caspase activation.24 Caspase-8
cleaves the Bcl-2 family member Bid, producing a C-terminal
fragment that interacts with the mitochondria, causing loss
of mitochondrial transmembrane potential and the release of
cytochrome c and other proteins, such as apoptosis-inducing
factor (AIF).25,26 Bid requires the presence of another
proapoptotic Bcl-2 family protein, Box, for this to occur. Bax
has been shown to translocate to the mitochondria during
neutrophil and eosinophil apoptosis.27 Cytochrome c, in the
presence of adenosine triphosphate (ATP) or d-ATP, induces a
conformational change in Apaf-1, a cytosolic adapter protein,
forming a large complex known as the apoptosome, which
binds and activates procaspase-9 to its mature form.28,29
Caspase-9 then initiates processing of effector caspases 3 and
7,30 which in turn activate caspases 6 and 2. Execution of this
caspase cascade results in the morphologic and biochemical
cellular changes of apoptosis. Both the caspase-8 and the
mitochondrial pathways have been identified in granulocytes
and other inflammatory cells.7,27,31-35

Significant advances have been made in understanding the
mechanisms controlling granulocyte apoptosis by a number
of laboratories. For example, strong evidence indicates that
spontaneous eosinophil apoptosis involves Bax translocation
to the mitochondria, cytochrome c release, caspase-independent
perturbation of the mitochondrial membrane, and subsequent
activation of caspases.32 Further, IL-5 inhibits spontaneous
eosinophil apoptosis at a site upstream of Bax translocation
and modulates the expression of Bcl-2.36 In their reports on
control of granulocyte apoptosis, Simon et al37-41 provide
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GM-CSF, LPS, C5a, IL-ip, IFN-y, LTB4, PAF,
hypoxia, t [Ca2+]j, t [cAMP]j, glucocorticoids
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>
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Bacterial and fungal products

Functionally downregulated
Hyporesponsive
Recognized and cleared by
macrophages

FIGURE 26-2 Regulation of human neutrophil apoptosis. Functionally competent but potentially histotoxic
neutrophils undergo constitutive apoptosis, during which the cells become hyporesponsive to stimulation and are
recognizable by phagocytes such as macrophages. Various factors can dramatically alter the rate of apoptosis.
Inflammatory mediators (e.g., GM-CSF, LPS, C5a, IL-ip, IFN-y, LTB4, PAF), environmental conditions (hypoxia,
extracellularmatrix proteins), increases in signaling molecule levels (e.g., cAMP, Ca2+), and glucocorticoids can
all delay onset of apoptosis. Other stimuli (e.g., TNF-a, NO, Fas ligand) and bacterial and ftmgal products can
promote onset of apoptosis.

molecular and functional evidence for negative signaling by
the TNF/nerve growth factor (NGF) family of death receptors.
They showed that a conserved phosphotyrosine-containing
motif within the death domain of these receptors can mediate
inhibitory functions. The Src homology domain 2 (SH2)-
containing tyrosine phosphatase-1 (SHP-1), SHP-2, and SH2-
containing inositol phosphatase (SHIP) are bound to this motif
in a caspase-independent but cell-dependent manner. Impor¬
tantly, stimulation of death receptors disrupted anti-apoptosis
pathways that were initiated (at least under certain conditions)
by survival factors in neutrophils. In these cells, activation
of the tyrosine kinase Lyn, an important anti-apoptotic
event, was prevented as a consequence of death receptor
stimulation, most likely through association of the receptor
with activated SHP-1.42

It has been shown that anti-Fas-activating antibodies, or
Fas ligand, promote neutrophil and eosinophil apoptosis.43-44
More recent studies have demonstrated that TNF apoptosis-
inducing ligand (TRAIL) can modulate granulocyte apoptosis.45
Whether these death receptors play important roles in inflam¬
matory diseases remains to be fully determined, although the
Fas-Fas ligand pathway has been reported to induce apoptosis
in experimental models in vivo.4647 NO may also regulate
inflammatory cell apoptosis. Indeed, we recently found that
powerful caspase-dependent proapoptotic effects of NO donors
are unaffected by guanylate cyclase inhibition, mimicked by
exogenous peroxynitrite, and antagonized by superoxide
dismutase 48 Thus, NO-mediated apoptosis may be mediated
by a cyclic guanosine monophosphate (cGMP)-independent
mechanism that involves the concurrent generation of oxygen
free radicals. NO therefore has a unique role in inflammatory
responses; as well as having powerful properties on vasodila¬
tion, it can induce inflammatory cell apoptosis and down-
regulate cell activation.48 However, the ability of structurally
diverse NO-donating compounds to delay or enhance

neutrophil apoptosis and the apparent dissociation of DNA
fragmentation from other changes occurring during apoptosis
in NO-treated neutrophils renders the effects more complex
than initially believed.49 Interestingly, the environmental
milieu may also exert profound effects on the rate of inflam¬
matory cell apoptosis; for example, a hypoxic environment,
found in chronically inflamed sites, delays neutrophil50 and
eosinophil5' apoptosis, whereas hypoxia induces apoptosis in
most other cells types.52

Other agents used clinically for the treatment of inflammatory
disease, such as glucocorticoids, delay neutrophil apoptosis
but promote eosinophil and lymphocyte apoptosis.53 Although
the mechanisms underlying this divergent effect of
glucocorticoids on inflammatory cell apoptosis are currently
unknown, the effect may explain why steroid therapy is so
efficacious in eosinophilic inflammation such as asthma.
Interestingly, asthmatic patients who show an improvement in
lung function after corticosteroid treatment also have an
increased proportion of apoptotic eosinophils in their airway
secretions.54

Using a pharmacologic approach, the intracellular signal¬
ing pathways that control granulocyte apoptosis are slowly
being unraveled. For example, neutrophil apoptosis is delayed
by elevation of intracellular free cytosolic calcium (Ca2+)
levels using calcium ionophores such as A23187 and iono-
mycin or by mobilization of intracellular stores using thapsi-
gargin,55-56 whereas eosinophil56 and thymocyte57 apoptosis is
promoted. A key role for protein phosphorylation through
protein kinase C (PKC), mitogen-activating protein (MAP)
kinases, and tyrosine kinases are also thought to regulate
apoptosis. Consequently, dephosphorylation through specific
phosphatases is also likely to be important. Furthermore,
apoptosis-delaying effects of inflammatory stimuli that
increase cyclic adenosine monophosphate (cAMP) levels in
granulocytes have been reported58-59 (Table 26-1).
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Procaspase-3

Active
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FIGURE 26-3 Simplified scheme depicting death signaling pathways. Fas or tumor necrosis factor receptor
(TNFRl) ligation induces processing of caspase-8 via death receptor-associated proteins and subsequent activa¬
tion of effector caspases. Caspase-8 cleavage ofBid as well as various stress and chemical induced proapoptotic
stimuli (via Bax insertion into mitochondria) induces release of cytochrome c from mitochondria, which induces
a conformational change in the cytosolic adapter molecule (Apaf-1). Apaf-1 then is recruited and oligomerized
to caspase-9, causing processing of caspase-9 within the apoptosome complex. Both caspase-8 and caspase-9
lead to processing and activation of caspase-3. The apoptotic pathway is tightly regulated by Bcl-2 and Bcl-
2-related proteins (e.g., Bcl-x, Bax) and c-FLIP, which prevents the recruitment of the caspase-8 proenzyme into
the receptor complex. Other signaling pathways can be triggered by death receptor ligation (e.g., JNK, NF-kB)
and also regulate apoptotic pathways. FADD, Fas-associated death domain; TRADD, TNF receptor-associated
death domain; RAIDD, receptor interacting protein (RlP)-associated ICH-l/CED-3-homologus protein with death
domain; RIP, receptor interacting protein; TRAF2, TNF receptor associated factor-2; JNK, c-Jun N-terminal kinase;
NF-kB, nuclear factor kappa B; c-FLIP, cellular Fas-associated death domain (FADD)-like interleukin-1-convert¬
ing enzyme (FLICE)-inhibitory protein.
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Fable 26-1 Select Granulocyte Proapoptotic and Antiapoptotic Stimuli and Conditions

Granulocyte Agents/Conditions References

Enhancement of Apoptosis
Neutrophil

Eosinophil

Delay in Apoptosis
Neutrophil

Eosinophil

Nitric oxide (NO) donors
Activating Fas antibodies, Fas ligand
Tumor necrosis factor alpha (TNF-a)
TNF apoptosis-inducing ligand (TRAIL)
Protein synthesis inhibitors (e.g., cycloheximide,
actinomycin D)

NF-kB inhibitors (e.g., gliotoxin, MG-132)
Antibiotics
Glucocorticoids

Activating Fas antibodies, Fas ligand
TNF a

Agents that increase intracellular Ca2+ (e.g., A23187)
Protein synthesis inhibitors
NF-kB inhibitors

Transforming growth factor beta (TGF-P)
CD45
Interleukin-4 (IL-4)
Theophylline
Staurosporine

Agents that increase intracellular cAMP
(e.g., db-cAMP, prostaglandins)

Agents that increase intracellular Ca2+ (e.g., A23187)
Glucocorticoids

Hypoxia
Agonists (e.g., LPS, GM-CSF, PAF, LTB4, IL-8)
Agents that increase intracellular cAMP

(e.g., db-cAMP, prostaglandins)
Agonists (e.g., GM-CSF, IL-5, IL-3, IL-9, IFN-y,
IL-15, IL-12)

Hypoxia
CD40 engagement
Staphylococcal exotoxins

48, 49, 69, 70
43,71,72
18, 19, 73
45
65

19, 74
75

53,76
44, 46, 77, 78
67
56

79, 80
19, 67
81

82
83
84

32, 56, 85

31, 58, 86, 87

55

53, 88
50, 89
7, 37
59, 68, 90

16, 37,91

51, (*)
92

93

'Murray J, Ward C, Rossi AG: Unpublished observations, 2002.
NF-kB, Nuclear factor kappa B; cAMP, cyclic adenosine monophosphate; lps, lipopolysaccharide; gm-CSF, granulocyte-macrophage colony-stimulating
factor; PAF, platelet-activating factor; ltbt, leukotriene B4; IFN-y, interferon gamma.

Subsequently, the dramatic delay of the neutrophil
apoptotic program by the cell-permeable analog of cAMP,
db-cAMP, may be mediated through a novel protein kinase
A (PKA)-independent signaling pathway, involving mainte¬
nance of mitochondrial potential and inhibition of caspase
activation.3' The survival effects of db-cAMP also appear to
be independent of phosphatidylinositol-3 kinase (PI3K) and
MAP kinase (MAPK) activation. These findings thus propose
a potentially novel, reversible, transcriptionally independent
mechanism of action of db-cAMP that may provide opportu¬
nities to shift the balance of proapoptotic and antiapoptotic
proteins and thus accelerate clearance of granulocytes from
inflamed sites.31 Interestingly, elevation of cAMP promotes
the rate of apoptosis in many other cell systems, such as
thymocytes and leukemic cell lines.60"62 Although intracellular

kinase activity undoubtedly has a key regulatory role in
granulocyte apoptosis,63 the precise kinase(s) involved
remains to be established.

Why the intracellular signaling pathways that regulate neu¬
trophil apoptosis are different from other cells, including the
eosinophil, remains elusive but may be caused by the
differential expression of levels or types of protooncogenes
shown to be involved in other cell systems.17 Although we and
others have demonstrated that neutrophils do not normally
express Bcl-2 protein, other Bcl-2 family members may be
involved because it has been reported that overexpression
of Bcl-2 in neutrophils prolongs their survival.64 It remains
to be established whether the recently characterized novel
Bcl-2-like proteins are also expressed or play a role in
neutrophil apoptosis.17 Protein synthesis inhibitors such as
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cycloheximide and actinomycin D, while inhibiting thymo¬
cyte apoptosis, promote neutrophil apoptosis, indicting
endogenous synthesis of neutrophil survival proteins.19,65

Together with the observation that bacterial lipopolysaccha-
ride (LPS) profoundly delays apoptosis,19,66 researchers have
started to dissect the complex signaling mechanisms upstream
of transcriptional control that will also ultimately influence
LPS-mediated survival of neutrophils. Most inflammatory cells
sense LPS using a complex system that involves the interaction
of LBP/CD14/MD-2 receptors and toll-like receptor-4 (TLR-4).
When engaged, these receptors trigger interrelated signal
transduction pathways, including the MAPK (ERK-1/-2, JNK,
p38), PI3K, and nuclear factor kappa B (NF-kB) pathways,
to orchestrate innate immune responses, although systemic
responses to LPS can also lead to septic shock or ARDS.

Furthermore, a role for specific transcriptional regulation
of granulocyte apoptosis has been identified. As stated earlier,
TNF-a, a known trigger of NF-kB activation, was shown to
delay apoptosis in those neutrophils (the majority) not induced
into early death.18 Importantly, the possibility that NF-kB-
directed gene transcription and protein synthesis delayed
apoptosis in "inflammatory" granulocytes was strongly sup¬
ported by the proapoptotic effects of protein synthesis
inhibitors. Indeed, recent studies have emphasized the capac¬
ity of inflammatory granulocytes to synthesize powerful
cytokines (e.g., IL-8) that are regulated by NF-kB. Detailed
investigation of the role of NF-kB in granulocytes has
revealed that both TNF-a and LPS indeed trigger NF-kB
activation, as evidenced by the loss of cytoplasmic iKBa
(the inhibitory subunit of NF-kB) and by the rate of caspase-
dependent apoptosis in granulocytes being greatly accelerated
by NF-kB inhibitors, such as the fungal metabolite gliotoxin.
In neutrophils, TNF-a causes activation of NF-kB, delaying
apoptosis and limiting its early killing effect. NF-kB inhibitors
and cycloheximide appear to unmask the ability of TNF-a to
induce granulocyte apoptosis, suggesting that NF-kB may
regulate the production of proteins that protect these cells
from the cytotoxic effects of TNF-a.

Although regulation of eosinophil apoptosis is less well
understood, NF-kB activation also may play an important
role.67 It has been shown that human eosinophils exposed to
TNF-a rapidly lose their cytoplasmic IKBa, resulting in
NF-kB mobilization from the cytoplasm to the nucleus, as
evidenced by tracking the NF-kB subunit p65 by immuno¬
fluorescence and Western blot analysis. Caspase-dependent
proapoptotic properties of TNF-a in the eosinophil are
unmasked by inhibition of TNF-a-mediated IKBa degra¬
dation and inhibition ofNF-kB activation. Interestingly, TNF-
a-triggered apoptosis may be more susceptible to NF-kB
inhibition than constitutive apoptosis, leading to the poss¬
ibility of the specific targeting of apoptosis in eosinophil
subpopulations.67 NF-kB activation is therefore likely to play
a critical role in controlling granulocyte responsiveness and
apoptosis, and select targeted inhibitors of NF-kB activation
may ultimately provide alternative therapeutic agents for the
treatment of eosinophilic disease (e.g., asthma, allergic rhinitis)
and neutrophilic disease (e.g., chronic obstructive pulmonary
disease). In addition, exciting new data also point to a key
regulatory role for NF-kB-dependent genes in the pathways
responsible for the metabolism of PGs in granulocytes.

Although many natural prostaglandins (e.g., PGE2, PGA2,
PGA,, PGF2a) either delay granulocyte apoptosis or have no

effect, PGD, and its metabolite PGJ2 selectively induce
eosinophil, but not neutrophil apoptosis. The sequential PGD.
metabolites A12PGJ2 and 15dPGJ2 were found to induce
caspase-dependent apoptosis in both granulocytes. Despite
A12PGJ2 and 15dPGJ2 being PPAR-y activators, apoptosis was
not mimicked by synthetic PPAR-y and PPAR- y ligands and
not blocked by an irreversible PPAR-y antagonist. It was
found that A12PGJ2 and 15dPGJ2 inhibited LPS-induced
and TNF-a-induced IKBa degradation in granulocytes and
LPS-induced neutrophil survival. The powerful proapoptotic
effects of A12PGJ2 and 15dPGJ2 in both granulocytes implies
that differences in the ability of eosinophils and neutrophils
to process and degrade PGs may be responsible for the
differential effects of PGD2 on granulocyte survival.68 Despite
this progress in identifying signaling mechanisms that control
inflammatory cell apoptosis, much remains to be elucidated,
providing difficult challenges for the future.

Phagocytosis of Apoptotic Cells
Apoptotic cells at an inflammatory site would inevitably undergo
disintegration (secondary necrosis) if phagocytes (especially
macrophages) were absent in situ, resulting in the release of
their histotoxic contents and thereby causing further inflamma¬
tion and the destruction of tissue cells (Figure 26-4). This unde¬
sirable scenario may occur in uncontrolled chronic inflammation,
during which the normally highly effective macrophage recog¬
nition and clearance mechanisms (see below) are overwhelmed
or defective. However, in resolving beneficial inflammation,
the majority of senescent cells at sites of inflammation are rec¬
ognized by nearby phagocytes. More than 100 years ago, using
recently developed intravital light microscopic techniques on a
number of transparent invertebrates, the Russian biologist Elie
Metchnikoff described phagocytosis of bacteria and senescent
leukocytes by macrophages. Of particular relevance to the res¬
olution of inflammation is the description of Reiter's cells in
the inflamed joint fluid from patients with acute arthritis. These
Reiter's cells were shown to be macrophages containing apop¬
totic neutrophils. Furthermore, in experimental inflammatory
models where there is a large influx of neutrophils, the pre¬
dominant mode of extravasated intact neutrophil removal is
engulfment by macrophages, which subsequently leave the
inflammatory site through the draining lymph nodes.94

Although there have been numerous accounts of
macrophage phagocytosis of neutrophils over the last century,
only relatively recently have major developments regarding
recognition of apoptotic cells been described. In 1982.
Newman et al95 first showed that isolated neutrophils, which
had been aged in culture, were recognized and ingested by
inflammatory macrophages. The macrophages engorged
themselves with senescent neutrophils but did not ingest
freshly isolated neutrophils, indicating that aged neutrophils
had undergone a fundamental process leading to recognition
by macrophages. It was subsequently shown that cells includ¬
ing inflammatory cells had to undergo apoptosis before they
were rapidly and efficiently recognized and ingested by
macrophages.96 The macrophage can ingest several apoptotic
cells at a time, and importantly, there is no detectable release
of potentially injurious contents from the apoptotic target. If
the target of the macrophage is a granulocyte, for example,
there is no release of potentially histotoxic granule contents
into the surrounding medium, thereby effectively neutralizing
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FIGURE 26-4 Granulocyte removal pathways. Under normal physiologic resolution of inflammation, a beneficial
pathway occurs in which inflammatory ceils (e.g., granulocytes) undergo apoptosis and are recognized and
phagocytosed by phagocytes (e.g., macrophages) using specific mechanisms that do not incite an inflammatory
response. There is no release of proinflammatory mediators, but rather a release of potential antiinflammatory
mediators (e.g., TGF-p, IL-10). If recruited inflammatory cells undergo primary necrosis, or if apoptotic cells are
not removed by macrophages as a result of ineffective clearance, the celis can undergo secondary necrosis. These
necrotic cells can liberate their toxic contents and cause tissue injury and amplify the inflammatory process
(detrimentalpathway). Necrotic cells that are ingested result in the liberation ofproinflammatory mediators (e.g.,
TxB2, IL-8, TNF-a) from the phagocyte.
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any proinflammatory potential of the apoptotic cell. When
phagocytes ingest particles such as zymosan (yeast cell walls)
in vitro, they liberate proinflammatory mediators (e.g.,
eicosanoids, granular enzymes, cytokines). However, ingestion
of apoptotic cells does not result in proinflammatory mediator
release from macrophages.97 Indeed, increasing evidence sug¬
gests that macrophage phagocytosis of apoptotic cells triggers
production and release of agents (TGF-p, IL-10) that have
antiinflammatory capacity.98-99 This noninflammatory clearance
mechanism is thought to be caused by the molecular mecha¬
nisms by which phagocytes recognize and ingest apoptotic
cells.

Molecular Mechanisms for Apoptotic Cell
Recognition and Clearance
Phagocytes (usually macrophages) use highly developed
efficient recognition mechanisms for the removal of apoptotic
cells. Although the macrophage is believed to remove the
majority of apoptotic cells, other cells, such as fibroblasts,100
hepatocytes,101 endothelial cells,102 glomelular mesangial
cells,103 vascular smooth muscle cells,104 Sertoli cells,105 and
even lung epithelial cells,106 have a capacity for apoptotic cell
recognition and clearance. Perhaps the removal of apoptotic
cells by these "semiprofessional" phagocytes plays a crucial
role when local macrophages are overwhelmed by major waves
of apoptotic cells. Specific molecular mechanisms for recog¬
nition of apoptotic cells have been identified107-108 (Table 26-2).
Given that multiple genes are involved in the disposal of
apoptotic bodies in the nematode Caenorhabditis elegans, it

is likely that other, as yet unidentified mechanisms exist in the
recognition and phagocytosis of mammalian inflammatory
cells.

APOPTOTIC MECHANISMS AS
ANTIINFLAMMATORY STRATEGIES

In chronic inflammatory diseases, persistent accumulation of
inflammatory cells likely liberates their toxic intracellular
products, leading to tissue injury, scarring, and architectural
disruption with catastrophic loss of organ function. Effective
removal of these tissue-damaging inflammatory cells may be
either defective or overwhelmed in these diseases; in other
examples of massive inflammatory reactions, such as lobar
streptococcal pneumonia and acute gout, the lesions clear
completely. The mechanisms by which inflammation nor¬
mally resolves not only are essential for understanding of the
persistent inflammatory states that characterize chronic
inflammatory diseases, but also should provide novel
approaches to antiinflammatory therapy.

Significant differences in the intracellular regulation of
inflammatory cells provide a special opportunity to induce
apoptosis in inflammatory cell types selectively. Thus, by
utilizing mechanisms of receptor-mediated induction of apop¬
tosis of specific inflammatory cells (e.g., Fas ligation and
glucocorticoid receptor activation) and by inhibition of the
powerful survival signals found at inflammatory foci (e.g.,
GM-CSF, LPS, PGs, IL-5), it may be possible to accelerate
apoptosis for therapeutic gain. In combination with an effec¬
tive therapeutic strategy to induce apoptosis, development of
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Table 26-2 Major Surface Receptors and Molecular Mechanisms in Recognition ofApoptotic Cells by Phagocytes
Receptors Mechanisms References

Lectinlike

receptors

ctvP3 integrin
CD36

Thrombospondin
(TSP)

CD29 (pi integrins)

Phosphatidylserinc
(PS) and PS
receptors

CD14

ICAM-3

Adenosine

triphosphate
(ATP)-binding
cassette reporter
(ABC1)

Complement
receptors CR3/CR4
and components
(Clq)

CD91
Calreticulin

CD31 (PECAM-1)

Other receptor
molecules:

P2-glycoprotein
receptor, Lox-1,
scavenger receptor,
oxidized low-density
lipoprotein receptor 1
(OxLDLRl)

Receptors on phagocytes recognize carbohydrates on surface of
apoptotic cells

Include asialoglycoprotein, mannose, and mannose/fucose
receptors

Moiety expressed on surface of apoptotic cells binds to TSP,
which acts as bridging molecule between apoptotic cell and
ingesting phagocyte

Phagocyte expresses avP3 ("vitronectin receptor") and CD36
(88-kD monomer), which cooperate to bind to TSP

CD29 on surface of phagocytes binds apoptotic cells by
poorly defined mechanism

Exposure of PS on surface of apoptotic cells is recognized by
PS receptor on surface of ingesting phagocyte

CD 14, a GPI-anchored LPS-binding molecule on surface of
phagocytes, also binds 5' domain immunoglobulin
superfamily member, intercellular adhesion molecule-3
(ICAM-3), on surface of leukocytes

Rearrangement ofplasma membrane lipids in both dying cell
and phagocyte by ABC1 contributes to recognition by poorly
defineRmechanism

May be involved in recognizing apoptotic cells
Clq and related molecules mannose-binding lectin (MBL)
and pulmonary surfactant protein A (SPA) may opsonize
apoptotic cells; receptors for Clq may mediate uptake of
apoptotic cells in vitro and in vivo

CD91 (otj-macroglobulin receptor) and calreticulin on
phagocytes bind to entire collectin family of innate immune
proteins, including Clq and MBL

Novel mechanism whereby disabled apoptotic cell CD31
binds tightly to CD31 (platelet-endothelial cell adhesion
molecule-1) present on phagocyte cells

Identified in a variety of systems involved in recognition of
apoptotic cells, but precise mechanisms and counterligands
involved remain to be fully elucidated

100, 102, 109-112

100, 113-115

116

117-119

120, 121

122

123-126

127

128

129-134

mechanisms to specifically enhance apoptotic cell clearance
by phagocytes such as the macrophage or by semiprofessional
phagocytes may be equally desirable or even a prerequisite to
prevent proinflammatory secondary necrosis.

In addition, the process of phagocytosis of apoptotic cells
by macrophages can be specifically regulated by immunologic,
pharmacologic, and molecular intervention. For example,
certain cytokines,135 elevation of macrophage cAMP levels by
prostaglandins136 (Figure 26-5, A), activation of macrophage
PKC,137 and ligation of ECM receptors (e.g., integrins)138
have all been shown to modify macrophage capacity to ingest
apoptotic cells. In addition, ligation of macrophage CD44,
a transmembrane adhesion receptor and the major cell
surface receptor for the nonsulfated glycosaminoglycan

hyaluronan, can enhance macrophage clearance of apoptotic
cells in vitro139 (Figure 26-5, B). Importantly, this receptor has
now been shown to play a critical role in resolving lung
inflammation.140 Of direct clinical importance is the recent
discovery that glucocorticoids profoundly augment macrophage
capacity for safe, noninflammatory clearance of apoptotic
granulocytes in vitro141 and may be one of the targets for
steroids in vivo.54 This important effect of glucocorticoids
may result from their ability to "reprogram" monocyte protein
synthesis and cytoskeletal function to yield macrophages
with a highly phagocytic phenotype142 (Figure 26-5, Q. In
eosinophilic inflammation, this phenotype is perfectly
coupled with glucocorticoids' ability to accelerate eosinophil
apoptosis.
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FIGURE 26-5 Regulation of macrophage phagocytosis of apoptotic cells. A, Agents that elevate cyclic
adenosine monophosphate (cAMP), such as prostaglandins, can inhibit macrophage phagocytosis of apoptotic
cells by interfering with kinases, such as protein kinase A (PKA) and Rho kinase, which in turn inhibit
lamellipodial cxtcntion and membrane ruffling and cause cell rounding. B, Cross-linking ofCD44 on the surface
ofmacrophages also influences various kinases that control cytoskeletal components, resulting in augmentation of
phagocytosis of apoptotic neutrophils. GEFs, Guanine nucleotide exchange factors. C, Interacting with specific
GC receptors (GC-R), glucocorticoids (GC) cause a profound up-regulation of macrophage phagocytosis of
apoptotic cells. GC augmentation of macrophage capacity for phagocytosis of apoptotic cells may be associated
with reduced pl30Cas expression, loss of paxiHin/p>y<2 phosphorylation, and high levels of active rac.
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CONCLUSIONS

Although much progress has been made in understanding the
mechanisms controlling the extravasation of inflammatory
cells to inflammatory foci, and given the recent increased
interest in the resolution of inflammation,7-8'108 '43"147 elucidation
of the mechanisms regulating resolution of the inflammatory
process should lead to the development of novel therapeutic
targets. In particular, development of strategies to induce
apoptosis selectively in specific inflammatory cells, together
with augmentation of macrophage clearance mechanisms,
will have far-reaching implications for the control of inflam¬
matory diseases, many of which are responsible for the heavy
burden ofmorbidity and untimely deaths observed throughout
the world.
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Abstract

Glucocorticoids represent one of the most effective clinical
treatments for a range of inflammatory conditions, includ¬
ing severe acute inflammation. Although glucocorticoids
are known to affect processes involved in the initiation of
inflammation, the influence of glucocorticoids on the
mechanisms by which acute inflammation normally
resolves have received less attention. Apoptosis of granu¬
locytes present at inflamed sites leads to their rapid
recognition and internalisation by macrophages, a process
which may be important for resolution of inflammation.
However, if clearance of either eosinophils or neutrophils
is impaired, these cells rapidly undergo secondary necrosis
leading to release ofpro-inflammatory mediators from the
phagocyte, potentially prolonging inflammatory responses.

Physiologically relevant concentrations of glucocorticoids
accelerate eosinophil apoptosis whilst delaying neutrophil
apoptosis during in vitro culture. Here we discuss key
pathways regulating the granulocyte apoptotic programme
and summarise the effects of glucocorticoids on monocyte
differentiation and the consequent changes to apoptotic
cell clearance capacity. Definition of the mechanisms
underlying resolution of inflammatory responses following
glucocorticoid treatment may unveil new targets for
modulation of inflammatory disease, allowing co-ordinated
augmentation of granulocyte apoptosis together with
increased macrophage capacity for clearance of apoptotic
cells.

journal of Endocrinology (2003) 178, 29 -36

Introduction

Whilst the effects of glucocorticoids on the events associ¬
ated with the initiation of inflammation have been studied

extensively (Pitzahs et al. 2002, Webster et al. 2002), the
influence of glucocorticoids on the mechanisms by which
acute inflammation normally resolves have received less
attention. Over the past few years, we have been studying
the process of resolution of inflammation, hypothesising
that definition of the underlying mechanisms may allow
development of new therapeutic approaches aimed at
promoting the safe resolution of inflammatory responses
which underlie a heavy burden of disease in the lung and
other organs (Haslett et al. 1994) (see Fig. 1). It is now
clear that neutrophil granulocytes undergo constitutive
apoptosis (Savill et al. 1989a) at inflamed sites, a process
associated with the 'disabling' of their potentially injurious

secretion responses and other effector functions including
adhesion and phagocytosis (Whyte et al. 1993a). Surface
molecular alterations, including marked down-regulation
ofexpression ofFcyRIII (Dransfield et al. 1994), i.-selectin
and uncouphng of integrins of the P2 family (Dransfield
et al. 1995), contribute to attenuation of functional
responsiveness. In addition, apoptosis-associated cell
surface alterations, including phosphatidylserine exposure
(Homburg et al. 1995), are thought to provide cues that
lead to rapid recognition and internalisation of apoptotic
cells by macrophages (Savill et al. 19896). Importantly,
phagocytic clearance of apoptotic granulocytes, in contrast
to other phagocytic pathways, fails to promote the release
of pro-inflammatory mediators from macrophages
(Meagher et al. 1992), which may be important for
the 'normal' resolution process. In addition, our studies
have shown that macrophages (Savill et al. 1990, 1992)

journal of Endocrinology (2003) 178, 29-36
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Figure 1 Schematic representation of cellular changes associated with either resolution of inflammation or development of fibrosis.
Microbial infection is accompanied by infiltration of alveoli with inflammatory cells, predominantly neutrophils. Resolution of inflammation
is associated with removal of microbial infection and return of tissue architecture to normal. In contrast, failure to resolve inflammation
results in chronic recruitment, matrix deposition and fibroblast migration and proliferation, leading to loss of gas exchange capacity.

subsequently emigrate from the inflamed site to draining
lymph nodes (Bellingan et al. 1996), where they may have
the potential to influence activation of cells of the acquired
immune system. Similarly, eosinophil granulocytes, which
have been strongly implicated in tissue injury in allergic
acute inflammation, are also programmed to die by
constitutive apoptosis. Whilst the rate of constitutive
eosinophil apoptosis is slower than that of the neutrophil
granulocyte, apoptosis also leads to rapid, non¬
inflammatory phagocytic clearance by macrophages (Stern
et al. 1992). However, if clearance of either eosinophils
or neutrophils is impaired, these cells rapidly undergo
secondary necrosis. In addition to the release of poten¬
tially toxic intracellular contents associated with necrosis,
one important consequence is that macrophage phago¬
cytosis of post-apoptotic cells leads to the release of
pro-inflammatory mediators, potentially prolonging
inflammatory responses (Stern et al. 1996).

Granulocyte deletion by apoptosis has been shown to be
amenable to external regulation by lineage-specific
inflammatory signals (Haslett et al. 1991, Stem et al. 1992,
Lee et al. 1993, Whyte et al. 19936, Hannah et al. 1995,
Murray et al. 1997, Ward et al. 1997, Coxon et al. 1999,

Journal of Endocrinology (2003) 178, 29- 36

Hofinan et al. 2000), providing an opportunity for targeted
therapeutic intervention. However, if triggering of apop¬
tosis is to be considered as a therapeutic target, failure to
match the apoptotic cell load to the tissue clearance
capacity at an inflamed site may have deleterious
consequences in terms of resolution of inflammation.
Macrophage capacity for phagocytosis of apoptotic granu¬

locytes can be rapidly regulated by exogenous factors e.g.
following ligation of extracellular matrix receptors such as
CD44 (Hart et al. 1997, McCutcheon et al. 1998) or

prostaglandin receptors (Rossi et al. 1998). Thus,
co-ordinated acceleration of granulocyte apoptosis at
inflamed sites together with augmentation of macrophage
capacity to clear apoptotic cells may be a realistic
therapeutic goal (Ward et al. 1999a).
Glucocorticoids (GCs) represent one of the most

effective clinical treatments for a range of inflammatory
conditions, including severe acute inflammation. GCs
have profound effects, both on granulocyte apoptotic
programmes (Cox 1995) and macrophage phagocytic
function (Liu et al. 1999). In particular, physiologically
relevant concentrations of GCs, acting via the GC recep¬
tor, were found to accelerate eosinophil apoptosis whilst

www.endocrinology.org
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Figure 2 Neutrophils are poised on a 'knife edge' decision of life or death. A range of extracellular stimuli can promote apoptosis or
survival. For those stimuli that drive survival, NFkB activation acts as a checkpoint that can result in engagement of cell death pathways,
leading to functional downregulation and preservation of membrane integrity. Apoptotic cells can then be swiftly cleared by phagocytes.
IFNy, interferon y. LTB-4, leukotriene B4.

delaying neutrophil apoptosis during in vitro culture
(Meagher et al. 1996). In this article, we will discuss key
pathways regulating the granulocyte apoptotic programme
following treatment with GCs, and describe recent data
relating to the effects of GC on monocyte differentiation
and the consequent changes to apoptotic cell clearance
capacity.

Granulocytes are poised on a knife edge of nuclear
factor kappaB (NFKB)-mediated survival

It is now well established that at an inflammatory site there
are many cytokines and growth factors present that provide
survival signals for granulocytes with the potential to
over-ride granulocyte apoptotic pathways (see Fig. 2). We
have demonstrated important apoptosis-inhibiting effects
of inflammatory stimuli that increase cyclic AMP levels in
neutrophils (Rossi et al. 1995). The dramatic delay of the
caspase-dependent apoptosis in neutrophils by dibutyryl
cAMP (dbcAMP) was found to occur via a novel protein
kinase A (PKA)-independent signalling pathway involving

www.endocrinology.org

maintenance of mitochondrial potential (Martin et al.
2001). The survival effects of dbcAMP were independent
of phosphatidylinositol-3 kinase (PI3K) and MAP kinase
(MAPK) activation and our data point to a novel, revers¬
ible, transcriptionally independent mechanism of action of
dbcAMP that may provide opportunities to shift the
balance of pro-apoptotic and anti-apoptotic proteins
and hence accelerate clearance of granulocytes from
inflamed sites.
One of the most potent agents known to modulate

granulocyte apoptosis is bacterial lipopolysaccharide (LPS)
(Lee et al. 1993). Most inflammatory cells sense LPS using
a complex system that involves the interaction of LBP/
CD14/MD-2 and Toll-like receptor 4 (TLR4) (O'Neill
& Dinarello 2000, Triantafilou & Triantafilou 2002)
receptors which, when engaged, trigger inter-related
signal transduction pathways, including the MAPK
(ERK1/2, JNK and p38), PI3K and NFkB pathways to
orchestrate innate immune responses. Detailed investi¬
gation of the role of NFkB in control of granulocyte
survival has revealed that inflammatory mediators such as
LPS and granulocyte macrophage colony stimulating factor

lournal of Endocrinology (2003) 178, 29 36
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(GM-CSF) downregulate susceptibility of neutrophils to
Fas-directed death (L Murray, S O'Dea, D Harrison, C
Haslett & A G Rossi, unpublished data) implying that
specific pro-apoptotic regulatory pathways are overridden
by NFkB signalling pathways (Fig. 2). Although both
tumour necrosis factor-a (TNF-a) and LPS act to trigger
NFkB activation in neutrophils, TNFa-mediated
activation of NFkB delays apoptosis in the majority of
neutrophils not induced into early apoptosis (Murray et al.
1997, Ward et al. 1999b). The pronounced effects of
protein synthesis inhibitors upon granulocyte survival
supports the suggestion that NFtcB-directed gene tran¬
scription and protein synthesis ofanti-apoptotic factors and
powerful cytokines delays apoptosis in 'inflammatory'
granulocytes.
We have demonstrated that the rate of constitutive

apoptosis in both neutrophils and eosinophils was greatly
accelerated by the NFkB inhibitor and fungal metabolite
gliotoxin. This effect was reproduced using other NFkB
inhibitors and suggests TNF-a-induced activation of
NFkB and production of survival proteins limits pro-
apoptotic effects and may delay apoptosis at later time
points. Similarly, for human eosinophils exposed to
TNF-a, cytoplasmic levels of iKBa, the inhibitory subunit
ofNFkB are rapidly reduced and NFkB is mobilised from
the cytoplasm to the nucleus (Fujihara et al. 2002).
Inhibition of TNF-a-mediated IkBu degradation and
NFkB activation by gliotoxin treatment of eosinophils
reveals caspase-dependent pro-apoptotic properties of
TNF-a. Selective inhibition of eosinophil NFkB acti¬
vation may therefore represent an alternative target
for inducing specific deletion of eosinophils in diseases
including asthma and allergic rhinitis.
NFKB-dependent genes may also have a key regulatory

role in the pathways responsible for the metabolism of
prostaglandins (PGs) in granulocytes. Although many
natural prostaglandins (e.g. PGE2, PGA2, PGA1; PGF2a)
act either to delay apoptosis or have no effect, PGD2 and
its metabolite PGJ, selectively induced eosinophil apop¬
tosis (Ward et al. 2002). In contrast, the sequential PGD2
metabolites A,2PGJ2 and 15 dPGJ2 were found to induce
caspase-dependent apoptosis in both eosinophils and neu¬
trophils. Despite A1 "PGJ, and 15 dPGJ2 being known
activators of peroxisome proliferator-activated receptor
(PPAR)-y, apoptosis was not mimicked by synthetic
PPAR-y and PPAR-a ligands nor blocked by an
irreversible PPAR-y antagonist, suggesting a PPAR-y-
independent mechanism (Ward et al. 2002). We found
that A12PGJ2 and 15 dPGJ2 inhibited LPS-induced IKBa
degradation and NFkB activation, thereby triggering
apoptosis. The powerful pro-apoptotic effects of A12PGJ2
and 15 dPGJ2 in both eosinophils and neutrophils implies
that differences in the ability ofeosinophils and neutrophils
to process and degrade prostaglandins may be responsible
for the differential effects of PGD2 upon granulocyte
survival.

One potential limitation to the effectiveness of GCs in
treatment of inflammatory diseases is that they undesirably
prolong neutrophil survival (Cox 1995), increasing
the potential for secretion of pro-inflammatory granule
contents during inflammatory episodes. We believe that
definition of mechanisms by which glucocorticoid-
directed survival of neutrophils may be 'disengaged' may
improve the efficacy of GCs in neutrophilic inflam¬
matory diseases. Our preliminary data indicate that
glucocorticoid-mediated delay of neutrophil apoptosis is
reversed by inhibition of protein synthesis and inhibited
by blockade ofNFkB (C Ward & A G Rossi, unpublished
data). We suggest that GCs engage NFKB-directed
synthesis of 'survival proteins' that may be targeted to
make neutrophils respond to GCs in the same way that
eosinophils do.

Macrophages can be enabled for phagocytosis of
apoptotic granulocytes

Apoptotic cells have potentially toxic cellular contents and
autoantigens may be revealed or generated within apop¬
totic cells. Thus, defects in clearance of apoptotic cells
would be predicted to be associated with spontaneous
and/or persistent inflammatory responses and evidence of
autoimmunity to intracellular antigens (Lorenz et al.
2000, Beutler 2001, Botto 2001, Greidinger 2001, Stuart
& Hughes 2002). In support of this suggestion,
spontaneous/persistent tissue inflammation and auto¬
immunity is observed in mutant mice with proven and
probable defects in clearance of dying cells (Botto et al.
1998). Indeed, some patients with systemic lupus ery¬
thematosus exhibit (as yet uncbaracterised) defects in
macrophage phagocytosis ofapoptotic cells (Baumann et al.
2002). As discussed above, we would predict that upregu-
lation of macrophage capacity for 'safe' phagocytosis of
apoptotic granulocytes will represent an important aspect
of therapeutic strategies aimed at promoting the resolution
of inflammation.
We and others have shown that macrophage phagocy¬

tosis may be rapidly modulated in response to extracellular
environmental signals (Fig. 3). For example, elevation of
intracellular cAMP in human monocyte-derived macro¬
phages using the cell permeable cAMP analogue, db-
cAMP, specifically reduced the phagocytosis of apoptotic
neutrophils without affecting FcR-mediated phagocytosis
(Rossi et al. 1998). Treatment ofmacrophages with PGE2
resulted in rapid, transient increases in levels of intracel¬
lular cAMP and induced PKA-dependent morphological
alterations indicative of changes in the adhesive status of
the macrophage, including cell rounding and disassembly
of 'podosome' adhesion structures containing actin,
vinculin and talin that represent points of contact with
extracellular matrix (Rossi et al. 1998). Consistent with
the suggestion that adhesive interactions may influence

loumal of Endocrinology (2003) 178, 29-36 www.endocrinology.org
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Prostaglandins

Figure 3 Schematic representation of mechanisms that regulate macrophage phagocytosis. Cross linking of CD44/matrix receptors or
engagement of lipoxin receptors leads to rapid augmentation of phagocytic activity. In contrast, binding of prostaglandins to specific
receptors causes cytoskeletal changes that inhibit phagocytic function. Alternatively, glucocorticoids act via glucocorticoid receptors to
alter the pattern of gene expression (via either specific transactivation or transrepression) to alter cytoskeletal regulation within
macrophages.

macrophage phagocytic capacity, we demonstrated that
ligation of the matrix receptor CD44 rapidly and specifi¬
cally increases apoptotic neutrophil internalisation (Hart
et al. 1997). We now have very clear evidence that CD44
cross-linking is associated with the generation of intra¬
cellular signals that specifically augment clearance of
apoptotic neutrophils. First, binding of Fab' fragments of
CD44 antibodies does not promote phagocytosis, indicat¬
ing that these reagents do not mask sites that are normally
involved in negatively regulating cellular interactions in a
manner analogous to the sialomucin, CD43. Furthermore,
there does not appear to be 'capping' ofCD44 within the
membrane e.g. within uropod-like structures following
cross-linking. Detailed temporal analysis of the CD44
cross-linking effects provides evidence that CD44 acts as
an 'enabler' ofmacrophage phagocytosis, recruiting other¬
wise non-responsive cells. Recent data from studies of
lung injury in CD44-deficient mice adds further weight to
a role for CD44 in the regulation ofmacrophage clearance
of apoptotic neutrophils in the resolution of inflammation
(Teder et al. 2002). Our preliminary evidence indicates
that engagement of specific signal transduction events
following CD44 cross-linking leads to rapid changes in
cytoskeletal regulation. We are currently investigating
whether CD44 initiates signals that influence cytoskeletal

regulatory molecules e.g. membrane recruitment of Rac
GTPase via guanine nucleotide exchange factors (GEFs)
such as Tiaml which have been shown to associate with
CD44 (Bourguignon et al. 2000).

Glucocorticoids facilitate clearance of apoptotic
cells, favouring resolution of inflammation

In contrast to the rapid effects ofCD44 ligation, [cAMP];
elevation, or lipoxins (Godson et al. 2000), we found that
exposure of macrophages to GCs for 24 hours specifically
enhanced the uptake of apoptotic leukocytes by both
human and murine macrophage populations (Liu et al.
1999). These observations establish the capacity ofGCs to
promote phagocytosis ofcells undergoing apoptosis, raising
the possibility that anti-inflammatory effects of GCs may
involve pro-phagocytic effects. Importantly, glucocorticoid-
mediated enhancement of macrophage phagocytosis of
apoptotic cells was not achieved by costly loss of the
teleogically appropriate lack ofpro-inflammatory response,
fading to stimulate monocyte chemoattractant protein-1
(MCP-1) production and down-regulating interleukin
(IL)-8 release by the phagocyte (Liu et al. 1999).

www.endocrinology.org journal of Endocrinology (2003) 178, 29- 36
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Figure 4 A central role for p130Cas in adhesion signalling. Schematic representation of events occurring downstream of integrin adhesion
receptor ligation. p130Cas links integrin-mediated src family kinase activation to Rho family GTPases and cytoskeletal assembly necessary
for adhesion, migration and phagocytosis. MLCK, myosin light chain kinase.

More recently, we have found that exposure of
peripheral blood monocytes to GCs during the first
24 hours of the 5-day culture period induced a highly
phagocytic monocyte-derived macrophage (MDM<p)
phenotype. This GC-MDMcp phenotype was character¬
ised by a marked morphological appearance, consisting of
smaller, more 'rounded' cells with more homogeneous
laser scatter properties in flow cytometric analysis (Giles
et al. 2001). Functional and morphological homogeneity
was matched by cell surface phenotype, including specific
induction of expression of the haemoglobin scavenger

receptor, CD 163 following GC treatment. Our data
indicate that GCs acting via GC receptors have the
potential to re-programme monocyte differentiation to¬
wards an 'anti-inflammatory' phenotype. In light of recent
studies of apoptotic cell clearance in Caenorhabditis elegans
(Ellis et al. 1991, Liu & Hengartner 1998, Wu & Horvitz
1998a,b, Chung et al. 2000, Reddien & Horvitz 2000,
Gumienny et al. 2001, May 2001), we next examined
key intracellular components that regulate cytoskeletal
coupling following adhesion. Alterations in the mor¬
phology of GC-MDMip were mirrored by changes in
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cytoskeletal organisation, with a loss of paxillin and actin
containing podosome structures. Tyrosine phosphoryl¬
ation of paxillin and pyk2, proteins that are recruited to
adhesion contacts, were not phosphorylated in GC-
MDMip. A particularly striking change was that GC-
MDMip showed decreased expression of pl30Cas (Giles
et al. 2001), an adaptor protein that links integrin receptors
to Rho family GTPases and the MAPK pathway (see Fig.
4). Reduced expression of pl30C;1'' would be predicted to
disrupt Crk/DOCK180/ELMO complexes, which to¬
gether with reduced phosphorylation of paxillin and pyk2
may have implications for control of the turnover of
adhesion structures in macrophages.

Specific recruitment of p130Cas to focal contacts follow¬
ing adhesion to matrix may mimic loss ofpl30Cas observed
in dexamethasone-treated cells and thus influence the

availability of other components to drive cytoskeletal
re-organisation necessary for phagocytosis. We propose
that the repertoire of adhesion receptors that are engaged
on the macrophage surface might therefore control phago¬
cytic potential indirectly by releasing or sequestering key
regulatory molecules like pl30C:'s from focal adhesion
complexes. Time-lapse video microscopy analysis revealed
that despite the small rounded appearance ofGC-MDMtp
these cells are able to rapidly extend and retract cellular
processes. Thus, although recruitment of proteins such as
paxillin to podosome adhesion signalling complexes does
not occur in the absence of p 130Cas, Rac may still drive
the extension and retraction of processes required for
phagocytosis. One possibility is that other pl30t as -like
adapters such as HEF1 and Efts/Sin, present in macro¬

phages may allow the recruitment of Rac/Crk/
DOCK180 specifically to membranes in a manner that
facilitates phagocytosis ofapoptotic cells and possibly other
particles. Importantly, these data raise the possibility that
expression or phosphorylation of pl30Cas may have a
negative regulatory role upon macrophage phagocytic
potential. Our recent studies examining the effect of the
cytokine environment on GC-mediated monocyte differ¬
entiation have shown that the Thl cytokine interferon-y
reverses the augmentation of phagocytosis seen in the
GC-MDMtp (K M Giles, SJ Heasman & I Dransfield,
unpublished data). The reduction in phagocytic ability is
not accompanied by morphological changes, indicating
that adhesion status and the capacity for phagocytosis can
be dissociated. Further understanding of the interplay
between cytokine environment and GCs in inflammation
may allow the tailoring of therapies that facilitate the
resolution of inflammatory disease.
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INFLAMMATORYRESOLUTION:
NEWOPPORTUNITIES FOR DRUG
DISCOVERY

Derek W. Gilroy* Toby Lawrence*,Mauro Perretti* andAdriano G. Rossfi
Treatment of inflammatory diseases today is largely based on interrupting the synthesis or action
of mediators that drive the host's response to injury. Non-steroidal anti-inflammatories, steroids
and antihistamines, for instance, were developed on this basis. Although such small-molecule
inhibitors have provided the main treatment for inflammatory arthropathies and asthma, they are
not without their shortcomings. This review offers an alternative approach to the development of
novel therapeutics based on the endogenous mediators and mechanisms that switch off acute
inflammation and bring about its resolution. It is thought that this strategy will open up new
avenues for the future management of inflammation-based diseases.

We have come a long way in our understanding of
inflammation since the days of Celsus (about 30 bc to
38 ad) and his original description of the inflammatory
response in terms of cardinal signs— heat, redness,
swelling and pain. Dotted throughout its colourful
history, inflammation research has had innumerable
individuals who have described many of the mecha¬
nisms associated with tissue injury. Among these are
Lewis (1881-1945), who described the Triple Response;
Cohnheim and Samuel (late 1800s), who reported on
leukocyte emigration and vascular permeability; and
Metchnikoff (1845-1916),who described phagocytosis,
to name but a few1. However, even until the mid-
twen tieth century our understanding of the chemical
mediators that bring about these events— in particular,
changes that lead to vascular leakage, pain and cell accu¬
mulation—was lacking. Indeed,Wilhelm,writing in
the mid-1960s, commented that "Half a century of
work on the identification of substances increasing
vascular permeability and the other vascular events in
the inflammatory process has resulted in little reliable
information concerning relevant chemical mediators"1.
The subsequent 40 years of research have made up for
this shortfall by revealing many of the factors that we
now know propagate the initial response to tissue injury
(BOX l). However, once the inflammatory leukocyte and

the exudate have entered the inflammatory site and
neutralized the inciting agent, they must be eliminated
and cleared in a non-phlogistic manner. This is acute

inflammatory resolution, a burgeoning area of inflam¬
mation research that might help to understand the
aetiology of chronic inflammation. Like Wilhelm and
colleagues in the 1960s, who lamented the lack of
understanding of the mediators that drive acute
inflammation, we stand now in the newmillennium
knowing little of what switches it off. In much the
same way as pharmacologists developed drugs based
on blocking what initiates and drives inflammation,
perhaps now we can develop new anti-inflammatory
drugs based on mimicking those molecules that
resolve the problem.

What is inflammatory resolution?
It is a popular misconception that once the inflamma¬
tory response has neutralized an injurious stimulus,
inflammation somehow fizzles out, possibly from pro¬
inflammatory' mediator catabolism. On the contrary, the
resolution of acute inflammation is a highly coordi¬
nated and active process that is controlled by endo¬
genous 'pro-resolving' mediators. These factors switch
off leukocyte trafficking to the inflamed site, reverse
vasodilation and vascular permeability, and bring
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Box 1 I Mediators of the acute inflammatory response

Mediators known to drive the acute inflammatory response
• The clotting system products (plasmin, fibrinopeptides)
• Fibrinolytic system products (fibrin)
• Kinins (bradykinin)
• Vasoactive amines (histamine and 5-hydroxytryptamine)
• Substance P
• Complement system by-products
• Eicosanoids (prostaglandins, leukotrienes and platelet activation factor)
■ Cell-adhesion molecules
• Cytokines
• Chemokines
• Oxygen-derived free radicals
• Nitric oxide

Mediators recently found to be involved in pro-resolution
• Cydopentenone prostaglandins
• Lipoxins/resolvins
• NF-kB (p50/p50)
• Mediators of apoptosis (caspases, CD44, etc.)
• Annexin-1

about the safe disposal of inflammatory leukocytes,
exudate and fibrin, thereby leading to the restoration
of the inflamed tissue to its prior physiological func¬
tion. Importantly, successful resolution will limit
excessive tissue injury and give little opportunity for
the development of chronic, immune-mediated
inflammation2. However, if the host is unable to neu¬

tralize the injurious agent and/or there is a failure of
endogenous pro-resolving mediators to invoke resolu¬
tion, then acute inflammation might perpetuate,
resulting in varying degrees of tissue injury. If tissue
injury is mild, necrotic parenchymal cells will be
replaced by new cells of the same type in a process
known as regeneration. If, however, tissue damage is
extensive, or when fibrin is not rapidly cleared after
acute inflammation, the process of healing is by repair.
This involves the in-growth from the surrounding
connective tissue of an initially vascular tissue contain¬
ing capillary loops, fibroblasts and leukocytes, and is
known as granulation tissue.With time, the fibroblasts
lay down collagen and the capillaries disappear, leaving
an avascular area of fibrosis or scar. Repair by granula¬
tion and fibrosis occurs in many parts of the body
where a deposit of clot, exudate or dead tissue occurs
and is given the general name of organization3 (fig. l).
Undoubtedly, this is also a form of inflammatory reso¬
lution associated with tissue damage. As in rheumatoid
arthritis and asthma, for example, there will be con¬
tinuous or repeated bouts of acute inflammation,
resulting in ongoing tissue damage. Attempts at
wound healing would result in granulomatous tissue
formation, angiogenesis, fibrosis and scar formation, all
occurring concurrently2. This is chronic inflammation
and might be defined as a continuous inflammatory
disease state that could be driven by the development

vascular leakage

The process of the escape of
plasma and plasma proteins,
along with white blood cells, from
the vessel is known as

exudation. This inflammatory
exudate accounts for an increase

in the volume of interstitial fluid

(oedema) and tissue swelling at
the local site of injury.

non-phloc.istic

Non-inflammatory. This term
is used to describe the clearance
of leukocytes in a manner that
does not elicit an inflammatory
response.

nf-kb

(Nuclear factor of kB). A group
of sequence-specific
transcription factors that are
best known as key regulators
of the innate and adaptive
inflammatory responses, cell
survival and ancogenesis. In
mammals, NF-kB consists of
five structurally related and
functionally conserved
proteins: RELA (p65), RELB,
c-REL, NF-kB1 (pi 05 and p50)
and NF-kB2 (pi00 and p52).

of an immune response to an endogenous antigen
(autoimmunity)4-7. This review will not consider
aspects ofwound healing or chronic inflammation
butwill focus on the mediators and mechanisms that

regulate the fate of inflammatory leukocytes during
the resolution of acute inflammation.

Why develop drugs based on resolution?
A range of therapies exist for the treatment of inflam¬
mation-driven diseases such as asthma, rheumatoid
arthritis, psoriatic arthritis, systemic lupus erythemato¬
sus, Crohn's disease, multiple sclerosis and systemic
vasculitis. However, such therapeutics have undesirable
side effects. For instance, steroids can cause osteo¬

porosis" and impair wound healing9, whereas novel
selective inducible cyclooxygenase (COX)2 inhibitors
might reduce protective vascular prostacyclin synthesis,
leading to an increased risk of thrombosis10. Indeed, expe¬
rience with tumour necrosis factor-u (TNF-u)-neutraliz-
ing therapy has also revealed several complications".
Clinical studies indicate that TNF-a-neutralizing
therapy should not be given to patients with cardiac
failure or a history of demyelinating disease. In addi¬
tion, increased infection rates can occur, especially the
activation of latent tuberculosis, although other
opportunistic infections such as listeriosis, pneumo¬
nia and aspergillosis have also been reported. These
unwanted side effects stem from the inhibition of
essential endogenous factors that have a role in normal
physiology or, in the case ofanti-TNF-a, by dampening
down the host's ability to adequately deal with infec¬
tion, given that the innate inflammatory response is a
beneficial defensive event. Our view is that detailed
characterization of the biochemical pathways leading
to resolution might lead to the identification of novel
targets that can be exploited for innovative anti¬
inflammatory drug discovery. We foresee that novel
compounds based on the mechanism of action of a
given pro-resolving mediator will be modulatory in
their action and likely to produce a lower burden of
side effects.

Mediators and mechanisms of resolution

Studies on the resolution of acute inflammation have

already revealed novel mediators with potent anti¬
inflammatory properties. Determining their basic struc¬
ture and function might help in the development of
unique anti-inflammatory therapeutics. So far, these
pro-resolving mediators have been shown to exert
powerful anti-inflammatory effects in various experi¬
mental models of inflammatory diseases. Of these,
lipid-mediator derivatives of the COX2 and lipoxy¬
genase (LOX)/LOX interaction pathways of arachidonic
acid, eicosapentaenoic acid (EPA) and docosahexa-
enoic acid (DHA) metabolism, as well as inducible
haem-oxygenase (HO-1), will be described in this
review. We will also discuss the fate of inflammatory
leukocytes after their job is done (apoptosis), reveal a
virtuous side to nuclear factor (NFi-kBand discuss how
old workhorses of inflammation (glucocorticoids and
annexins) cross paths with the new (lipoxins).
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Figure 1 | Scheme of events depicting the various consequences to acute
inflammation. In the first instance, inflammatory leukocytes migrate to the inflamed
site or area of tissue damage, with PMNs or eosinophils being the first cell types at the
scene (a). Although in some circumstances PMNs are cleared from the inflamed site by
returning to the circulation, the most common fate of PMNs is apoptosis, after which
they are phagocytosed by newly migrated macrophages (macrophages containing effete
leukocytes are called Reiter cells). Macrophages, in turn, might apoptose locally or be
cleared by lymphatic drainage (b), thereby allowing this acute inflammatory response to
resolve and the inflamed tissue to return to its normal physiological function (c). Invariably,
however, there is some evidence of parenchymal tissue damage (d), with some cells
dying by necrosis but, in turn, being replaced by local tissue regeneration and some
evidence of residual tissue scarring (e). If, however, the surrounding tissue damage is
extensive, the process of healing is by repair. This involves the in-growth from the
surrounding connective tissue of an initially vascular tissue containing endothelial cells,
fibroblasts, myofibroblasts and macrophages, and is known as granulation tissue (f).
After some time, the number of macrophages and myofibroblasts decline. Eventually,
fibroblasts lay down collagen and the capillaries disappear, leaving a dense avascular,
hypocellular extracellular matrix (g).
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PEROXISOME PROLIFERATOR-

ACTIVATED RECEPTORS

(PPARs). Members of the
nuclear receptor family that
regulate the transcription of
genes involved in lipid and
lipoproteinmetabolism, glucose
and energy homeostasis, as well
as cellular differentiation. They
consist of three isotypes: alpha
(NR1C1),gamma (NR1C3) and
beta/delta (NRCIC2),with a

differential tissue distribution.

SIGNAL TRANSDUCERS AND

ACTIVATORS OFTRANSCRIPTION

Signal transducers and
activators of transcription
(STAT) proteins are intracellular
effector molecules of cytokine-
modulated signalling.

POLYMORPHONUCLEAR

LEUKOCYTES

(PMNs). Discovered by Paul
Ehrlich who used contemporary
fixing and staining techniques to
identify the lobulated nucleus
and the granules that typify cells
that we now classify as
eosinophils, basophils and
neutrophils. In the context of
this review, PMNs refer to
neutrophils.

PLAg

l
12- and 15 lipoxygenase Arachidonic acid 11 ► Cytochrome p450

1

PGD.

PGJ

A12PGJ,

Cyclooxygenase

Prostaglandins

15 deoxyA12-14PGJ? <y

Figure 2 | Arachidonic metabolism by COX, as well as the LOX and cytochrome p450 family of enzymes. Arachidonic acid
is released by either cytosolic, secretory or calcium-independent phospholipase\ The phospholipase involved is cell-type- and
stimulus-specific. Liberated arachidonic acid is metabolized by cyclooxygenase (COX)1 orCOX2 to PGG2 and then F>GH2. PGH2
serves as a substrate for a series of downstream synthases to give rise to the prostaglandins. For PGD2 synthesis, PGH2 is
metabolized by haematopoietic prostaglandin D2 synthase. PGD2, in turn, is non-enzymically broken down to the cyPGs. PGD2,
prostaglandin D2; PGG2, prostaglandin G2; PGH2, prostaglandin H2.

COX2-derived cyclopentenone prostaglandins
Prostaglandin (PG) D2 is a major product from a COX-
catalysed reaction in a variety of tissues and cells,
including those of the immune system, such as mast
cells, platelets, T cells, dendritic cells and macrophages.
PGD2has significant effects on a number of biological
processes, including inhibition ofplatelet aggregation,
vascular and nonvascular smooth-muscle relaxation, as
well as sleep-wake regulation and inflammation12. PGD2
undergoes dehydration in vivo and in vitro to yield
biologically active PGs of the J2 series, including PGJ„
A12,14-PGJ, and 15-deoxy-Ar214-PGJ, (15d-PGJ2),
which are characterized by the presence of a reactive
«,(l-unsaturated ketone in the cyclopentenone ring13
(FIG. 2). Although 15d-PGJ2 was initially identified as a
high-affinity natural ligand for peroxisomeproliferator-
activated receptor gamma (PPARy)14,15, it is now thought

to exert its effects through PPARy-dependent aswell as
-independent mechanisms16, resulting in the suppression
of various pro-inflammatory signalling pathways.
These include pathways that operate through NF-kB,
API and signaltransducersandactivatorsoftranscription

(STATs)l4,15,i7"1\ as well as the suppression of inducible
nitric oxide synthase, interleukin (IL)-1 p, TNF-a and
IL-12 in macrophages14-20, microglial cells21,22 and den¬
dritic cells23.15d-PGJ, also preferentially inhibits mono¬
cyte rather than polymorphonuclear leukocyte (PMN)
trafficking through the differential regulation of cell-
adhesion molecule and chemokine expression24"27,
indicating that cyclopentenone PGs (cyPGs) do not
control the onset phase ofacute inflammation, in which
PMNs predominate, but tightly regulate the chronicity of
the inflammatory response. In support of this, we have
shown that COX2 has a dual role in acute pleuritis28,29.
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Box 2 | Cytokines and the resolution of acute inflammation

In unpublished experiments, we found a peak in interleukin (IL)-l 0 and transforming
growth factor (TGF)-pl expression during the resolving phase of acute inflammation,
indicating an important role for these cytokines in pro-resolution.We suspect that they
are synthesized bymacrophages following the recognition of apoptotic
polymorphonuclear leukocytes (PMNs; see the in vitrowork in REFS 81,138,140). In
addition, is was recently reported that under the control of interferon (IFN)-y, IL-6 and
its soluble receptor controls PMN trafficking in peritoneal inflammation by suppressing
CXC and CC chemokine expression and hence further PMN recruitment1'"'''47.
Furthermore, IL-6 and its soluble receptor promotes PMN apoptosis and clearance.
This highlights some of the early signals that might influence the longevity ofPMNs in
self-limiting inflammation.

deiayed-type

hypersensitivity

(DTH). A delayed-type
hypersensitivity or type IV
hypersensitivity is mediated by
T lymphocytes and not by
antibody-antigen complexes
(arthus or type III
hypersensitivity). Typically, this
response occurs 24-72 hours
after the sensitized host is

exposed to the offending
antigen. For example, aDTH
reaction might be set up
experimentally by sensitizing to
methylated bovine serum
albumin in Freund's complete
adjuvant and challenging 12
days later with the same antigen.

T 1

The Th1/Th2 hypothesis came to
prominence in the late 1980s,
indicating that mouse T-helper
(Th) cells broadly express
differing cytokine profiles.
Whereas T-helper 1 (TH1) cells
secrete IFN-y and TNF-a; TH2
cells secrete IL-4, IL-5 and IL-13.
In addition, TH3 and regulator)'
CD25+CD4+ T cells exist that

produce TGF-(3 and IL-10,
respectively.

BILIVERDIN and BILIRUBIN

Haem catabolites with anti¬

inflammatory properties due to
scavenging of free radicals.

This enzyme not only contributes to the onset of the
reaction through the synthesis of pro-inflammatory
PGE„ but also to its resolution through the preferential
synthesis ofPGD, and 15d-PGJ,. Moreover, we recently
identified the phospholipases (PLAs) that release arachi-
donic acid for these dual phases of eicosanoid metabo¬
lism with calcium-independent PLA2, and to a lesser
extent secretory PLA„ which is necessary for the onset
phase switching to a requirement for cytosolic PLA,
coupling to COX2 during resolution for the generation
ofpro-resolving PGD, (ref. 30). It seems that PGD, and
15d-PGJ, bring about resolution, in part, by inducing
PMN and, surprisingly, macrophage apoptosis31, albeit
a contentious issue. Indeed, of all the leukocytes,
macrophages tend to be very resistant to undergoing
programmed cell death. Yet, 15d-PGJ,has previously
been reported to induce granulocyte32, macrophage33
and, more recently, myofibroblast apoptosis34. These
studies indicate that the cyPGs might not only be
important for controlling the fate of inflammatory
leukocytes during the resolution of acute inflamma¬
tion, but also in preventing complications arising from
excessive tissue fibrosis and wound healing.

That 15d-PGJ, has both PPARy-dependent and
-independent effects and that it is formed by non-
enzymic dehydration from the parent eicosanoid,
PGD,, makes tying down the precise contribution of
15d-PGJ, to the inflammatory response problematic.
However, we can begin to get some idea about this by
examining the inflammatory response in mice that are
deficient in haematopoietic PGD, synthase, the enzyme
that synthesises PGD, from its COX-derived PGH, pre¬
cursor. Therefore, in an immune-mediated delayed-type

hypersensitivity reaction, mice that are deficient in
haematopoietic PGD, synthase showed an exaggerated
inflammatory response that failed to resolve readily.
Lymphocytes from these animals proliferated uncon¬
trollably, producing a thi-type cytokine profile and
showed enhanced binding or pro-inflammatory NF-kB
activity (D.W.G., J. Newson, S. Gor and P.R. Colville-
Nash, manuscript in preparation; see box 2). Despite
the questions surrounding the PPARy-dependent or -
independent effects of 15d-PGJ,, these results are in
general agreement with those obtained from PPARy
mice with a type IV hypersensitivity reaction36. Similarly,
when fibroblasts expressing retrovirally transfected
haematopoietic PGD, synthase complementary DNA

(cDNA) are introduced to mice bearing bleomycin-
induced lung injury, significantly reduced lung oedema,
leukocyte infiltration in bronchoalveolar lavage fluid
and pulmonary collagen content is observed, in addition
to prolonging the lifespan of the transfected mice37.
These results, as well as those showing a protective role
for 15d-PGJ, in models of ischaemia reperfusion
injury38,39, inflammatory bowel disease38, adjuvant-
induced arthritis40 and experimental autoimmune
encephalomyelitis41, provide supportfor 15d-PGJ, as a
novel therapeutic agent against inflammatory diseases.
PGD, and the cyPGs might contribute to the resolu¬
tion of inflammation through various mechanisms
that include the inhibition of the expression of pro¬
inflammatory genes, the induction ofapoptosis in
activatedmacrophages and myofibroblasts, and the acti¬
vation ofPPARy. However, stable therapeutics based on
PGD, and itsmetabolites might not be a panacea for all
inflammatory processes. For instance, in the lung there
is mounting evidence that PGD, might contribute sig¬
nificantly to the symptoms and pathogenesis associated
with asthma4143, indicating that although such putative
endogenous PGs might be protective at one site of tissue
injury, it might be detrimental at another, reflecting
differing organ-specific aetiologies of disease processes
in terms ofonset and resolution.

Effect of haem oxygenase induction
There is still much debate over the differential effects of
15d-PGJ, on pro-inflammatory cytokine synthesis.
However, a closer look at the literature reveals that this
disparity arises from the concentrations of 15d-PGJ,
(ng or pg) used on different cell types (peripheral
blood monocytes-macrophages, J774 macrophages or
A549 cells) that are stimulated differently (such as LPS,
PMA and TNF-a)14,26,44. However, one interesting
observation from these studies was the delayed but
sustained inhibition of LPS-stimulated TNF-a release
achieved by low concentration 15d-PGJ, (0.5 pM) on
LPS-treated J774 macrophages,whichwas attributed to
the induction ofHO-1 by 15d-PGJ, (REF.44). HO-1 is a
stress-inducible enzyme that catalyses the degradation of
haem to liberate free iron, carbon monoxide, biliverdin
and bilirubin in mammalian cells43 and was one of the

original endogenous factors identified as playing a crucial
role in the resolution of acute pleuritis46, with current
studies indicating that HO-1 might also have a role
during the onset phase of acute inflammation by regu¬
lating PMN trafficking47.15d-PGJ, induction ofHO-1
and its associated suppression ofpro-inflammatory gene
expression is certainly consistent with its role in acute
inflammatory resolution, but the interaction between
HO-1 and 15d-PGJ, during this phase has yet to be
clarified. Numerous studies have since reported an

important role forHO-1 as a defence mechanism against
oxidative insults through the antioxidant properties of
biliverdin and bilirubin, as well as the anti-inflammatory
action of carbon monoxide48.Moreover, in mouse-to-rat
transplantation, induction ofHO-1 by cobra venom
factor and cyclosporine A in endothelial and smooth-
muscle cells of cardiac xenografts prior to transplantation
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Figure 3 | Biosynthesis of LXs occurs through three distinct biosynthetic pathways, a | The first is viaplatelet-PMN
(polymorphonuclear leukocyte) interactions, whereby 5-LOX (lipoxygenase) in PMNs metabolizes arachidonic acid to leukotriene
A4 (LXAJ, which is taken up by platelets in a transcellular manner and converted by platelet 12-LOX to LXA„ (refs 142,143).
b | The second route of lipoxin (LX) formation is via the action ofmonocytes or epithelial-cell 15-LOX. Molecular oxygen is
inserted into carbon 15 of arachidonic acid, yielding 15(S)hydroperoxyeicosatetraenoic acid, which can then serve as a substrate
for PMN 5-LOX to generate 5,6-epoxytetraene. This unstable epoxide intermediate is converted to LXA4 and LXE5, by epoxide
hydrolases in leukocytes'44. A final and unorthodox route for LX metabolism involves aspirin145, c | Aspirin acetylates the active
site of cyclooxygenase (COX)2, resulting not in the inhibition of COX2 enzyme activity but in the conversion of arachidonic acid
to 15(RJ-hydroxyeicosatetraenoic, which when released from endothelial and epithelial cells might be transformed by leukocyte
5-LOX to generate 15-epi-LXA4 or15-epi-LXB4.
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air-pouchmodel

The inflation of an air pouch
on the dorsum ofmice or rats

allows for the introduction of

inflammatory stimuli to
examine either innate or

adaptive immune responses.

prolongs the survival rate of these organs49.Upregulation
ofHO-1 with anti-CD40L monoclonal antibody also
protects mouse allografts against transplant rejection50,
whereas induction ofHO-1 by cobalt-protoporphyrin
IX protects against murine acute graft-versus-host
disease51. So, compounds that regulate HO-1 might
represent yet another strategy for the treatment of
inflammatory diseases.

The lipoxins and resolvins
Lipoxins. Transcellular metabolism ofarachidonic acid
by LOX/LOX interaction pathways gives rise to the
lipoxin (LX) family ofeicosanoid metabolites (fig. 3). LXs
display selective actions on leukocytes that include
inhibition ofPMN chemotaxis52, PMN adhesion to and
transmigration through endothelial cells53, as well as
PMN-mediated increases in vascular permeability54. In
contrast to their effects on PMN and eosinophils, LXs are
potent stimuli for peripheral blood monocytes, stimu¬
latingmonocyte chemotaxis and adherence55,56 without
causing degranulation or release of reactive oxygen
species57. In fact, LXs and their stable analogues accelerate
the resolution ofallergic pleural oedema58 and enhance
phagocytosis of apoptotic PMNs by monocyte-derived
macrophages in a non-phlogistic fashion59,60, paving the
way for a return to tissue normality. LXA ( and aspirin-
triggered 15-epi-LXA4, aswell as their stable analogues,
actwith high affinity at a G-protein-coupled receptor,
LXA( receptor (ALXR; also referred to as formyl peptide
receptor-like 1 or FPRL1). FPRL1 is a member of the
family of seven transmembrane G-coupled receptors,
which has at least two other members—FPRL2 and the

formyl-Met-Leu-Phe receptor (FPR). By contrast, LXB,
does not bind the ALXR and, although functional studies
have indicated the existence of a receptor that is activated
by LXB4, this receptor has not been cloned61.Aswith the
cyPGs, the LXs have also been identified as being
expressed during and being crucially important for the
resolution of acute inflammation. In a model of rat

allergic oedema, for instance, LXA4 was identified along
with PGE, as being present during the clearance of
oedema in this model62. Inhibition of their synthesis
prolonged oedema clearance, which was rescued using
stable analogues of these eicosanoids. A recent analysis of
eicosanoid synthesis in a murine dorsal air-pouch model
of acute inflammation elicited by TNF-a has revealed a
switch in lipid-class metabolism reminiscent of that
found in the rat carrageenin-induced pleurisy. In
response to TNF-a, levels of leukotriene B( increased
rapidly, followed by PMN infiltration, which coincided
with a rise in inflammatory exudate PGE, (ref. 52).
Concomitantwith the eventual reduction in PMN num¬

bers and PGE, was an increase in LXA4. It was concluded
that PGE, induced a switch in lipid mediator synthesis
from predominantly 5-LOX-generated leukotriene B4 to
15-LOX-elicited pro-resolving LXA4. Along with our
findings in the rat carrageenin-induced pleurisy in terms
ofPG metabolism29,30, this work indicates that, in acute
inflammation, lipid-mediator biosynthesis is biphasic,
with a role for eicosanoids in the initiation as well as
termination of the inflammatory response.

Resolvins. Arachidonic acid is not the only fatty-acid
substrate that can be transformed by COXs and LOXs to
bioactive mediators with roles in anti-inflammation
and resolution. DHA and EPA— omega-3 fatty-acid
constituents of fish oils— were shown recently to be
metabolized during the resolving phase of an aspirin-
treated TNF-a-induced inflammation to potent anti¬
inflammatory products, aptlynamed resolvins63,64 (FIG. 4).
For instance, endothelial cells expressing COX2 and
treated with aspirin convert EPA to 18R-hydroxyeicosa-
pentaenoicacid (HEPE) and 15R-HEPE. Both are sub¬
sequently used by PMNs to generate separate classes of
novel trihydroxy-containing mediators that potently
inhibit human PMN transendothelial migration63.
Similarly, aspirin-acetylated COX2 converts DHA to
17R-HDHA, which is subsequently transformed by
PMNs into two sets of novel di- and trihydroxy products
that can inhibit microglial-cell cytokine expression and
ameliorate experimental models of dermal inflammation
and leukocyte accumulation in peritonitis at nanogram
doses64. Even in the absence of aspirin, human whole
blood converts DHA to 17S series resolvins as well as
novel dihydroxy-containing docosanoids. DHA-loaded
glial cells stimulated with zymosan also release
docosanoids, with these novel resolvins possessing such
potent anti-inflammatory effects as inhibiting leukocyte
trafficking in vivo and pro-inflammatory cytokine release
by stimulated human glial cells65.

Collectively, the LXs and resolvins represent novel
classes of anti-inflammatory agents that are tightly
associatedwith the resolution of acute inflammation
and shown to be implicated in the pathogenesis ofdisease
processes, including atherosclerosis66, periodontitis67,
chronic liver disease68 and asthma69. Moreover, LXs and
their analogues are proving to be highly effective thera¬
peutics in a range of experimental disease models,
including immune-mediated glomerulonephritis70 and
renal ischaemia-reperfusion injury71, a range of skin
inflammatory-like diseases72 and gastritis73. Lipid media¬
tors of this sort are not only natural and essential com¬
ponents of acute inflammatory resolution, but show
that when applied to inflammatory disease processes are
highly effective, thereby providing the rationale for the
development ofcompliant and stable mimetics that tar¬
get key aspects of chronic inflammation, either ongoing
or recurrent, forcing them down a revolving pathway
and into remission.

Apoptosis and phagocytosis
What is the fate of inflammatory leukocytes after they
have carried out their role? There are a number of
routes available for the efficient clearance of these
cells, including systemic re-circulation74,75, lymphatic
drainage76,77, or death by either apoptosis or necrosis
followed by phagocytosis, with apoptosis followed by
phagocytosis being considered the most desirable for
successful resolution78. It is clear that apoptosis has a fun¬
damental role in almost all biological processes and there
is increasing evidence to indicate that dysregulated
apoptosis is likely to be an important factor in the patho¬
genesis and progression of a number of diseases79,80.
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a 17R: D-series resolvins

5s, 6R-epoxy, 18R-hydroxy-EPE 5S, 12R, 18R-trihydroxy-EPE
Resolvin E1

Figure 4 j Synthesis of DHA- and EPA-derived eicosanoid resolvins. Arachidonic acid is metabolized by the aspirin-acetylated
cydooxygenase (COX)2/lipoxygenase (LOX) interaction pathway to the epi-LXs, and substitution of arachidonic acid with to-3 poly¬
unsaturated fatty acids (such as DHA (docosahexaenoic add) and EPA (eicosapentaenoic acid)) as substrates gives rise to the resolvins.
a | Human COX2 can convert DHA to 13-hydroxy-DHA, which switcheswith aspirin to 17R-HDHA. Human PMNs transformed aspirin-
acetylated COX2-derived 17R-hydroxy-DHA into two sets of novel di- and trihydroxy products; one initiated via oxygenation at carbon 7
and the other at carbon 4 (ref. 64). b [ By contrast, endothelial cells that express COX2 and that are treated with aspirin will convert EPA
to 18R-hydroxyeicosapentaenoic acid and 15R-hydroxyeicosapentaenoic add. Each can be further metabolized by PMNs to generate
separate dasses of novel trihydroxy-containing mediators, induding 5-series 1 SR-LXj and 5,12,18R-trihydroxyeicosapentaenoic acid03.
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cAMP

(Cyclic adenosinemono¬
phosphate).a second messenger
systemwith inflammo-
modulatory properties.

Enhanced undesirable apoptosis occurs in many
neurological diseases, such as Alzheimer's disease,
Parkinson's disease,Huntington's disease and multiple
sclerosis. Furthermore, inappropriate inflammatory
responses or dysfunctional vascular effects leading to
tissue damage with increased apoptosis have been
observed. So, there is good evidence of cell or tissue
apoptosis duringmyocardial infarction, stroke or sepsis.
Consequently, a therapeutic strategy to delay or inhibit
apoptosiswould seem a viable option assuming that cell
specificity can be achieved.

On the other hand, there is much evidence indicat¬
ing that reduced apoptosis occurs in most cancers.
Essentially, as well as uncontrolled cell division or pro¬
liferation, there is an apparent failure of cancerous cells
to undergo apoptosis. It has also been proposed that in
many inflammatory diseases (for example, rheumatoid
arthritis, atopic dermatitis, Crohn's disease, asthma
and chronic obstructive pulmonary disease) there
might be delayed apoptosis of key inflammatory cells,
thereby prolonging the functional responsiveness of
these potential histotoxic cells. A strategy to specifically
promote death of cancer cells or tissue-damaging
inflammatory cells is therefore likely to be therapeuti¬
cally beneficial. However, any attempts to induce cell,
especially inflammatory-cell, apoptosis must be
matched by effective non-inflammatory clearance by
phagocytic cells (for example, macrophages)60'78'81.
Failure to remove these apoptotic cells would
undoubtedly lead to the cells becoming necrotic,
thereby increasing the potential for tissue damage
occurring. Great progress has been achieved in recent
years in the elucidation of the complex mechanisms
that are involved in recognition of apoptotic cells (or
apoptotic bodies) by phagocytes (at least 10 recogni¬
tion mechanisms have been identified so far)82.
Furthermore, phagocytosis of apoptotic cells has
been shown to be a highly regulatable process and
therefore likely to be amenable to pharmacological
manipulation83'84. It has been shown, for example,
that elevation of camp by PGs85 can downregulate
macrophage capacity to ingest apoptotic cells, whereas
treatment of phagocytes with glucocorticoids86,87, LXs59
or even certain cytokines88 can markedly increase
macrophage clearance of apoptotic cells. Interestingly,
the environment in which phagocytes are likely to
reside can also upregulate apoptotic-cell clearance.
For example, interactions with extracellular-matrix
components such as fibronectin89, and ligation of
macrophage CD44 with crosslinking antibodies90, can
augment the capacity of phagocytes to engulf apop¬
totic cells. So, clearance of apoptotic cells in a non¬
inflammatory manner by phagocytes is a therapeutic
possibility. Indeed, there is already evidence in animal
models that CD44 has an important role in resolving
lung inflammation91 and that glucocorticoids might exert
some of their therapeutic beneficial anti-inflammatory
effects in patients with asthma by influencing apoptosis
and apoptotic-cell clearance92. Some of these novel
developments have led to the design of drugs that have
even gone into clinical trials79,93.

One extremely active area of drug development that
targets apoptosis is the identification of small-molecule
caspase inhibitors. Caspases are a family of cysteinyl
aspartate-specific proteases that are of fundamental
importance in the initiation and execution of apoptosis,
ultimately being responsible for the dismantling of the
cell during apoptosis94'95. A number of small-molecule
inhibitors of caspases (for example, ZVAD-fmk) have
already been tested in animal models of human disease
with remarkable success. For example, specific caspase
inhibitors have been shown to be effective in preventing
or reducing the effects of ischaemia (for example, organ
failure and death) in various animal models79,96,97. These
inhibitors ofapoptosis are now being tested pre-clinically
or have reached clinical trials for hepatic disease, acute
myocardial infarction and sepsis93. A good example of a
novel specific broad-spectrum caspase inhibitor that
has been successfully used pre-clinically is IDN-6556
(rf.f.98). This compound, administered by a number of
routes,was shown to be potent and efficient in reducing
signs of liver damage in in vivo rodent models of liver
disease. It was shown that the compound seemed to
exert its activity by effectively inhibiting caspase
activity99. Furthermore, this drug has successfully
undergone Phase II clinical trials for liver disease in
which it was well tolerated and reduced plasma alanine
aminotransferease activity, a marker for hepatic injury,
in patients with liver impairment100. There are a number
of other drugs that are in development for inhibiting
apoptosis, but so far the most promising therapeutic
development is in the induction of apoptosis, especially
for the treatment of a number ofcancers. The strategy for
inducing apoptosis has been to block powerful survival
pathways by, for example, inhibiting BCL2-mediated
survival using antisense oligonucleotides, and inter¬
ference of survival pathways that are mediated by
NF-kB, phosphoinositol-3-kinase and tyrosine kinase
activation. Another strategy is to directly induce
apoptosis by engaging death-receptor pathways (such
as FASR, TNFR and TRAILR) or by other less well-
defined mechanisms93.

NF-kB

The NF-kB pathway is pivotal in the inflammatory
response by regulating the expression of pro-inflamma¬
tory cytokines, chemokines and inducible enzymes101.
Furthermore, NF-kB controls the expression of anti-
apoptotic genes thatmight protect inflammatory leuko¬
cytes from programmed cell death102, an important
determinant of inflammatory resolution. Given the cen¬
tral role of this pathway in the initiation of the inflamma¬
tory response and preservation of leukocyte longevity,
it seems that factors that threaten the pro-inflammatory
or anti-apoptotic status ofNF-kB would hasten the
resolution of inflammation. Some insight into this was
provided by the PPARy-independent inhibitory effects
of 15d-PGJ, on NF-kB activation (see box 3). For
example, the NF-kB pathway regulates the expression
of the anti-apoptotic protein BCL-Xl, the promoter
activation ofwhich is inhibited by 15d-PGJ,. This leads
to programmed cell death of CD28 co-stimulated
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Figure 5 | The profile of NF-kB subunit binding from onset to resolution in acute
inflammation, a | Inhibition of nuclear factor of kB (NF-kB) at the onset of the inflammatory
response resulted in the inhibition of acute inflammation due to the binding of the pro¬
inflammatory NF-kB submits p50/RELA. b | At resolution, however, there was predominance of
p50-p50 homodimers, which is responsible for pro-inflammatorymediator suppression and the
induction of pro-apoptotic gene expression leading to the onset of resolution (c). The inhibition of
NF-kB during this phase prevented resolution.

primary human CD4+ T cells in vitro103.We recently
described the induction of caspase-dependent apoptosis
in both PMN and eosinophil granulocytes by 15d-PGJ
through the inhibition of NF-kB independent of
I'I'ARy31. Previous studies from our laboratory have also
shown that the specific inhibition ofNF-kB can induce
granulocyte apoptosis directly and prevent the delay of
programmed cell death in cytokine-stimulated granulo¬
cytes104. Although a direct causal link between 15d-PGJ2-
mediated inhibition of NF-kB and the resolution of
inflammation has yet to be proven, these studies show
that inhibiting NF-kB speeds up leukocyte apoptosis,
which is good news for resolution. This can be taken one
step forward by suggesting that selective inhibition of
leukocyte NF-kB in inflammatory disease processes
might also signal the onset of resolution.

In contrast to pharmacologicallymanipulating the
well-documented pro-inflammatory pathway ofNF-kB
to control inflammation, we recently found that NF-kB
also has inherent anti-inflammatory properties that
mediate the resolution ofacute experimental pleuritis105.
This involves the recruitment of alternative DNA-binding

complexes such as p50-p50 homodimers, which might
antagonize NF-kb-dependent pro-inflammatory
gene expression while simultaneously promoting the
expression of genes that are required for the resolution
of inflammation. Broad-spectrum inhibitors of the
NF-kB pathway, such as antioxidants and proteasome
inhibitors, had the expected anti-inflammatory actions
during the initiation of inflammation. However,when
administered after the onset of inflammation, these
inhibitors prevented resolution, which was associated
with the inhibition of leukocyte apoptosis. We hypo¬
thesize that this alternative NF-kB pathway promotes
leukocyte apoptosis through the recruitment ofNF-kB
DNA-binding complexes that lack transactivation
domains and act as dominant-negative inhibitors of
anti-apoptotic gene expression (see FIG.s). Indeed, the
persistence ofp50-p50 homodimers during the reso¬
lution of inflammation is perhaps not surprising con¬
sidering the reported role of p50-p50 in the repression
ofpro-inflammatory gene transcription106,107. Transgenic
mice that express p50 but not the inhibitory carboxyl
terminus of the pl05 molecule showed increased
p50-p50 DNA-binding activity106. These mice show
reduced expression of cytokine genes in resident
macrophages and impaired leukocyte recruitment,
indicating p50-mediated suppression of inflammation
in vivo. These studies also revealed that in certain cell

types p50-p50 might enhance gene transcription, par¬
ticularly when complexed with the ikb-like protein
BCL3. This might help explain the unlikely expression
ofCOX2 during resolution as RELA-p50 and p50-p50
complexes bind to distinct kB response elements in the
COX2 promoter, whereas the p50-p50 complex alone
can also upregulate COX2 transcription through asso¬
ciation with transcriptional co-activators of the
C/EBP family.

These studies might also help explain, at the mole¬
cular level, how NF-kB controls leukocyte clearance
during resolution.We found that inhibition of p 105
processing to p50 and ofNF-kB DNA-binding activ¬
ity by the proteosome inhibitor MG132 reduced the

Box 3 [ PPAR/-independent inhibitory effects of 15d-PGJ2 on NF-kB activation

Although 15d-PGJ2 exerts some of its anti-inflammatory effects through peroxisome proliferator-activated receptor
gamma (PPARy) activation, resulting in, for example, the inhibition of nuclear factor of kB (NF-kB) DNA binding15,
it seems that 15d-PGJ, has more of an effect on the inflammatory response by altering the activation ofNF-kB directly.
Through Michael addition reactions, the highly reactive electrophilic carbon atom in the unsaturated carbonyl group of
the cyclopentane ring can react with nucleophiles, such as the free sulphydryl groups of glutathione (GSH) and cysteine
residues that form disulphide bonds in proteins'7148. In this respect, cyclopentenone PGs (cyPGs) can modify conserved
cysteine residues located in both the Irani acting DNA-binding proteins ofNF-kB and elements of the upstream
signalling complex that activates NF-kB in response to pro-inflammatory cytokines (IkB kinase-IKK)17. Therefore,
15d-PGJ, can alkylateCysl79 of IK K j I, which is located in the kinase activation loop149. The DNA-binding subunits of
NF-kB, p50 and RELAmight also be alkylated at Cys62 and Cys38, respectively, by 15dPGJ2 (ref. 150). These residues are
located in the DNA-binding domains of the proteins and their alkylation prevents the activation of gene expression
representingmultiple targets for the inactivation ofNF-kB by 15d-PGJ,. It was shown recently that 15d-PGJ2 was not
detectable during adipocyte differentiation, throughout the time course of LPS-administration to humans or in the
synovial fluid ofarthritic patients, questioning the status of 15d-PGJ2 as an endogenous PPARy receptor ligand151.
However, given its short half-life and propensity to bind avidly to sulphydryl groups, one possible reasonwhy 15d-PG)2
is not readily detectable in biological fluids is because it is bound to pro-inflammatory signalling proteins. Perhaps a
more appropriate strategy is to look for intracellular 15d-PG(,/protein complexes.
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expression of the pro-apoptotic proteins BAX and p53 in
leukocytes during the resolution ofacute inflammation105.
Finding BAX and p53 expressed during resolution in
this model is highly significant in itself as it identifies
the signalling pathways that mediate leukocyte apop-
tosis during acute resolution in vivo. Although the
BAX promoter contains both kB and p53 response
elements, BAX is thought to be a target gene for p53
rather than NF-kB. As p50-p50 homodimers are
known to positively regulate the p53 promoter, it is
interesting to speculate that p53 and NF-kB (p50-p50)
cooperate to regulate BAX expression and leucocyte
apoptosis during resolution, which would certainly
explain why p53 and BAX expression is diminished after
NF-kB inhibition during this period. Signal-induced
processing ofpi 05 to p50 is dependent on inducible
phosphorylation and proteosome-mediated limited
proteolysis, which is dependent in turn on the IKK
complex. Flowever, although the IKK complex is
essential for inducible pi05 processing, IKK|3 is redun¬
dant in this pathway. It could be hypothesized that
endogenous anti-inflammatory mediators such as

cyPGs repress the activation of IKKjl, leading to a pre¬
dominance of anti-inflammatory signalling pathways
that are regulated independently of IKK or by an alter¬
native IKK complex that mediates pl05 processing. It
should be noted that recent data with tissue-specific
knockout experiments of IKKp have illustrated the
possible adverse side effects of global IKKp inhibition108.
It was shown that inhibition of IKKp expression in
colonic epithelial cells increases apoptosis in response
to ischaemia reperfusion injury, leading to a loss of
barrier function and considerable intestinal damage.
This indicates a tissue-specific role for IKKp in inflam¬
mation: IKKp inhibition might reduce pro-inflammatory
cytokine production and leukocyte recruitment, and
inhibition of anti-apoptotic pathways might result in
increased tissue injury. This might be particularly
important in epithelial cells at mucosal surfaces that
have a barrier function, such as the lung and the
intestine. Understanding of these molecular mecha¬
nisms that terminate pro-inflammatory signalling
pathways and promote the resolution of inflamma¬
tion will enable the design and development ofmore
specific and appropriate pharmacological agents with
therapeutic potential for the treatment of chronic
inflammatory diseases.

Glucocorticoids and annexin

Glucocorticoids are endogenous potent anti-inflamma¬
tory mediators that are released within minutes in
response to stress and tissue injury to control the
severity of the inflammatory response, functioning as
internal brakes against potentially exaggerated inflamma¬
tory reactions mounted by the host1™. Accordingly,
removal of this potent and primary braking mecha¬
nism is associated with augmented and prolonged
inflammation, including, in some cases, lethality110,1".
Although probably not released into the circulation
during the resolution of acute inflammation, gluco¬
corticoids might act, in part, by speeding up resolution

in certain disease processes. For instance, glucocorticoids
selectively induce eosinophil apoptosis and, like the
LXs, also enhance macrophage phagocytosis ofapoptotic
bodies. This indicates that the role of steroids in the
treatment of chronic inflammation, such as asthma,
might be to reprogramme this ongoing inflammatory
lesion down a pro-resolution pathway.
It is now clear that the unbound glucocorticoid

receptor (GR) is associated within the cytoplasm in a
non-active oligomeric complex with regulatory pro¬
teins such as heat-shock proteins 90 and 70, p59
immuno-philin and p23 phosphoprotein112. Receptor
engagement leads to GR activation, which occurs in at
least two distinct ways. Following ligand binding, the
GR undergoes a conformational change leading to
dissociation from specific proteins and the formation
of glucocorticoid/GR complex monomers or dimers.
In the latter case, the complex translocates into the
nucleus to control gene transcription. Monomer gluco¬
corticoid/GR, however, might also regulate several
specific biochemical pathways, including the RELA
subunit ofNF-kB and the JUN and FOS components
ofAPI (refs 101,113-115)— so-called 'non-genomic'
effects of glucocorticoids. This is an area of active
research for the identification of glucocorticoids with
distinct genomic versus non-genomic properties. No
studies have yet addressed the question ofwhether
these non-genomic actions of glucocorticoids can
'modulate' specific signal-transduction pathways that
favour resolution.

As well as binding to cytoplasmic steroid hormone
receptors, glucocorticoids also modulate the expression
and secretion of regulatory proteins that have anti¬
inflammatory actions, ofwhich the peptide annexin-1
(lipocortin-1) has been well described in vitro and
in vivo116"119. Of a protein more than 300 amino-acids
long, small peptides drawn for the amino-terminal
region of annexin-1 retain biological activity. As the
annexin-1 amino terminus is not homologous to
other members of the family, it is likely that these pep¬
tides reflect solely the biological effects of annexin-1
(refs 41,120,121). The availability of a biologically active
peptide sequence could certainly be the starting point
for the development of new anti-inflammatory entities.
However, as small molecules are certainly more appeal¬
ing for drug discovery, identification of the precise
target for anti-inflammatory actions of annexin-1 has
long been required. Recent data showed an unexpected
twist in this area, showing that annexin-1 and LXA4
share the same ALX receptor122. Human recombinant
annexin-1 and annexin-1-derived peptides competed
with I,XA) for receptor binding not only on engineered
cells but also on human PMNs. These results, and the
fact that the ALXR binds other endogenous proteins123
(including serum amyloid protein A), broadens our
understanding of the endogenous control of acute
inflammation by suggesting that this anti-inflammatory
receptor has been evolutionarily kept for multi-use,
that the ALXR is pivotal for controlling the inflammatory
response from start to finish and that the host econo¬
mizes by using the same receptorswith different agonists.

nature reviews | DRUG DISCOVERY volume 3 | m ay 2004 141 1



REVIEWS

In support of this, a distinct profile of endogenous
LXA, and annexin-1 generation was found in the cell-
free exudates of a mouse air-pouch model of resolving
inflammation, with LXA4peaking at 4 hours but higher
annexin-1 levels detectable at 20 hours post-insult,
occurring at the same time as reduced PMN influx124.
Consistently, passive immunization ofmicewith neutral¬
izing anti-annexin-1 sera did not exacerbate PMN
recruitment but prolonged it125. In this study, several
parameters of the acute inflammatory response were
altered by blockade of endogenous annexin-1,
including the profile of cytokine and proteolytic
enzyme release. The recent generation of annexin-1-
null mice confirm these findings. Several markers of
acute inflammation are exacerbated in these animals,
including the oedema (vascular) response and PMN
recruitment126. Annexin-1-null mice also have an

altered susceptibility of some of these inflammatory
responses to glucocorticoid treatment126. It is important
that similar observations have also been produced in a
model of chronic joint inflammation127, thereby high¬
lighting potential therapeutic application of annexin-1
mimetics. So, the discovery that annexin-1 and its anti¬
inflammatory peptido-mimetics bind to ALX can open
the way to the development of novel small-molecule
entities based on annexin-1 (REF. 128), thereby, at least in
part, retaining some of the anti-inflammatory properties
of glucocorticoids that signal the resolution of ongoing
inflammatory lesions.

Current drugs that may trigger resolution
To the author s knowledge, there are no drugs in the clinic
that are purposefully based on the elicitation of pro-
resolving pathways, with the exception of those drugs that
target apoptosis93. There are, however, drugs in current
usage that mediate their effects, at least in part, by trigger¬
ing the synthesis of endogenous anti-inflammatory

Box 4 | Examples of non-resolving inflammatory disease processes

This box includes known drugs that mediate some anti-inflammatory effects through
the induction of endogenous anti-inflammatory mediators. In doing so, theymight
control ongoing inflammation by triggering resolution, a possibility that requires
further clarification. The shortness of this list reflects the scarcity of drugs developed
on the basis ofpro-resolution properties.

Non-resolving inflammatory disorders
• Arthritis

• Nephritis
• Asthma

• Bronchitis

• Chronic granulomatous disease
• Psoriasis

Drugs that mightmediate resolution
• Methotrexate

• Sulphasalazine
• FK506

• Drugs designed for the regulation of apoptosis (see REF. 93 for a detailed description of
the disease targets and mechanisms of action)

mediators in a manner that might be related to pro-
resolution. These include methotrexate, sulphasalazine
and FK506, which are thought to exert their effects by
increasing adenosine release129. Adenosine works
through four G-protein-coupled receptors that are
designated A(, A>(, Am and K}, and generally signals
through the cAMP pathway to dampen inflammation130.
Methotrexate, for instance, is a widely used and highly
effective drug for the treatment of rheumatoid arthritis
and other inflammatory diseases. Data from in vitro
studies have shown that methotrexate increases adeno¬
sine release from co-cultures of stimulated PMNs and
umbilical-vein endothelial cells or stimulated PMNs
and fibroblasts by inhi-bitingAICAR(5 aminoimida-
zole-4-carboxamidoribonucleotide) transformylase,
resulting in the accumulation ofAICAR, which is the
nucleoside precursor that has previously been shown
to cause adenosine release from ischaemic cardiac
tissue131. Moreover, in vivo studies showed that adeno¬
sine, working through the A receptors, mediates the
anti-inflammatory effects of methotrexate in mice132,
an observation that has been confirmed in adenosine-

A^- and adenosine-A3-receptor-deficient mice133. Adeno¬
sine fits well with our theme of resolution as it not only
prevents leukocyte trafficking but it might also switch
off acute inflammation by downregulating macrophage
activation134 and by favouring TH2- versus THl-cell
development135. Therefore, adenosine or adenosine
receptor occupancy on cells of the immune system
presents a potential target for pro-resolving therapy,
with the exception of asthma and chronic obstructive
pulmonary disease in which there are continuously
high endogenous levels of adenosine, which has been
suggested to contribute to the chronic nature of the
disease136. Similar considerations, although not yet
supported by drugs in clinical use, could be put for¬
ward for another family of five G-protein-coupled
receptors that signal through the cAMP — the
melanocortin receptors137. There are many chronic
inflammatory diseases (BOX 4) that could benefit from a
treatment regimen that, somehow, leads to resolution
of an ongoing inflammatory response. Drugs such as
methotrexate, sulphasalazine and FK506,which trigger
the synthesis of endogenous factors with established
anti-inflammatory and possibly pro-resolving proper¬
ties, provide support for the concept of activating
pro-resolution pathways to treat chronic inflammation.

Future directions

Developing drugs based on endogenous mediators
that are inherent to resolution might represent a new
strategy in anti-inflammatory therapy. So far, a number
of factors have been identified, including the LXs and
the resolvins, which although are unstable with short
half-lives in vivo, exert powerful alleviating effects
when used in their native form or, particularly, as stable
analogues to treat experimental inflammatory diseases.
Therefore, the development of compliant mimetics
based on their structure shows great promise for clinical
usage. Indeed, efforts in LX research have identified
that the LX receptor, in addition to binding some of
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the LX family of LOX/LOX interaction products, also
binds other endogenous factors, including the gluco¬
corticoid-inducible annexin-1 (ref. 122). This has con¬
sequences for understanding the nature of the
endogenous control of resolving inflammation, show¬
ing how anti-inflammatory mediators of differing
structure and metabolic origin can exert their anti¬
inflammatory effects through the same receptor. On
this theme, our ongoing challenge is to identify novel
receptors, the activation ofwhich is integral to resolving
inflammation, thereby presenting alternative targets
for drug development128. Other potential pro-resolving
lipid mediators for drug targeting are PGD, metabo¬
lites.We found a crucially important role for these
eicosanoids in controlling the severity and progres¬
sion of an experimental T-lymphocyte-mediated
delayed-type hypersensitivity, indicating that stable
analogues of these eicosanoids might prove beneficial
in the management of certain immune-mediated dis¬
eases, such as rheumatoid arthritis or encephalomyelitis.
However, as already mentioned, PGD, metabolites
seem to exacerbate allergic lung diseases, almost cer¬
tainly indicating organ-specific pathways of inflamma¬
tory resolution. This is important for drug development

for resolving inflammation as not all organs have the
same pro-resolving machinery. A good example of
this is in the kidney: a model of glomerulonephritis
showed that only a small percentage of influxing
PMNs are phagocytosed after undergoing apoptosis,
with most being cleared from the inflamed glomeruli
by returning to the circulation74. This indicates that
although the end result is resolution, the cellular mech¬
anisms that ultimately switch off acute inflammation
might be organ specific.

Seminal work on the fate of inflammatory leuko¬
cytes has revealed that not only is apoptosis ofPMNs
and eosinophils crucial as a basic mechanism of cell
disposal, but that the apoptotic cells themselves express
on their surface a repertoire of signals, of which phos-
phatidylserine is well characterized138. These signals
facilitate their phagocytosis, and hence clearance, by
macrophages,while at the same time programming the
phagocytosing macrophage into an anti-inflammatory
or pro-resolution phenotype. Interestingly, rapid mem¬
brane translocation of annexin-1 in T cells entering into
apoptosis also favours phagocytosis by macrophages
and other cleaning cells139. It is therefore not surprising
that injection ofapoptotic PMNs or phosphatidylserine

Host response

"8,-5

Onset

Cytokines
Cell adhesion
Chemokines
Free radicals

Complement
Prostaglandins

®®
© ®

Apoptotic PMNs

Monocytes

Phagocytosis

Resolution
PGD2 + cyPGs
Resolvins

Lipoxins
NF-xb (p50-p50)

Time up to 72 hours

Figure 6 | A general schematic summarizing the mediators and mechanisms that drive and switch off acute innate
inflammation. During the early phases of acute inflammation and under the control of endogenous cytokines, chemokines,
cell-adhesion molecules and other pro-inflammatory stimuli, polymorphonuclear leukocytes (PMNs) or eosinophils (depending
on the nature of the stimulus) migrate into the inflamed site and, along with oedema, begin the task of neutralizing the injurious
agent. These leukocytes undergo apoptosis or programmed cell death, which, in vivo, can take from 24-48 hours for PMNs or
much longer for eosinophils. From our studies, it seems that BAX and p53 have a role in PMN apoptosis during resolution.
Within time (anything from 6-24 hours, depending again on the nature and 'quantity' of the stimulus), monocytes are recruited,
which differentiate to larger, more granular macrophages. These macrophages, which are generally fewer in number than the
PMN infiltrate, set about phagocytosing apoptotic PMNs or eosinophils. During this phase of active resolution, Reiter cells
(macrophages containing, usually, 2^t effete leukocytes) can be observed histologically. When the apoptotic leukocytes are
cleared, macrophages must also be disposed of in order to prevent, for instance, granuloma tissue formation. The fate of
macrophages is either local-cell apoptosis or lymphatic drainage. The events controlling leukocyte apoptosis, phagocytosis
and macrophage clearance are not well understood, but it is known so far that the lipoxins, resolvins, annexin-1, PGD2
(prostaglandin D2) metabolites and nuclear factor of kB (NF-kB) subunits (p50-p50) are crucial in resolution.
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liposomes in a model of peritonitis accelerates reso¬
lution140 and a similar intervention inhibits onset of

experimental arthritis141. This could provide the
impetus to develop drugs that mimic the signals dis¬
played by apoptosing cells and enhancing the capacity of
infiltrating or resident macrophages to phagocytose,
with the LXs and the glucocorticoids showing particular
effect in this area. As well as solublemediators, theNF-kB
pathway has sprung some unexpected surprises —
namely, its role in pro-resolution through the preferential
binding of the p50-p50 anti-inflammatory subunits.
Understanding the signals that preferentially favour this
subunit complex formation will help in the develop¬
ment of drugs that speed up resolution through the
induction of apoptosis. A temporal profile of the events
leading to resolution and mediators that control them,
as we understand them today, is shown in fig. 6.

Summary
In conclusion, we believe that failure of acute inflam¬
mation to adequately resolve might contribute to the

development of chronic inflammation and even

autoimmunity.We therefore suggest developing drugs
that mimic the actions of mediators that are essential
for resolution to treat chronic inflammatory diseases,
such as rheumatoid arthritis, asthma and encephalo¬
myelitis, for example. Such therapeutics might be
based on the mechanisms of action of cyPGs, lipoxins
or lipoxin-receptor agonists, or on factors that trigger
leukocyte apoptosis and stimulate macrophage
phagocytosis of apoptotic cells. In doing so, it might
be possible to 'trick' ongoing inflammation into reso¬
lution. Unfortunately, such therapeutics, with the
exception of those that regulate leukocyte apoptosis93,
are far from the clinic. This reflects the relative imma¬

turity of this field of research. However, further
investigation into the mediators and mechanisms
that are central to resolution will bring us into a new
era of inflammation research, which, if approached
with creativity and persistence,might provide numer¬
ous benefits for those suffering from inflammation-
mediated diseases.
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Granulocyte apoptosis: who would work with
a 'real' inflammatory cell?
I. Dransfield1 and A.G. Rossi
MRC Centre for Inflammation Research, University of Edinburgh Medical School, Teviot Place, Edinburgh EH8 9AG, U.K.

Abstract
The neutrophil granulocyte is a key factor in cellular innate defence mechanisms against infection or tissue
damage. Granulocyte apoptosis is now acknowledged to have a critical role in progression of inflammatory
responses. Granulocytes are preprogrammed to die with important physiological mechanisms for non¬

inflammatory clearance. Shutdown of secretory capacity represents an important aspect of the programme
of biochemical events that accompany neutrophil apoptosis together with surface molecular changes that
serve to identify apoptotic cells as targets for phagocytic removal. Defining the underlying regulatory
mechanisms together with the changes in patterns of gene/protein expression associated with granulocyte
death remains a challenge. Use of novel strategies for inducing cell death will allow biochemical approaches
to dissect the underlying pathways. Although study of granulocyte cell death has especial difficulties when
compared with other cell types, there are clearly potential benefits for new therapeutic approaches to treat
inflammatory diseases.
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Historical considerations
Polymorphonuclear leucocytes, particularly the neutrophil
granulocyte, are a key factor in cellular innate defence mech¬
anisms against invading micro-organisms or tissue damage
[1], Rapid recruitment of granulocytes to sites of injury or
infection is a hallmark of the inflammatory response and
is required for effective host defence against pathogenic
organisms. In leucocyte adhesion deficiency, genetic muta¬
tions in the integrin adhesion receptor lead to decreased
capacity for emigration of neutrophils from peripheral blood
to inflamed sites. In cases of severe deficiency, patients rarely
survive childhood, succumbing to overwhelming bacterial
infection [2]. Granulocytes are equipped with an impressive
arsenal of degradative enzymes contained within intracellular
granules and have the potential to produce toxic metabolites
that act to limit microbial growth and hasten destruction of
pathogens [3]. However, it is only in the last decade or so that

Key words: apoptosis, granulocyte, inflammation, neutrophil.
Abbreviations used: FOXO, forkhead box, class 0; NF-rcB, nuclear factor >

phosphoinositide 3-kinase.
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we have begun to understand the important contribution of
granulocyte apoptosis in determining the progression and
ultimate resolution of inflammatory responses [4], In this
short paper, we will consider recent progress in our under¬
standing of granulocyte apoptosis and the implications for
development of new approaches to treat inflammatory
disease.
A large number of granulocytes (4 x 109) are released from

the bone marrow every hour; studies with infused radio-
labelled granulocytes suggest that they circulate in peripheral
blood with a half-life of approx. 6 h before localizing to
the spleen, bone marrow or liver [5], In the absence of
defined exogenous signals, granulocytes undergo constitutive
apoptosis when cultured in vitro, suggesting that they are

preprogrammed to die [6]. Approx. 50% of the neutrophils
remain viable after culture for 15 h. In view of the discrepancy
between the circulating half-lives and the survival times
in vitro and lack of evidence for significant levels of neutrophil
apoptosis occurring in the peripheral circulation, it seems

probable that granulocytes may be selectively sequestered
in those tissues in which they ultimately meet their fate.
Recent studies have demonstrated that the expression of
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CXCR4 (CXC chemokine receptor 4) is induced on
neutrophils during in vitro culture, raising the possibility
that stromal cell-derived factor can guide 'older' neutrophils
from the circulation before these cells undergo apoptosis [7],
However, for extravasated granulocytes present at inflamed
sites, it is now clear that the physiological mechanisms for
removal must be efficient and non-inflammatory to ensure
that effete granulocytes do not cause host tissue damage
through the inappropriate release of intracellular contents [4],
Whether stromal cells can specifically trigger the apoptosis
of granulocytes to facilitate their clearance remains to be
demonstrated.

Granulocytes are competent phagocytes and are capable of
recognizing material that has become opsonized by immun¬
oglobulin or complement components, swiftly internalizing
and degrading the particulate material in phagolysosomes
[8]. Although it is often considered that the granulocyte has
little capacity for re-programming its destructive potential,
many studies on granulocytes have demonstrated that this
is not the case. Indeed, engagement of granulocyte effector
functions is exquisitely controlled, and inappropriate neutro¬
phil activation is considered to be an underlying pathogenic
feature of many inflammatory diseases [9]. In chronic granu¬
lomatous disease, in which assembly of the NADPH oxidase
system for production of reactive oxygen species is lost,
patients are not able to deal effectively with infectious micro¬
organisms [10]. Uncontrolled release of this same destructive
potential may also lead to host tissue damage. It has now
been established that an important aspect of the programme
of biochemical events that accompany neutrophil apoptosis
is that they act to limit the potential for tissue damage via
shutdown of the secretory capacity [11], togetherwith surface
molecular changes that serve to identify apoptotic cells as
targets for phagocytic removal [12-14].

Investigation of granulocyte function
in vitro
Most functional and biochemical studies on granulocytes,
including studies on apoptosis, require the isolation of
granulocytes from peripheral blood samples, raising issues
relating to cell fractionation, including contaminating cell
types and the conditions under which cells are cultured.
In addition, while blood represents a convenient source of
granulocytes, the relevance of in vitro studies on the mech¬
anisms involved in apoptosis of circulating cells to the situ¬
ation at inflammatory sites is worth considering. Although
much effort has been made to ensure 'minimal' activation of
isolated cells [15], a number of studies indicate that expression
profiles of surface receptors are different on Percoll™-
gradient isolated cells when comparedwithwhole blood, with
significantly decreased expression of L-selectin, a sensitive
marker of activation, and increased expression of CD lib, a

fi2 integrin family member present in granules within the
neutrophil [16]. Inclusion of additional steps to lyse con¬

taminating erythrocytes also acted to compound these
effects.

Most of the granulocytes presentwithin tissues would have
to migrate across an activated endothelial-cell monolayer.
Recent evidence suggests that after transendothelial neu¬

trophil migration, the functional status of the endothelial
cell is altered [17]. Probably, neutrophils within tissues also
show specific functional alterations after transmigration,
particularly in terms of neutrophil survival [18,19]. Selectin
receptor engagement has been suggested to trigger neutrophil
effector function [20,21] and subsequent arrest from vascular
flow and transmigration requires the activation of integrin
function via G-protein-coupled receptor activity [22], Thus
granulocytes present within tissues are unlikely to be func¬
tionally equivalent to the circulating non-activated cells that
most researchers strive to isolate. Although the quoted
purities of granulocyte preparations appear to be satisfactory
(a minimum of 95% neutrophils), recent studies have high¬
lighted that the presence of low percentages (approx. 1%)
of monocytes can have a marked effect on the responses of
granulocytes to inflammatory stimuli [23]. In our experience,
mononuclear cells are not often present at these levels
in iso-osmotic Percoll™ gradient preparations. However,
similar considerations regarding cell purity must apply
to contaminating eosinophils, which can represent up to
5% of the cells present in a 'neutrophil' preparation.
Immunomagnetic cell deletion techniques, as used by Sabroe
et al. [23], should perhaps be a prerequisite for functional
studies as well as PCR or gene array techniques.
Although cell isolation can be a divisive issue among

researchers investigating granulocyte function, the conditions
for cell culture also show some variation between research

groups. Early studies by the Haslett and Henson group

[6], investigating the effects of culturing on granulocyte
function, used a glucose-rich medium with autologous
platelet-rich plasma-derived 'serum' and Teflon-based cul¬
ture system that was optimized for cell recovery and sur¬
vival. While these conditions have been extensively used for
the study of the effects of inflammatory mediators, it is
clear that cell-culture conditions can influence the 'rate' of

apoptosis.
The microenvironment of inflammatory sites is probably

quite extreme with low pH values and decreased oxygen
tension and glucose levels when compared with 'normal'
physiological settings. Thus established findings regarding
factors that have been proposed to regulate apoptosis under
normal culture conditions may require re-examination. For
example, hypoxic conditions markedly delay neutrophil apo¬
ptosis [24] and recent studies have provided strong evidence
that neutrophils may be particularly adapted to functioning
under low oxygen conditions [25], Hypoxia induces the
transcription factor HIFla (hypoxia-inducible factor la)
to promote NF-xB (nuclear factor x B)-dcpendent gene ex¬

pression, which has previously been shown to have a cen¬
tral role in the regulation of granulocyte survival [26].
Although the precise molecular mechanisms by which
hypoxia exerts these regulatory effects remain to be defined,
exogenous factors may have distinct effects under hypoxic
conditions.
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Control of granulocyte apoptosis

Therapeutically, we and others believed previously that
selective induction of granulocyte apoptosis (when combined
with accelerated clearance pathways) may have beneficial
effects with respect to progression of inflammation, favour¬
ing the resolution of chronic inflammatory conditions [27],
Molecular characterization of the proteins involved in granu¬

locyte apoptosis has been problematic in view of the dif¬
ficulties associated with transfection of these cells. One

exciting possibility is that protein-transduction approaches
will allow the manipulation of protein levels within neutro¬
phils and a definitive demonstration of a regulatory role [28],
It has long been known that treatment with translation in¬
hibitors (e.g. cycloheximide) or transcription inhibitors (e.g.
actinomycin D) accelerate the constitutive rate of apoptosis
[29], Indeed, these treatments can drive apoptosis triggered
by ligation of death domain-containing receptors such as Fas
or TNFR1 and TNFR2 [26], Together, these results strongly
suggest that granulocyte survival requires the production of
a labile survival protein. The precise identity of the survival
protein(s) generated in neutrophils has not been identified.
One strong candidate protein with a key role in neutrophil
apoptosis has been identified by biochemical examination of
the role of bcl-2 family members in neutrophils. Edwards
and co-workers [30] have identified Mcl-1; unlike Bax,
Bak or Bik, Mcl-1 is a rapidly turned over anti-apoptotic
protein and shows regulation by cytokines such as GM-CSF
(granulocyte/macrophage colony-stimulating factor), which
act to delay the constitutive rate of apoptosis in granulocytes
[30], It is possible that the levels of key regulatory proteins
are controlled entirely at the post-transcriptional level, e.g.
via a proteolytic mechanism as described for Mcl-1.
Although non-transcriptional mechanisms certainly play

a role in the control of granulocyte survival, it is clear that
the neutrophil is not silent in terms of the capacity for gene
transcription. Indeed, the central role identified for NF-kB
[26] would be consistent with an important contribution
for altered patterns of gene expression. Recent studies have
identified a role for the FOXO (forkhead box, class O) sub¬
family of transcription factors in the control of myeloid cell
differentiation and apoptosis. FOXO transcription factors
are targets for PI3K/Akt (where PI3K stands for phospho-
inositide 3-kinase) and their activity is regulated by phos¬
phorylation status. Constitutively active FOXO can induce
the expression of Bim and drive apoptosis in neuronal cells
[31]. More recently, studies on fMLP (N-formylmethionyl-
leucylphenylalanine)-induced activation in neutrophils sug¬
gest that FOXO may bind Mcl-1 and support survival [32],
One of the problems with microarray approaches to identify
the genes involved in control of apoptosis is the sheer number
of altered gene products that can be defined. For example,
the studies by DeLeo and co-workers [33,34] have shown
more than 500 gene products that exhibit significant changes
after phagocytosis-induced apoptosis in human neutrophils.
Although defining the meaningful changes in the patterns of
gene expression associated with granulocyte death remains

a challenge, potential insights into the underlying control
mechanisms will undoubtedly be worth the effort.

Signalling for cell death
Time-lapse video microscopy analysis of granulocyte cell
death reveals the very active nature of the membrane and
cytoskeletal alterations that either accompany or precede
nuclear morphological changes or surface membrane alter¬
ations. In view of the well-defined signalling pathways
associated with agents that act to either induce or delay
apoptosis, studies with pharmacological inhibitors suggest a
key role for intracellular kinases, including PI3K and pro¬
tein kinase CS [35]. PI3K inhibition reversed the GM-
CSF-mediated survival responses that were associated with
phosphorylation and cytosolic localization of Bad [36].
Surprisingly, when we dissected the effects of increase
in intracellular cAMP with dibutyryl cAMP on delay of
neutrophil apoptosis, we found that activation of protein
kinase A could not account for the observed effect. Instead,
our results suggested a non-transcriptional survival mecha¬
nism, with a critical role for proteasome activity [37], One
possible mechanism could be that targeted degradation of
a death protein is part of the normal granulocyte survival
pathway, with reversal of the cAMP effect after inhibition of
proteasome activity. The interesting recent results of Lord
and co-workers [38] suggest that DISCs (death-inducing
signalling complexes) may be associated with lipid rafts,
possibly even in the absence of ligands. Careful biochemical
analysis suggests that aggregation of receptors within lipid
microdomains may allow spontaneous DISC formation and
activation of downstream caspase execution pathways.

Synchronous apoptosis
One of the problems with biochemical analysis of neutrophil
apoptosis is the relatively heterogeneous manner in which
neutrophils enter apoptosis during constitutive apoptosis.
Although it may be possible to investigate biochemical
changes associated with 'end-stage' apoptosis, the molecular
events occurring during the active phase of cell death are more
difficult. Thus, although certain treatments can accelerate
the rate of granulocyte apoptosis, the percentage of cells
actually undergoing apoptosis at anypoint in time is relatively
low. We have begun to define new culturing methods that
allow rapid and synchronous induction of apoptosis. Ligation
of death receptors while blocking either protein synthesis
or NF-/cB activation results in rapid and synchronous
apoptosis [26]. Another novel experimental approach is the
use of temperature shift to induce 'synchronous' apoptosis.
Neutrophils are incubated at low temperature (15 C)
for several hours before rewarming to 37 C, which is
accompanied by a rapid burst of apoptosis [39]. These
methods may allow the identification of novel regulatory
factors and provide further insights into the mechanisms
that underlie the clearance of apoptotic cells from tissues.
However, one major problem for biochemical analysis of
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neutrophil functional responses is that the proteolytic activity
of granule contents can degrade proteins after cellular lysis.
We and others have found that the most potent anti-protease
strategies (e.g. di-isopropyl phosphorofluoridate 4- 'extra
strong' protease inhibitor cocktails) are required to ensure
that the most labile proteins, e.g. NF-/cB and STAT (signal
transduction and activators of transcription) proteins, can be
detected. Whether the low levels of cytochrome c detected
in neutrophils were a consequence of proteolysis or merely
reflected the decreased number of mitochondria containing
cytochrome c is not clear.
The role of mitochondria in neutrophils is still somewhat

controversial. Mitochondria can be readily detected with
Mitotracker dyes and the presence of mitochondria can
be validated by quantification of mitochondrial DNA and
proteins such as porin [40,41], However, these mitochondria
may not be functional in terms of generation of ATP, using
neutrophil production of ATP by the process of glycolysis.
In addilion, biocheiiucal analysis of die components present
in neutrophil mitochondria suggests very low levels of
cytochrome c and other well-characterized mitochondrial
proteins, e.g. heat-shock protein 60 [42]. One interesting
approach to examine the mechanisms of neutrophil cell death
is the use of cytoplasts that are free of nuclear mitochondria.
Using this approach, Kuijpers and co-workers [40] have
shown that other proapoptotic factors that can be released
from mitochondria, such as SMAC/Diablo, may have a
critical role in neutrophil apoptosis [40].

Surface membrane changes associated
with granulocyte death
One well-established characteristic of apoptosis is exposure
of phosphatidylserine on the outer leaflet of the plasma
membrane, a consequence of loss of phospholipid translocase
activity [12]. Some years ago, we reported that expression
of CD 16 was markedly down-regulated on the surface of
neutrophils that had undergone apoptosis, suggesting that
there may also be cell-type-specific membrane alterations
[14]. Subsequent studies suggested a co-ordinated programme
of surface changes that accompany neutrophil death, includ¬
ing shedding of CD62L and down-regulation of a number
of other molecules on the neutrophil plasma membrane that
may uncouple pro-inflammatory responses of neutrophils to
exogenous stimuli [43], Activity of receptors such as integrins
may be down-regulated independent of changes in receptor
expression, again consistent with attenuation of neutrophil
function. Whether the repertoire of surface changes mark
the apoptotic neutrophil for recognition by phagocytes is
not clear. Early studies indicated that molecular changes
in glycoproteins constitutively expressed on the surface of
leucocytes may confer phagocyte recognition. For example,
ICAM-3 (intercellular cell-adhesion molecule 3), which acts
as a ligand for LFA-1 (lymphocyte function associated
antigen l)-mediated adhesion, ceases to bind LFA-1 after
induction of apoptosis [44], We have recently demonstrated
that FcyRII is 'enabled* after apoptosis, allowing the

binding of immunocomplexes, which may promote pro¬

inflammatory macrophage responses after phagocytosis [45].
In conclusion, the investigation of the mechanisms of

granulocyte cell death is difficult when compared with other
cell types. However, the benefits ofworking with this impor¬
tant inflammatory cell type in terms of its therapeutic poten¬
tial for inflammatory disease outweigh the disadvantages.
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Getting to grips with the granulocyte:
manipulation of granulocyte behaviour and
apoptosis by protein transduction methods
A.G. Rossi1, C. Ward and I. Dransfield
MRC Centre for Inflammation Research, University of Edinburgh Medical School, Teviot Place, Edinburgh EH8 9AG, U.K.

Abstract
Human granulocytes clearly play an important role in host defence against invading organisms, however
they have also been implicated in the pathogenesis and progression of many chronic inflammatory diseases.
In addition, these cells have been paramount in gaining a better understanding of many key-signalling
pathways regulating fundamental biological processes. Since granulocytes are terminally differentiated
and undergo relatively rapid constitutive apoptosis it has been difficult to manipulate intracellular events
by transfection or transduction procedures. It has been shown in recent years that the HIV-TAT protein
transduction system can be successfully used in granulocytes to manipulate key signalling mechanisms
regulating functional responsiveness and survival. In this paper, we review recent literature highlighting
important developments using this system in isolated human granulocytes and in inflammatory process
in vivo where these cells play a prominent role.

The human polymorphonuclear neutrophil has been an
invaluable and excellent cell for studies elucidating signal
transduction mechanisms, especially signalling pathways
involving phospholipid turnover (e.g. phosphatidylinositol
metabolism, phospholipase C and D activity) and kinase sys¬
tems [e.g. protein kinase C and PI3K (phosphoinositide 3-
kinase)]. The primary reasons for their use are that they are

relatively easy to purify and high numbers can be readily
obtained from blood of human volunteers. Neutrophils have
obvious direct relevance to inflammatory processes, and
findings obtained using these cells have clinical implications
for the development of therapy for chronic inflammatory
diseases, such as chronic obstructive pulmonary disease,
rheumatoid arthritis, glomerulonephritis, myocardial reper-
fusion injury etc. However, there are some variables and
factors that have to be considered. For example, variations
in cellular responses are often observed using cells isolated
from different donors and even from cells isolated at dif¬
ferent times from the same donor. The culture conditions
used can also determine the outcome of cellular responses.
In particular, the density of neutrophils in culture can
influence the rate of constitutive apoptosis [1], The culture
medium used is also an important factor that needs to be
considered, e.g. cation (e.g. Ca2+ and Mg2+) concentrations,
the presence of proteins (e.g. bovine albumin or serum
versus human albumin or serum) and other constituents (e.g.
Hepes, phenol red, nutrients etc.) may significantly affect
cellular activity. The mode of cell isolation is also critically

Key words: apoptosis, eosinophil, granulocyte, HtV-TAT, neutrophil, protein transduction.
Abbreviations used: ERK, extracellular-signal-recjulated kinase; LPL, L-plastin; NF-vB, nuclear
factor fc-B; PI3K, phosphoinositide 3-kinase; PTD, protein transduction domain; Pyk2, proline-rich
tyrosine kinase.
'To whom correspondence should be addressed (email a.g.rossi@ed.ac.uk).

important since methods often require red cell lysis, changes
of temperature during centrifugation steps, different reagents
used during sedimentation (e.g. using gelatin, dextran etc.)
and centrifugation (through gradients made with Percoll,
Hypaque-Ficoll etc.) that can influence the biological activity
of these cells. Recently, it has been shown that low-level
contamination of other cells especially monocytes or eosino¬
phils in neutrophil preparations may influence cellular func¬
tion [2], To remove contaminating cells, an extra procedure
has to be introduced that uses antibody-dependent positive
selection of the contaminating cells, a process that requires
careful quality control assessment ensuring that neutrophil
function remains unaffected. Another important issue that
has to be addressed is the problem associated with protein
degradation due to the high amounts of proteases inherently
found in neutrophils and eosinophils. This has largely been
remedied using techniques that use cocktails containing high
concentrations of very powerful proteases [3,4], Another
consideration when working with granulocytes is the
difficulty in transfecting these cells, since they are terminally
differentiated and do not undergo cell division. However,
it is now emerging that it is possible to manipulate key
processes in granulocytes using efficient and rapid protein
transduction techniques. It is crucial that any technique used
to introduce proteins into granulocytes is fast since these
cell die rapidly by apoptosis, a process that is underway
within hours if not minutes once these cells have left the
bone marrow. Furthermore, it is critical that techniques used
to introduce proteins into these cells do not interfere non-
specifically with biological processes especially since cellular
responsiveness of granulocytes can be easily influenced.
In this paper, we have highlighted the attempts made
by researchers to introduce proteins into granulocytes to
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Figure 1 j Protein transduction in granulocytes using PTDs
For the transduction of proteins into granulocytes, the protein of
interest is linked to positively charged PTDs (usually the 11-amino-
acid HIV-TAT peptide). The protein enters the cell and/or nucleus via
a predominately passive interaction with the negatively charged outer
or nuclear membrane to exert biological effects.

Granulocyte

protein PTD

I 1
Sfcss*'

+ve

ptoM»a me

manipulate key signalling events and processes involved in
regulating functional responsiveness and survival. However,
there are several recent excellent reviews describing protein
transduction technology in general that provide up to date
information [5-9],

Unless a specific transporter system is active, all viable
cells that have an intact cell membrane will exclude non¬

specific entry of macromolecules (>500 Da). There have
been a number of techniques that have attempted to address
this issue to introduce molecules into granulocytes to target
specific intracellular targets. These techniques (including
hypo-osmotic shock, electroporation, digitonin or saponin
permeabilization and use of lipofectin) have had some limited
success but in general it is likely that these procedures may

non-specifically affect granulocyte function and therefore
their usefulness is somewhat limited. More recently, it has
been recognized that there are a relatively small number of
proteins that are capable of entering directly into cells using
as yet ill-defined mechanisms [5-9]. There are three well-

established techniques and systems that have been success¬

fully used to transduce proteins or peptides, compounds,
nucleic acids and particles into both transformed and primary
cells. All these techniques involve the use of small
peptides or proteins that possess the ability to traverse the
plasmalemma, or indeed nuclear membranes, using mech¬
anisms that are generally believed to involve a passive
mechanism that does not involve active transport, although
there is evidence that the mode of entry may depend on the
protein involved. Essentially, the three main systems involve
the HIV-TAT (transactivator of transcription) protein trans¬
duction system, the Drosophila Antennapedia homoeotic
transcription factor and the herpes simplex virus-1 DNA-
binding protein, VP22. The protein segment responsible
for actual cell entry has been termed the PTD (protein trans¬
duction domain). HIV-TAT technology has been the most
successful mode of protein transduction in human granulo¬
cytes. The technique involves the synthesis of a fusion
protein whereby the protein of interest is linked to the HIV-
TAT transduction domain (a small peptide comprising the
11 amino acids YGRKKRRQRRR) using bacterial express¬
ion vectors. Procedures involve sonication of the bacterial

pellet and denaturing the recombinant protein. The protein
is then purified, usually involving Ni2+-nitrilotriacetate-
agarose affinity column procedures, often followed by further
purification and quality control steps. Cells in culture can
then be treated directly with the purified protein. Protein
transduction is concentration-dependent and highly efficient
with reports of almost 100% of cells being transduced within
10 min. In addition, TAT-fusion proteins have been success¬

fully used in experimental in vivo scenarios (see Figure 1).
There is now good recent evidence showing that HIV-TAT

protein transduction in neutrophils and eosinophils is viable
and highly successful (Table 1). One of the first reports of
this technology being successfully used in human neutrophils
was described by Jones et al. [10]. These authors investigated
whether LPL (L-plastin), a leucocyte-specific actin-bundling
protein, was involved in leucocyte integrin function. For
this, a synthetic LPL-TAT peptide was developed, which
was derived from the region of the LPL that contains a
serine residue required for phosphorylation and linked to the

Table 1 | The use of HIV-TAT-linked peptides in human granulocytes

Granulocyte type HIV-TAT linked peptide target Primary functions investigated Reference

Neutrophil LPL (an actin bundling protein) Adhesion [10]
Neutrophil y83-integrin cytoplasmic tail Chemotaxis and transmigration [11]
Neutrophil Pyk2 Spreading, respiratory burst, degranulation and killing of bacteria [12]
Neutrophil NEMO (IKKy) binding domain Apoptosis and survival [15]
Eosinophil RhoA (a Ras superfamily member of Ceil adhesion and detachment [16]

GTP-binding proteins)
Eosinophil H-Ras Survival [17]
Eosinophil Y-box-binding factor 1 Apoptosis and survival [18]
Eosinophil Ras Adhesion, airway inflammation and hyperresponsiveness [19,21]
Eosinophil PI3K PLA2 activation, airway inflammation and hyperresponsiveness [20,22]
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TAT domain. These authors showed that these LPL-derived

proteins rapidly (within 15 min) enter human leucocytes
(neutrophils and monocytes) and induce leucocyte integrin-
mediated adhesion. Interestingly, substitution of alanine for
the serine abolished the ability of the peptide to induce
adhesion. Thus by using such TAT-linked peptides, as well as
other supportive evidence, these authors concluded that there
is a novel role for LPL phosphorylation in the regulation of
leucocyte integrin-mediated adhesion. The role of integrins in
neutrophil responses was further developed by Bruyninckx
et al. [11], who used HIV-TAT peptides corresponding to the
/13-integrin cytoplasmic tail with modified tyrosine residues
and identified the functional tyrosine residue responsible for
its activation.
An important recent study by Han et al. [12], used a

dominant-negative protein where the C-terminus of Pyk2
(proline-rich tyrosine kinase) fused to a TAT peptide but not
other regions of Pyk2, inhibited specifically the respiratory
burst of neutrophil responding to tumour necrosis factor,
Salmonella or Listeria but not the response induced by
the phorbol ester PMA. This study describes in detail the
problems that can be encountered using this technology.
They assessed uptake of fluorescently labelled TAT-tagged
proteins using flow cytometric techniques and demonstrated
that uptake depended on the method used to purify the
peptides. For example, purification by ion exchange followed
by gel permeation chromatography led to efficient and
maximal uptake by 30 min. Importantly, other factors eluting
from the column could induce toxic responses in the
cells. However, if the peptides were desalted by membrane
filtration they were not toxic. Uptake also increased with
time over a period of 120 min at 37 C. Surprisingly perhaps,
and unlike some other TAT peptides, there was no detectable
uptake at 4 C. In addition, there was no saturation of uptake
with concentrations of TAT peptides up to 1 \xM and
fluorescence was almost entirely intracellular. Interestingly,
evidence was presented showing that lysosomal degradation
can limit the accumulation and intracellular retention of the

fluorescently tagged TAT protein. This study showed that
optimal uptake required the presence of cations Ca2+ and
Mg2 + and was insensitive to pH over the range 6.8-7.4.
The authors chose peptides desalted by membrane filtration
and a loading time of 30 min as this efficiently labelled the
cells by approx. 90%. It was also noted that the endosomal
compartment degraded the large amount of peptide that
entered the neutrophils with only minute amounts reaching
the cytosol. These authors attempted to introduce proteins
using the Antennapedia system or a carrier peptide modelled
on the sequence of the /!3 intcgrin shown to enter myeloid
cells directly. The authors were successful with only the HIV-
TAT system and concluded that TAT-based transduction
was the only approach that worked consistently in human
neutrophils. Another important issue raised by Han et al.
[12] is that, as mentioned above, the way the peptides are

purified will also determine their relative toxicity and the
fact that the peptides are prepared by bacterial expression
systems means there is a realistic risk of introducing LPS

(lipopolysaccharide) contamination. This latter point is
particularly relevant in the investigation of neutrophil biol¬
ogy since LPS can stimulate human neutrophil responsive¬
ness as well as influence rate of apoptosis and survival.

Recently, the HIV-TAT system has been successfully used
in neutrophils and eosinophils to investigate signalling mech¬
anisms regulating survival. We originally showed that NF-kB
(nuclear factor tB) plays a critical role in human granulocyte
apoptosis [13,14], since blockade of NF-k:B activation by
pharmacological inhibitors induced apoptosis in granulocytes
and sensitized these cells to apoptosis induced by tumour
necrosis factor a. These observations have recently been con¬
firmed using the HIV-TAT protein transduction approach.
Choi et al. [15] developed a specific inhibitor ofNF-kB linked
to a TAT-PTD to shuttle the inhibitor into human neut¬

rophils. The peptide generated contained a NEMO (NF/cB
essential modulator)-binding domain that selectively inhib¬
ited IKKy (NEMO)/IKK/i interaction to prevent agonist-
induced NF-kB activation. Using this TAT peptide,
constitutive apoptosis was accelerated and LPS-induced delay
of apoptosis was attenuated. These authors carefully assessed
the uptake of the TAT peptides using a combination of
flow cytometry and confocal microscopy quality control
checks. It was observed that almost 100% of the neutrophils
were rapidly (within 10-20 min) stained with FITC-TAT,
FITC-NEMO-binding domain and a FlTC-control mutant
peptide, with no non-specific effects of the TAT peptides.
Interestingly, these authors reported (results not shown) that
FITC-TAT peptides are effectively transduced into the entire
neutrophil population in whole blood. This latter observation
opens up the possibility of manipulation of intracellular
pathways without the issues raised above concerning isolation
procedures. To confirm our observation describing a role of
NF-zrB in eosinophil survival, we have recently generated a
TAT peptide fused to a mutant of Ik-Bo- (S32A and S36A) that
is resistant to phosphorylation and proteasomal degradation.
This TAT peptide efficiently blocked nuclear translocation of
NF-ktB in eosinophils and accelerated eosinophil apoptosis
(S. Fujihara, R.T. Hay and A.G. Rossi, unpublished work).

There are now a number of publications demonstrating
successful use of the HIV-TAT technology in eosinophils.
The first publication to our knowledge to use a TAT peptide
in eosinophils was by Alblas et al. [16]. These authors intro¬
duced, into human eosinophils, a TAT-fusion construct con¬
taining activeRhoA, amember of theRas superfamily of small
GTP-binding proteins that controls actin stress fibre forma¬
tion and focal adhesions. It was reported that in the pres¬
ence of the chemoattractant platelet-activating factor the
construct could stimulate detachment. Although the effect
of the construct increased with time as concentrations of
the peptide accumulated in the cells, the effect was lost after
45 min. The precise reason for this rapid loss of activity is
unknown; however, it is possible that TAT peptides may be
leaching out of the cell or that they are prone to proteolytic
degradation. Interestingly, it was noted that in a small number
of experiments the TAT construct had no effect. Although no
explanation was presented, it is possible that the activation
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status of the eosinophils or donor variability may have been
responsible.
It was subsequently shown that a TAT-linked dominant-

negative H-Ras introduced into eosinophils inhibited
ERK (extracellular-signal-regulated kinase) activation and
interleukin-5-induced cell viability [17]. The TAT peptide
entered eosinophils in a concentration- and time-dependent
manner with >95% efficiency. Indeed, it was demonstrated
that this TAT construct entered eosinophils within 20 min
of treatment and effectively blocked the activation of ERK1
and ERK2 for at least 1 h. Interestingly, eosinophil viability
prolonged by interleukin-5 was blocked by the construct even
when measured after 60 h of eosinophil culture. In addition,
another study investigated the mechanisms controlling
GM-CSF (granulocyte/monocyte colony-stimulating factor)
induced by effective use of the HIV-TAT technology [18].
A human Y-box-binding factor 1 linked to TAT, but not a
control peptide (TAT-/J-galactosidase), promoted eosinophil
survival by stabilizing GM-CSF mRNA. Myuo and co¬
workers [19-22] have taken advantage of the HIV-TAT sys¬
tem to investigate a number of biological processes in eosino¬
phils in vitro and inflammatory processes involving
eosinophils in vivo. For example, they have used an HIV-
TAT dominant-negative Ras to block focal clustering and
active conformation in /32-integrin-mediated adhesion of
eosinophils to intercellular cell-adhesion molecule 1 [19].
In addition, these authors have used an HIV-TAT-linked
dominant-negative form of class 1A PI3K adapter subunit
to block fMLP (N-formylmethionyl-leucylphenylalanine)-
stimulated phosphorylation of the downstream target of
PI3K, protein kinase B, in human eosinophils [20]. Such
effects helped to demonstrate that group IV cytosolic phos-
pholipase A2 activation occurs by PI3K through a mitogen-
activated protein kinase independent pathway [20], Im¬
portantly, this group [21,22] has now shown that these
HIV-TAT constructs can be used successfully in vivo as
has been described previously using other TAT constructs
[23,24]. These proteins were administered (3-10 mg/kg)
intraperitoneally into mice to show that Ras and PI3K are
key signalling molecules involved in airway inflammation
and bronchial hyper-responsiveness. Importantly, relevant
control peptides did not have significant effects on airway
inflammation [21,22],
In conclusion, the HIV-TAT system has been successfully

used to transduce proteins into isolated granulocytes to

provide incisive evidence for the involvement of specific
signalling pathways. Furthermore, HIV-TAT technology can
be used in vivo to investigate inflammatory processes where
these cells play an important role. Thus use of this technology
will probably increase exponentially and undoubtedly will
provide exciting advances in understanding granulocyte cell
biology in vitro and inflammatory processes in vivo.
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Regulation of granulocyte apoptosis by NF-kB
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Abstract
Granulocyte apoptosis is a crucial part of the successful resolution of inflammation. In vitro results show
that activation of NF-aB (nuclear factor aB) in granulocytes is a survival mechanism. NF-aB inhibitors
increase the rate of constitutive apoptosis in neutrophils and eosinophils and cause these cells to respond
to the pro-apoptotic effects of TNF-a (tumour necrosis factor-a). Results from both in vivo and in vitro
experiments suggest that there are at least two important waves of NF-aB activation in inflammatory
loci, which increase the expression of COX-2 (cydooxygenase-2), itself an NF-aB controlled gene. The first
wave causes the production of inflammatory mediators such as PGt2 (prostaglandin fc2), allowing the
establishment of inflammation. The second wave causes the synthesis of PGD2 and its metabolites that
induce granulocyte apoptosis by inhibiting NF-aB activation. These metabolites may therefore be important
physiological mediators controlling the resolution of inflammation. Although NF-aB is an important target
for anti-inflammatory therapy, the timing of inhibition in vivo may be crucial, to ensure that production of
PGD2 and its seguential metabolites can occur.

Introduction
Apoptosis of neutrophils and eosinophils probably plays a

prominent role in the resolution of inflammation. The process
of programmed cell death closes down the functional activ¬
ity of granulocytes and allows their removal by phagocytes
without the release of histotoxic contents that have the

potential to cause ongoing tissue damage and chronic inflam¬
mation. Macrophage ingestion of apoptotic cells clears effete
granulocytes from the inflammatory site and potentiates the
secretion of anti-inflammatory cytokines such as interleukin-
10 and transforming growth factor-/!, promoting resolution
and healing [1,2], Although both neutrophils and eosinophils
readily undergo constitutive cell death within hours of iso¬
lation from whole blood, most mediators that influence
granulocyte function including cytokines and chemokines,
which are found in an inflammatory foci, actually delay the
onset of apoptosis in in vitro models [3,4], Therefore it is
difficult to understand which mechanisms are involved in

allowing apoptosis and resolution to occur in vivo.
There was some indication of a possible mechanism when

TNF-a (tumour necrosis factor-a), a cytokine previously
supposed to induce neutrophil survival, was found to induce
apoptosis at early time points of 6 h or less [5], Why TNF-a
was a pro-death stimulus for some cells in the same culture,
but was pro-survival in others, was not understood. Most of
the signalling pathways activated by TNF-a, such as extra¬
cellular-signal-regulated kinase, p38 and phosphatidylinos-
itol 3 kinase, had been associated with survival in most of
the cell types. The role of c-Jun kinase in TNF-a signalling
in neutrophils is controversial, and little is known about

Key words: apoptosis, eosinophil, inflammation, neutrophil, prostaglandin, resolution.
Abbreviations used: AA, arachidonic acid; cox, cyclooxygenase; NF-*B, nuclear factor *b;
IrrB, inhibitor of NF-a-B, pg, prostaglandin; TNF, tumour necrosis factor.
'To whom correspondence should be addressed (email c.ward@ed.ac.uk).

the effect of NF-aB (nuclear factor aB), although activation
of this transcription factor had been associated with the
induction of apoptosis in some systems (see [6] and references
therein).

The transcription factor NF-/cB
NF-aB is an important mediator of innate immune res¬

ponses. Many pro-inflammatory genes such as cytokines,
chemokines, adhesion molecules as well as stress-response

proteins are regulated by NF-aB activation. This transcrip¬
tion factor is normally found in the cytoplasm held by
inhibitory proteins called IaB (inhibitor of NF-aB). NF-aB
is activated by various stimuli, which converge at the IKK
(IatB kinase) complex. IKK phosphorylates IaB leading to its
ubiquitination, followed by proteosomal degradation. The
release of IaB from the NF-aB complex uncovers the nuclear
localization sequence and allows active NF-aB to translocate
into the nucleus and bind to consensus sites in the DNA of

responsive genes [7] (see Figure 1).
NF-a-B controls the expression ofmany survival genes such

as Bcl-2 family members (e.g. Bcl-xL and Al), the inhibitor
of apoptosis proteins and X-ray-inducible immediate early
response factor-1 long. Such anti-apoptotic genes will
enhance the functional lifespan of cells in inflammatory
conditions, although mouse knockout models illustrate that
the precise identities of these key survival proteins remain
to be determined. However, NF-aB activation should cause

enhanced survival in most cells through increased expression
of these survival proteins.

The involvement of NF-kB in
granulocyte survival
In granulocytes, inhibition of NF-aB is a powerful inducer
of apoptosis, and activators of NF-aB provide a strong
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Figure 1 j Pathway of NF-aB activation
NF-aB is held in the cytoplasm as an inactive complex by the inhibitory
subunit IaB. On activation, l/cB is phosphorylated and ubiquitinated
resulting in proteasomal degradation. This allows the active complex of
p65 and p50 to translocate to the nucleus to regulate gene expression.
The PGD2 metabolites, A12PGJ2 and 15-deoxy-A12'14-PGJ2, block the
degradation of IaB in granulocytes.

PGD, METABOLITES

DEGRADATION

Figure 2 | PG synthesis from AA
PGs are formed from AA. COX converts AA to PGG2, which is in turn
converted to PGH2 by peroxidase. The five main isoforms of PG are
synthesized from PGH2 and this depends on the synthases present in
the cell. PGD2 is further metabolized to PGJ2 and ultimately to a12PGJ2
and 15-deoxy-a12-l4-PGj2. TXA2, thromboxane A2.

Arachidonic Acid

PGG.

Cyclooxygenase 1/2

Peroxidase

txa2

survival signal. When NF-aB is inhibited, both neutrophils
and eosinophils respond to TNF-a treatment with a massive
increase in apoptosis.Within 2 h, almost 100% of neutrophils
undergo cell death in response to TNF-a, compared with a
control rate of almost zero. The results are similar in eosino¬

phils, but the induction of apoptosis occurs between 3 and
4 h [8]. These results can be mimicked by protein synthesis
inhibition, suggesting that the response of granulocytes to
TNF-a is dependent on the presence or absence of NF-aB-
controlled survival proteins with a short half-life [9J. This
in vitro result suggests that, in an inflammatory lesion, if
NF-/cB activation is prevented, TNF-a can rapidly induce
granulocyte cell death allowing clearance and resolution to
begin. This initial work using pharmacological inhibitors
as NF-kB suppressors is further supported by the use of
HIV-Tat to transfect neutrophils and eosinophils with pro¬
teins that prevent NF-aB activation ([10]; S. Fujihara, R.T.
Hay and A.G. Rossi, unpublished work). Similar increases in
constitutive apoptosis and enhanced pro-apoptotic effects of
TNF-a also occur when NF-aB is blocked in eosinophils.

Is there a physiological NF-kB inhibitor?
No physiological inflammatory mediators have been rec¬

ognized that could inhibit NF-aB. Since most cytokines
and chemokines had already been characterized as either
inhibitors of granulocyte apoptosis or having no effect,
they were therefore unlikely to inhibit NF-aB activation.
We examined the role of PGs (prostaglandins). Cells can
metabolize AA (arachidonic acid) into five main PG subtypes
depending on the enzymes present in the cell (Figure 2)
[11]. When examined, all these PGs had either no effect or
delayed granulocyte apoptosis with the exception of PGD2
that specifically induced apoptosis in eosinophils. PGD2 can
be further metabolized to PGJ2, A12PGJ2 and 15-deoxy-

pgij

A12,14-PGJ2. PGJ2 also selectively induced eosinophil apo¬

ptosis, but the rates achieved were much reduced when
compared with PGD2. PGJ2 is a fairly selective agonist
on the DP receptor, which transduces signals from PGD2
binding, and is thus additional supporting evidence that this
is not the signalling pathway responsible for the induction
of cell death. The sequential PGD2 metabolites Ai2PGJ2
and 15-deoxy-Al2,14-PGJ2 are powerful inducers of caspase-
dependent apoptosis in both neutrophils and eosinophils.
These metabolites are well-known ligands for the PPAR-y
(peroxisome proliferator-activated receptor-]/), a transducer
protein that belongs to the steroid/thyroid/retinoid re¬
ceptor superfamily. However, neither PPAR-y agonists nor
antagonists affected the induction of apoptosis by these
metabolites suggesting that cell death does not depend on
this nuclear receptor, in agreement with a study in other
cell types [12]. Further study showed that both A12PGJ2
and 15-deoxy-A12,14-PGJ2 could inhibit the activation of
NF-aB by lipopolysaccharide and TNF-a in granulocytes
[13], Could PGD2 and its metabolites be the physiological
factors involved in inflammatory resolution?

PGs are formed via the action of COX (cyclooxygenase)
enzymes [11], COX-2 is an inducible form which is increased
in inflammation and whose expression is controlled by
NF-aB. Studies have demonstrated that COX-2 expression
is involved in the onset of the inflammatory process by
producing the pro-inflammatory PGE2. However, during the
resolution phase, there is another wave of COX-2 synthesis
which causes a preferential synthesis of PGD2 allowing
production of its metabolites A12PGJ2 and 15-deoxy-A12'14-
PGJ2 to occur. This has been demonstrated in vivo (see
[14] and references therein). Further work has shown that
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during the resolution phase, ifCOX-2 expression is inhibited,
resolution is impaired probably because synthesis of PGD2
does not occur [15].
Although the results clearly demonstrate a therapeutic po¬

tential for NF-jcB blockade, they also raise a note of caution.
Since NF-jcB inhibition does have the ability to enhance
inflammation, if synthesis of COX-2 is prevented during the
resolution phase, the timing of any therapeutic intervention
involving NF-/eB inhibition will be crucial for successful
treatment of inflammatory conditions.

This work was funded by the Medical Research Council Programme
Grant (G9016491) and the National Asthma Campaign (01/042).
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EDITORIAL

Eating their way out of trouble: selective uptake of apoptotic eosinophils by
bronchial epithelial cells

N. Farahi, A. S. Cowburn, A. G. Rossi and E. R. Chilvers

Role of eosinophils in allergic inflammation and asthma

Central to the inflammatory hypothesis in asthma is the role
of the eosinophil and its capacity to elaborate and release a
series of highly cytotoxic and pro-inflammatory mediators [1].
The regulation of eosinophil production and function has
been extensively studied and much is now known about its
selective recruitment, priming, activation and prolonged
survival by cytokines predominantly encoded on chromo¬
some 5q31_34 (the IL-4 gene cluster) [2, 3]. Three major
eosinophilopoietic cytokines (IL-3, IL-5, GM-CSF (granulo¬
cyte macrophage-colony stimulating factor)) lead to the
maturation and terminal differentiation of eosinophils within
the bone marrow [4] and influence their recruitment to sites
of inflammation. This latter process involves adhesion to
endothelial cells, which is mediated via an interaction between
vascular cell adhesion molecule-1 (VCAM-1) and the
eosinophil-restricted very late activation antigen-4 [5] and
intracellular adhesion molecule-1 (ICAM-1) with lymphocyte
function associated antigen [6]. Eosinophils migrate in
response to a range of chemoattractants, including chemo-
kines, complement components and lipid mediators [2, 5, 7],
and express the cognate receptors for a variety of factors
including IL-8, regulated on activation, normal T cell
expressed and secreted (RANTES), eotaxin, IL-1, IL-2, IL-
3, IL-4, IL-5, IL-9, IL-16, GM-CSF, IFN-y, Ig and TNF-oc
[8]. These cells are thus equipped to respond to a wide range
of inflammatory stimuli. Eosinophil activation and/or cyto-
lysis leads to the release of a unique repertoire of highly
histotoxic substances including cationic proteins (eosinophil-
derived neurotoxin, eosinophil peroxidase, eosinophilic ca¬
tionic protein, major basic protein) [9] and metalloproteases
and eosinophils are a major source of cysteinyl-leukotrienes
that contribute to bronchoconstriction, microvascular leak
and bronchial hyper-responsiveness [10].

The resolution of eosinophil inflammation

The elimination of airway eosinophils is thought to rely on
two major processes. Firstly, it is clear that antigen challenge
can induce a rapid and highly co-ordinated exit of large
numbers of eosinophils into the airway lumen (estimated at
up to 35 000cells/min/cm2) [11]. This event is likely to be
driven by the polarized release of chemoattractants from the
apical surface of epithelial cells [12] and appears to cause little
if any immediate damage to the epithelium [11, 13, 14].
In addition, attention has focussed on the potential role

of cytolysis and in particular apoptosis in the resolution of

eosinophilic inflammation [15-17], In this respect it is of
interest that many cytokines that are associated with tissue
eosinophilia in vivo can inhibit the rate of constitutive cell
death in vitro [18]. The hypothesis that the inhibition of
apoptotic cell death may underlie certain forms of chronic
eosinophilic inflammation is supported by the observation
that corticosteroids are potent inducers of eosinophil
apoptosis both in vitro and in vivo [19, 20], In contrast,
neutrophils are resistant to the pro-apoptotic effects of
corticosteroids, an effect that may relate to the differential
expression of glucocorticoid-a and -p (GR-a and GR-P)
mRNA between these two cell types [21] and the capacity of
GR-P to act as a dominant negative inhibitor of GR-a
activity [22].
Under in vitro conditions apoptotic eosinophils are rapidly

engulfed by inflammatory macrophages, a process that would
be predicted to prevent secondary necrosis and result in the
resolution of airway inflammation [15, 23]. This view has been
challenged, however, by in vivo studies where eosinophil
apoptosis could be detected only in cells present in the airway
lumen [14]. Moreover, corticosteroids were shown to have no
effect on the extent of eosinophil apoptosis within the airway
wall and failed to affect the rate of eosinophil entry into the
lumen. While these data may not take full account of the very
rapid and efficient coupling of granulocyte apoptosis to
engulfment in vivo [24], they suggest the possibility that trans-
endothelial migration of eosinophils or residency within the
airway wall may confer an 'apoptosis-resistant' phenotype on
these cells. This process would be predicted to be relatively
selective for the eosinophil since apoptotic neutrophils are
readily apparent in a number of inflammatory conditions [25].

Modulation of eosinophil survival by endothelial cells

Endothelial cells were initially thought to play a passive
'barrier' role in vascular physiology, with their active
functions limited to aiding coagulation. However, numerous
studies have now demonstrated a pivotal role for these cells
in regulating metabolism (e.g. angiotensin converting enzyme
expression, serotonin degradation), inflammation (e.g. TNF-
a, VCAM and ICAM expression) and vascular tone (e.g. NO
(nitric oxide), prostacylcin and endothelin production) [26].
Their strategic positioning also enables endothelial cells to
influence the priming and activation status of peripheral
blood leucocytes as they transmigrate into an inflammatory
focus [6, 27]. This effect is mediated in part through the ability
of endothelial cells to express a wide range of cytokines
including IL-1, IL-5, IL-6, IL-8, monocyte chemotactic
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protein and the colony-stimulating factors GM-CSF, G-CSF
and M-CSF [28]. In conjunction with other endothelial cell-
derived stimuli (e.g. platelet activating factor, eicosanoids and
nitric oxide), these factors are thought to play a central role in
modulating the inflammatory process.
With reference to the transmigrating eosinophil, recent

preliminary data indicate that human pulmonary artery
endothelial cells produce a factor(s) that delays eosinophil
apoptosis in vitro [29]. This factor, which is discrete from
GM-CSF, IL-5 and IL-3, has a similar efficacy in survival
terms to GM-CSF but is entirely eosinophil-selective in that it
has no effect on neutrophil longevity. The precise identity
of this survival factor and whether it is elaborated in vivo
remains to be determined. These studies do, however,
emphasize the intimate cross-talk that exists between struc¬
tural 'barrier' cells in the lung and the influxing inflammatory
cells. Indeed, such interactions may be crucial to the regula¬
tion of chronic inflammatory [30]. They also illustrate the
fundamental differences that exist between the apoptotic
programming of neutrophils and eosinophils.

Modulation of eosinophil function and fate
by bronchial epithelial cells

The capacity of eosinophils to damage bronchial epithelial
cells is well recognized and is believed to be one of the major
factors contributing to airway damage in asthma [1], A
number of studies suggest that this interaction is not all one
sided and that bronchial epithelial cells can also influence
eosinophil function. Hence bronchial epithelial cells elaborate
many pro-inflammatory molecules including GM-CSF, eo-
taxin, RANTES and macrophage inflammatory protein-la,
all of which are powerful chemoattractants for eosinophils
[31]. Likewise, eosinophils bind directly to bronchial epithelial
cells and in certain circumstances this interaction leads to

marked degranulation [32]. Bronchial epithelial cells have
also been shown to prolong eosinophil longevity again
through the production of GM-CSF [33].
So, how does the bronchial epithelial cell defend itself

against such attack and can it fight back? The capacity of
these cells to propel inflammatory cells towards the larynx by
mucociliary transport may well help [34], as will the
production of several anti-inflammatory molecules, including
prostaglandin E2 and al-antitrypsin [35]. Bronchial epithelial
cells also express Fas-L and other agents such as TNF-a
that are capable of inducing eosinophil apoptosis [36]. This
suggests that bronchial epithelial cells have evolved a fairly
extensive raft of barrier, humeral and celkcell interaction
mechanisms to defend themselves against granulocyte attack.
In the current issue of Clinical and Experimental Allergy,

Sexton et al. [37] provide a further insight into the relation¬
ship between airway epithelial cells and eosinophils. First¬
ly, using confocal microscopy, scanning and transmission
electron microscopy (EM) they confirm their earlier obser¬
vation that bronchial epithelial cells cultured from either
large or small airways display a capacity to recognize and
phagocytose apoptotic eosinophils [38]. While the phagocytic
capacity of epithelial cells has been described in a number of
other settings (e.g. in the renal tubule and involuting mouse

mammary gland [39, 40]) the apparent specificity of this event
is intriguing. Hence, the current paper reveals that when
tested under identical conditions, quiescent- and cytokine-
stimulated bronchial epithelial cells are unable to recognize
or ingest apoptotic neutrophils. This effect is ascribed to the
lack of expression of the mannose receptor on epithelial cells.
As might be predicted, the phagocytic uptake of apoptotic
eosinophils involves integrin (av(33, a5p5, CD36), phospha-
tidylserine receptor- and lectin-dependent interactions [37, 38,
41]. Of note, the avarice of epithelial cells for apoptotic
eosinophils can be further enhanced by prior treatment
with the corticosteroid dexamethasone [41], IL-1, TNF-a or
ligation of CD44 [37], effects all similar to those reported
by Dransfield and colleagues examining macrophage uptake
of apoptotic neutrophils [42, 43]. The study by Sexton and
colleagues also confirms that monocyte-derived macrophages
ingest apoptotic eosinophils more avidly than apoptotic
neutrophils [42].
Taken together these studies have a number of important

implications for our understanding of eosinophilic inflamma¬
tion. First, they suggest that the transmigration of eosinophils
across the vascular endothelium and then across the epithelial
surface into the airway lumen may have a major influence on
the apoptotic programming of eosinophils. Indeed, the 'pro-
survival' environment within the micro-compartment of the
airway wall may be so intense as to prevent apoptotic cell
death entirely. A different balance appears to exist, however,
in the airway lumen where apoptotic eosinophils are seen in
far greater numbers especially during the resolution phase
of an asthma exacerbation [44]. A number of factors may
contribute to this, not least a relative defect in the capacity of
macrophages within the lumen to ingest apoptotic cells. It is
possible therefore that bronchial epithelial cells have developed
the capacity to phagocytose apoptotic eosinophils to provide
an additional tier of defence against these highly toxic cells; if
left, secondary necrosis may ensue creating further havoc.
The limitations of Sexton's study relate firstly to its in vitro

setting and the use of a monolayer cell culture system. The
stringency of the wash protocol employed following the initial
eosinophil and bronchial epithelial cell co-culture and the
inability of trypsin to affect the phagocytic index suggest that
eosinophil adhesion, as opposed to phagocytosis, has been
fully excluded. Studies examining the capacity of other non¬
professional phagocytes (e.g. fibroblasts, smooth muscle cells,
dendritic cells and hepatocytes) to engulf apoptotic neutro¬
phils [45] have proven difficult to replicate and hence it
is important that independent validation of this work is
provided. Moreover, this study does not address the relative
contribution of bronchial epithelial cells and other non¬

professional phagocytes to the removal of apoptotic cells
in vivo [15]. If phagocytic uptake of apoptotic eosinophils
really does represent a major clearance pathway for these
cells, this should be apparent in bronchial biopsy specimens.
As with all good studies, the work by Sexton and co¬

workers opens up more questions than it answers; not least
the relative contribution of bronchial epithelial cell phagocy¬
tosis of apoptotic eosinophils to the clearance of airway
lumen eosinophils in vivo, whether bronchial epithelial cells
can ingest apoptotic eosinophils if presented at their basal
or baso-lateral (non-luminal) surface and the (presumably
profound) effects of epithelial damage on this process.

© 2004 Blackwell Publishing Ltd, Clinical and Experimental Allergy, 34:1503-1506
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Whether the increased phagocytic uptake induced by cortico¬
steroid treatment underlies any of the therapeutic efficacy of
these agents is also unclear. However, the fact that the uptake
of apoptotic eosinophils by bronchial epithelial cells is
seemingly so selective and can be regulated gives encourage¬
ment that this pathway may offer a useful therapeutic target.
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Neutrophils are key effector cells involved in host defence against invading
organisms such as bacteria and fungi. Their over-recruitment, uncontrolled
activation and defective removal contribute to the initiation and propaga¬
tion of many chronic inflammatory conditions. Neutrophil apoptosis is a

physiological process that terminates the cells' functional responsiveness
and induces phenotypic changes that render them recognizable by phago¬
cytes (e.g. macrophages). Evidence indicates that neutrophil apoptosis and
the subsequent removal of these cells by macrophages occur via mecha¬
nisms that do not elicit an inflammatory response and that these processes
are fundamental for the successful resolution of inflammation. The molecu¬
lar mechanisms regulating apoptosis in neutrophils are being elucidated
and consequently it is now believed that selective induction of neutrophil is
a potential target for therapeutic intervention.
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1. INTRODUCTION

As highlighted in other chapters, the neutrophil is highly developed for
its principal role of fighting invading organisms (e.g. bacteria or fungi).
Thus, the neutrophil has evolved a great capacity to generate toxic oxy¬

gen metabolites (e.g. 02~, H2Oz, OH-, NO) and an ability to liberate
products (e.g. elastase and collagenase) located within different cytoplas¬
mic granules that can destroy or render invading organisms impotent.1
However, when this normally beneficial response becomes dysregulated,
neutrophil-derived toxic products can cause severe tissue damage result¬
ing in the development of chronic inflammatory scenarios. There is now
good evidence showing that once invading organisms have been elimi¬
nated, neutrophils have to be removed by mechanisms that limit their
capacity to cause tissue injury and allow resolution of the inflammatory
process to occur. For example, mechanisms exist to reduce or stop neu¬

trophil recruitment and activation, decrease the concentrations of pro¬
inflammatory stimuli and augment the generation of mediators with
anti-inflammatory potential (e.g. IL-1 receptor antagonist, IL-10, TGF-p).
However, it has become apparent that the key mechanisms involved in
the successful resolution of inflammation are neutrophil apoptosis and
the subsequent removal of these cells by phagocytes.2,3 In this chapter, we
will focus on these processes and describe the mechanisms controlling
this previously under-investigated aspect of neutrophil biology.

2. NEUTROPHIL APOPTOSIS

Although researchers have been aware of cell death, especially by necro¬
sis, for many decades, it was only in the early seventies that apoptosis, or
programmed cell death, was first formally described as a physiological
and highly regulated form of cell death.4,5 Apoptosis has now been shown
to be responsible for the physiological death of virtually all cells in every
organ and is therefore believed to be important in all aspects of biology.
Apoptosis also plays a fundamental role in regulating neutrophil-
mediated inflammation and inflammatory diseases, as well as in funda¬
mental processes such as embryological morphogenesis and tissue
remodeling.
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When cells, including neutrophils, become apoptotic, a chain of
highly regulated molecular events occur that result in distinct structural,
morphological and biochemical phenotypes. Additionally, apoptotic cells
maintain plasma membrane integrity and retain their cytoplasmic gran¬
ules.4,5 This is especially important in the neutrophil, since death by
necrosis would result in the release of histotoxic intracellular contents

that can augment the inflammatory response. Thus, the intact membrane
of apoptotic cells renders them still capable of excluding vital dyes such
as trypan blue, an important consideration when attempting to evaluate
apoptosis experimentally. Apoptotic neutrophils tend to be smaller but
more vacuolated as a result of cytoplasmic changes and the typical multi-
lobed nucleus observed in nonapoptotic neutrophils coalesces into one or
sometimes several distinct visually disconnected nuclear lobes. The
nuclear chromatin condenses into dense, crescent-shaped structures with
the nucleolus becoming more prominent. Endogenous endonuclease acti¬
vation is responsible for internucleosomal cleavage into characteristic
DNA fragments of 180-200 base pairs of the chromatin. Like all cells,
there are major cell surface changes that occur in neutrophils undergoing
apoptosis. For example, the distribution of plasma membrane phospho¬
lipid changes dramatically. Phosphatidylserine normally located on the
inner leaflet of the plasma membrane of nonapoptotic cells flips onto the
external surface of apoptotic cells by the combined efforts of two enzymes

(phospholipid scramblase and aminophospholipid translocase).6
Although membrane phosphatidylserine redistribution is a general

phenomenon and has been utilized for assessing apoptosis, there are other
cell surface changes restricted to particular cell types. The neutrophil, for
example, sheds its surface Fc-yRIII (CD16) when undergoing apoptosis.7'8
Importantly, as neutrophils become apoptotic their ability to respond to
agonists (e.g. fMLP) is dramatically reduced so that they are no longer
capable of undergoing chemotaxis and degranulation and their phagocytic
abilities are impaired.9 Although the biochemical mechanisms responsible
for this functional down-regulation remain ill defined, it is thought that
loss ofmolecules important for activation (e.g. specific receptors), phagocy¬
tosis (CD16) and adhesion (L-selectin)7,10 as well as changes in secretory
pathways are important.9,10 It is changes such as these that are responsible
for limiting the potential for neutrophils to cause tissue damage and for the
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ability of phagocytes such as macrophages to recognize and phagocytose
apoptotic cells from inflammatory sites using mechanisms that do not
incite an inflammatory response (see below). Thus human neutrophils
in vivo, or when isolated from blood, have a limited lifespan and are des¬
tined to die within hours of leaving the bone marrow. In vivo, it has been
estimated that neutrophils have a half-life of approximately 6 hours and
that neutrophils that leave the vasculature die by apoptosis within 48 hours
once their useful inflammatory purposes have been fulfilled.11 Recently, a
novel mechanism for the removal of senescent neutrophils from the circula¬
tion has been postulated. It has been demonstrated that aging neutrophils
that remain in the circulation uprcgulatc their CXCR4 expression and
acquire an ability to migrate towards SDF-fa, a process involved in prefer¬
ential neutrophil homing to the bone marrow in vivo,12 In tissue culture
conditions, isolated human neutrophils undergo constitutive apoptosis
with approximately 40-70% of the cells being apoptotic within 20 hours. By
40 hours, virtually the entire population exhibits characteristics of apopto¬
sis. The rate at which these cells die can either be decreased or enhanced by
specific treatments and therefore appears to be highly regulated.13'14

3. REGULATION OF NEUTROPHIL APOPTOSIS

Since many of the characteristic features of apoptosis are similar in all cell
types, there are many evolutionally conserved mechanisms responsible
for many of these changes. However, it is apparent that control of the
apoptotic process differs from one cell to another and can depend on the
types of receptors expressed on the cell. Thus, the control of apoptosis
can be highly specific in that neutrophil apoptosis can be regulated with¬
out influencing apoptosis of closely related inflammatory cells (e.g.
eosinophils)8,13-16 (Fig. 1).

3.1. Internal Control Mechanisms

3.1.1. Caspases

Arguably the most important enzymes responsible for the cellular events
occurring during apoptosis are the caspase (for cysteinyl aspartate-specific
protease) family of enzymes. Since the initial discovery of caspase 1 (also
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Non-apoptotic neutrophil

i

Macrophage ingesting
apoptotic neutrophils

Fig 1 Regulation of neutrophil apoptosis and their subsequent removal by
macrophages. Once functionally competent non-apoptotic neutrophils have ful¬
filled their defense against invading organisms, they undergo constitutive apop¬
tosis, a process that can be delayed or enhanced by a number of factors. The
apoptotic neutrophil is then rapidly and efficiently ingested by neighboring tissue
resident macrophages using specific recognition mechanisms that do not elicit an
inflammatory response. Failure of this beneficial physiological process can lead to
undesirable enhanced inflammation as apoptotic neutrophils can eventually
undergo necrosis with subsequent liberation of their histotoxic contents.

called mterleukin-1 (^-converting enzyme) there have been a total of at least
14 mammalian caspases (caspases 1-14) identified so far.

Essentially, one group of caspases (collectively referred to as the
caspase-1 subfamily of caspases and consisting of caspases-1, -4, -5,
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-11, -12, 13, and -14) are primarily involved in inflammatory processes
while the other group referred to as the CED-3 subfamily (consisting of
caspases-2, -3, -6, -7, -8, -9, -10) are primarily involved in cell death
processes.17"19

More recently caspases of both divisions have been identified in neu¬

trophils, including caspases-1, -3, -4, -6, -7, -8, -9 and -14.20 Of the caspases
involved in apoptosis, there are two main types: initiator caspases (e.g.
caspase-8, -9, -10) and effector caspases (e.g. caspases-3, -6 and -7).

The initiator caspases possess long prodomains containing unique
motifs, including death effector domains (DED) and CARDS (caspase
recruitment domains), allowing association with adapter molecules
involved in apoptosis (e.g. DED associates with adapter molecules such
as Fas-associated death domain (FADD)). These prodomains also permit
oligomerization, culminating in their activation by autocatalysis.17 It is
these initiator caspases that leads to downstream activation of the effector
caspases. The primary function of the effector caspases is the cleavage of
key proteins that leads to the characteristic features of apoptotic cells.19
The effector caspases may also be activated by the formation of the
"apoptosome," which consists of a complex of cytochrome c, ATP, apop¬
tosis protease-activating factor (Apaf-1) and caspase-9. Apaf-1, like
cytochrome c, is released from the inner mitochondrial membrane when
an apoptotic signal is received (through the intrinsic or extrinsic path¬
way). Apoptosome formation allows the activation of caspase-9, which in
turn cleaves and activates caspase-3.21 Although many caspase substrates
have been identified, the number identified in neutrophils is relatively
few. The most notable ones identified in neutrophils include PKC-8,22
lamin B, fodrin23 and gelsolin.24

3.1.2. Initiation of apoptosis

Although there are many triggers that can initiate the apoptotic caspase-
cascade, two principal interrelated pathways exist for the initiation of the
apoptotic cascade in all cells. In the neutrophil, apoptotic cell death
occurs constitutively, as neutrophils will undergo spontaneous cell death
when cultured in vitro, with rates of apoptosis at the time of isolation
from the blood being extremely low (usually below 5% of the neutrophil
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population being apoptotic), and by approximately 20 hours of culture,
the rates of apoptosis can be in excess of 70%.25 The precise role of cas-
pases in constitutive apoptosis remains ill-defined, with some groups
reporting that constitutive apoptosis proceeds by mechanisms independ¬
ent of caspase activation.26'27 Apoptosis of neutrophils can be accelerated
or triggered by specific ligation of the so called "death receptors" (e.g.
Fas, TNFR1, Trail-Rl), or through the intrinsic death pathway in response
to cellular injury or stress.

Although ligation of Fas in neutrophils clearly induces apoptosis, the
precise biochemical pathway regulating this death has not been fully
defined in neutrophils.28 From studies in other cell types, it is believed
that Fas ligation results in receptor trimerization and death initiating sig¬
naling complex (DISC) formation through interaction of the receptor with
its adapter protein FADD.29 Procaspase-8 is then recruited and is
activated by autocatalysis. There is good evidence that this process is
regulated by a competitive inhibitor of procaspase-8, named c-FLIP that
acts by binding to the DISC.29 Depending on the cell type, active caspase-
8 may cleave procaspase-3 directly (type I cells), or cleave the Bcl-2 family
member Bid (type II cells), to form truncated Bid (tBid) which
subsequently acts on the mitochondria to promote the release of
cytochrome c.29 The category in which neutrophils fall is unknown but
work by Watson and colleagues30 suggested that these cells may be
type II cells. This group demonstrated that caspase-8 failed to activate
procaspase-3 in the presence of the mitochondrial stabilizing agent
bonkrekic acid.

The classical pro-inflammatory cytokine TNF-a, as well as promoting
cytoskeletal rearrangement and enhancing neutrophil degranulation
responses, has been shown to influence the rate of neutrophil apoptosis.
Careful examination of neutrophil apoptosis at early time points
(4-8 hours) during culture, in the presence of TNF-a, revealed an
enhanced rate of apoptosis, whereas at later time points (18-24 hours),
apoptosis was delayed.31 It appears that ligation of TNFR1 by TNF results
in interactions between TNF receptor-associated proteins, such as
TRADD (TNF-receptor-associated death domain), FADD (Fas-associated
death domain), and caspase 8 and may involve Fas (CD95) and sphin-
gomyelin-ceramide signaling pathways. It has also been demonstrated in
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neutrophils that TNF inducing ligand (TRAIL) can also induce apoptosis
by interacting with TRAIL receptors.32'33 Although the pathways trig¬
gered by ligation of the TRAIL receptors have been partially defined in
other cells, they still have to be elucidated in neutrophils.

3.1.3. Mitochondria and Bcl-2 family proteins
The central role of cytochrome c in apoptosis is now well established, but
due to the scarcity and morphological irregularity of neutrophil mito¬
chondria and the inability of groups to detect this molecule in neu¬

trophils,20'34-36 there has been some debate concerning the role of
cytochrome c in these cells.20'36 However, we36 and more recently Murphy
and colleagues20 have shown that while cytochrome c still remained illu¬
sive at the protein level, cytochrome c is, however, necessary to trigger
apoptosis. Further evidence for the role of mitochondria in neutrophils
came from work by Altznauer, et al. (2003),37 who showed that Smac/
DIABLO release from mitochondria could be inhibited by blocking cal-
pain activity during Fas-induced and spontaneous apoptosis. Smac/
DIABLO blocks the activity of inhibitor of apoptosis proteins (IAPs) pres¬
ent in the cytoplasm, which in some cases bind directly to caspases,

inhibiting their activity.38
The Bcl-2 family proteins have a major role in regulating neutrophil

apoptosis. Interestingly, however, there appears to be no Bcl-2 in neu¬
trophils28,39 despite the presence of other main Bcl-2 family members,
such as Bcl-XL, Mcl-1, Al, Bax, Bad and Bid, being identified in these
cells.8 Bax is arguably the most studied pro-apoptotic Bcl-2 member in
mature neutrophils. During apoptosis, Bax translocates from the cyto¬
plasm to the mitochondria and this occurs independently of caspases,
since incubation of cells with z-VAD-fmk in the presence of an apoptosis-
inducing agent does not prevent translocation.36 In the absence of pro-
survival signals, neutrophils appear to be primed for apoptosis and this
correlates with the Bcl-2 family member profiles. The pro-apoptotic Bcl-2
family members Bax, Bad and Bak are constitutively expressed in neu¬
trophils,40,41 whereas the anti-apoptotic members Al and Mcl-1 are only
maintained or increased by inflammatory mediators that delay neu¬
trophil apoptosis.42"46
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3.2. Regulation of Neutrophil Apoptosis
by External Mediators

Many of the central apoptotic pathways are common to all cells, but dis¬
crete differences in their control and implementation allow a window for
therapeutically targeting specific cell types. Neutrophils undergo consti¬
tutive apoptosis in vitro, but this may be delayed by inflammatory media¬
tors. For example, GM-CSF, G-CSF, LPS, LTB4, PAF, C5a, IL-lp, IL-2, IL-8,
TNF-a, IL-15, and iFN-y13'14'16'47'48 can promote neutrophil survival, sug¬
gesting that while neutrophils are on balance primed to die, activation of
certain critical survival pathways can overcome this "default" state. Thus
at inflammatory sites, neutrophils exposed to such mediators would sur¬
vive longer to aid their defense against invading organisms. Much
progress has been made in understanding the signaling mechanisms
likely to regulate this process and it appears that these control mecha¬
nisms differ somewhat from many other cell types. For example, eleva¬
tion of intracellular free Ca2+ levels using calcium ionophores (e.g.
A23187 and ionomycin) or by mobilization of intracellular Ca21 stores
using thapsigargin9'49 promotes neutrophil longevity, whereas similar
treatment in other cells (e.g. eosinophils) induces apoptosis.49 Similarly,
unlike most cell types, increasing intracellular cyclic AMP (cAMP) also
delays neutrophil apoptosis50 and seems to be mediated through a mech¬
anism involving altering the balance of pro-survival versus pro-apoptotic
proteins and not via protein kinase A (PKA), PI-3 kinase (PI3K), MAPK
or mechanisms dependent on transcription.51 The control of neutrophil
apoptosis is likely to be a reflection of the neutrophil's specialized
immune purpose and the environmental milieu in which it must func¬
tion. For example, a hypoxic environment, found in chronically inflamed
sites, delays neutrophil apoptosis,26'52'53 whereas hypoxia induces apop¬
tosis in most other cells types.54 Not surprisingly, bacterial lipopolysac-
charide (LPS) delays neutrophil apoptosis,14'55 an event that can be
enhanced by low levels (<1%) of contaminating monocytes in neutrophil
preparations.56 Activation of several signal transduction pathways has
been identified in LPS-treated neutrophils through the LBP/CD14/MD-2
and Toll-like receptors (TLR4)57 triggering MAPK (ERK 1/2 and p38),58
PI3K59 and NF-kB signaling.60 Thus the precise involvement of the
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signaling pathways appears to depend on the specific survival factor
under investigation. Consequently, many signaling pathways have been
implicated in the regulation of neutrophil apoptosis, including protein
kinase C, MAP kinases, PI3K and tyrosine kinases as well as transcrip¬
tional pathways.13,16'60 Furthermore, the likely cross talk between these
pathways in neutrophils still remains to be elucidated.

Agents used clinically for the treatment of inflammatory disease can
also influence neutrophil apoptosis. For example, glucocorticoids, as well
as influencing inflammatory cell recruitment and activation, and inflam¬
matory mediator generation can delay neutrophil apoptosis but promote
eosinophil and lymphocyte apoptosis.61 This effect may explain why
steroid therapy is so efficacious in eosinophilic inflammation, such as
asthma, but not in chronic obstructive pulmonary disease (COPD), where
inflammation appears to be neutrophil driven. Although the mechanisms
underlying the divergent effect of glucocorticoids on inflammatory cell
apoptosis are currently unknown, it has been suggested that glucocorti¬
coids may differentially influence cytosolic Ca2+ concentrations in these
cells,62 or that the ratios of glucocorticoid receptor isoforms may be differ¬
ent in neutrophils as compared to other cells.63

Other agents which have been shown to induce neutrophil apoptosis,
include anti-Fas antibodies/Fas-L, TNF and nitric oxide. It is clear that
activation of the Fas pathway promotes neutrophil apoptosis, but
whether Fas-L/Fas pathway plays a role in neutrophil apoptosis in vivo
remains controversial.64 Nitric oxide (NO), which has powerful vasodila-
tory effects, also influences neutrophil apoptosis. Recently, we and others
have shown that NO donating compounds promote neutrophil apopto¬
sis.65"67 Although the mechanisms involved have yet to be fully eluci¬
dated, it appears that NO exerts its effects via a cGMP-independent
mechanism that involves the simultaneous release of oxygen free radi¬
cals.65 Oxidative dependent mechanisms have also been implicated in
neutrophil apoptosis following adhesion molecule-dependent phagocy¬
tosis of bacteria or by certain bacterial products,68"70 and in apoptosis
induced by factors liberated by bacteria71 or fungi.14

NF-kB is activated in response to a wide variety of agents in the neu¬
trophil and appears to be a central "switch" in determining life or death.60
Perhaps the best example of the role of NF-kB in neutrophil survival is
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during TNF signaling. As mentioned above, TNF enhances neutrophil
apoptosis at early time points (~6h), but at later times (20 h) promotes
neutrophil survival.31 This early apoptotic effect was dramatically
increased if neutrophils were co-incubated with the fungal metabolite
gliotoxin, a reported powerful inhibitor of NF-kB activation.60 Sub¬
sequently it was shown that TNF activates NF-kB, limiting early apoptosis
and promoting survival of neutrophils at later time points. NF-kB activa¬
tion results in the transcription of anti-apoptotic genes necessary if neu¬
trophil longevity is to be prolonged. This is confirmed by incubation of
neutrophilswith protein synthesis inhibitors in the presence of NF-kB acti¬
vating agents, since neutrophil apoptosis still occurs readily. NF-kB target¬
ing may therefore provide a powerful therapeutic target for the treatment
of neutrophil-mediated disease. In line with this, recent studies indicate
that NF-kB may play a role in the apoptotic effects of certain arachidonic
acid metabolites. The prostaglandin D2 (PGD2) metabolites A12PGJ2
and 15dPGJ2 are powerful inducers of apoptosis in neutrophils.
A,2PGJ2 and 15dPGJ2 are PPAR-y agonists, yet in the neutrophil, synthetic
PPAR-y and PPAR-a ligands could not replicate the effects nor could they
be blocked PPAR-y antagonists. LPS and TNF-a mediated longevity is
readily overcome by A12PGJ2 and 15dPGJ2, and this is mediated by inhibit¬
ing IkB degradation and therefore NF-kB activation.47 In the first phase of
inflammation, NF-kB activation causes the production of COX-2, an

enzyme which controls the formation of PGs, including PGD2 and its
metabolites. During the resolution phase, these metabolites can inhibit the
activation of NF-kB, production of pro-inflammatory cytokines and ulti¬
mately inducing neutrophil apoptosis. Therefore, emerging data suggest
that both NF-kB activation and the formation of PGD2 metabolites may
promote the resolution of inflammation by influencing inflammatory cell
(including neutrophil) apoptosis.47'72"76

4. CLEARANCE OF APOPTOTIC NEUTROPHILS

Once the beneficial function of recruited neutrophils into inflammatory
sites has been fulfilled, it is evident that failure of neutrophil removal
could lead to tissue damage as these cells would inevitably undergo dis¬
integration and liberate their histotoxic contents. Thus, mechanisms have
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evolved to efficiently remove these cells in order to limit potential tissue
damage and development of chronic inflammation. A key mechanism for
limiting potential neutrophil mediated damage is rapid, efficient and
noninflammatory recognition and phagocytosis by macrophages of neu¬
trophils that have undergone apoptosis (Fig. 1). Indeed, it is believed that
failure of phagocytes such as the macrophage to scavenge apoptotic cells,
may be directly responsible, in part, for the pathogenesis and progression
of inflammatory conditions. There is now good evidence in in vitro,
experimental inflammatory models and human disease that clearance of
apoptotic neutrophils occurs by this process. It was Newman, et al.
(1982)77 who first reported that aged senescent, but not fresh, isolated
human neutrophils were recognized and ingested by inflammatory
macrophages. It took several years before it was realized that the process
of apoptosis had to have occurred before the neutrophils could be
engulfed by macrophages.78 Importantly, it was subsequently shown that
macrophage ingestion of apoptotic neutrophils does not result in the lib¬
eration of histotoxic neutrophil granule contents and generation of
macrophage-derived pro-inflammatory mediators.79 Indeed, this highly
efficient and specific process results in the generation and release of
macrophage-derived mediators with potential anti-inflammatory proper¬
ties (e.g. TGF-a and IL-10).80-82 It has become apparent that there exist a
number of molecular mechanisms by which phagocytes recognize and
ingest apoptotic neutrophils.83-85

5. CONCLUDING REMARKS

Due to the potential for the development of novel therapeutic targets
afforded by specifically inducing neutrophil apoptosis and augment¬
ing macrophage clearance of apoptotic neutrophils, a great deal of effort
is being invested in deciphering the precise molecular mechanisms
underlying these processes. We believe that the fruits of these efforts will
lead to a greater appreciation of the physiological mechanisms involved in
the resolution of inflammation and help identify novel therapies aimed at
influencing neutrophil apoptosis with the ultimate goal of treating chronic
inflammatory diseases where the neutrophil plays a prominent role.
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Nitric oxide and the resolution of inflammation: implications for
atherosclerosis
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The ubiquitous free radical, nitric oxide (NO), plays an important role in many biological processes including
the regulation of the inflammatory response. Alterations in NO synthesis by endogenous systems likely influence
inflammatory processes occurring in a wide range of diseases including many in the cardiovascular system (e.g.
atherosclerosis). Progression of inflammatory conditions depends not only upon the recruitment and activation of
inflammatory cells but also upon their subsequent removalfrom the inflammatory milieu. Apoptosis, orprogrammed
cell death, is a fundamentalprocess regulating inflammatory cell survival and is critically involved in ensuring the
successful resolution ofan inflammatory response. Apoptosis results in shutdown ofsecretorypathways and renders
effete, but potentially highly histotoxic, cells instantly recognisablefor non-inflammatory clearance byphagocytes
(e.g., macrophages). However, dysregulation ofapoptosis andphagocytic clearance mechanisms can have drastic
consequences for development and resolution ofinflammatory processes. In this review we highlight the complexi¬
ties ofNO-mediated regulation ofinflammatory cell apoptosis and clearance byphagocytes and discuss the molecu¬
lar mechanisms controlling these NO mediated effects. We believe that manipulation ofpathways involvingNO may
have previously unrecognised therapeutic potential for limiting or resolving inflammatory and cardiovascular-
disease.
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The inorganic free radical, nitric oxide (NO), was first
identified as an endothelium-derived endogenous mes¬
senger responsible for the regulation of vascular tone
(Furchgott & Zawadzki 1980, Palmer et al. 1987). How¬
ever, since then it has become clear that NO is the signal¬
ling molecule responsible for several diverse physiologi¬
cal and pathophysiological processes. Synthesised from
L-arginine by three isoforms of the enzyme nitric oxide
synthase (NOS), NO is now known to control vascular
smooth muscle tone, inhibit platelet and inflammatory cell
adhesion and activation, and to be a transmitter at non-
adrenergic non-cholinergic (NANC) synapses (Moncada
et al. 1991, Quinn et al. 1995). Recent studies have re¬
vealed that NO can also modulate apoptosis, or pro¬
grammed cell death, in a variety of cell types, including
human inflammatory cells (Taylor et al. 2003). Apoptosis
of inflammatory cells is a highly regulated processwhereby
cellular death occurs without the disruption of the cell
membrane and subsequent release of the pro-inflamma¬
tory and histotoxic contents of the dying cell (Haslett
1997, Rossi et al. 2003). Apoptotic cells are instantly
recognised and ingested by phagocytes, such as mac¬
rophages, using mechanisms that down-regulate pro-in¬
flammatory mediator release and increase the release of
agents with anti-inflammatory potential from the ingest¬
ing cell (Meagher et al. 1992, Fadok et al. 1998, Liu etal.
1999). Hence, apoptosis represents a non-inflammatory
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mechanism to remove potentially damaging pro-inflam¬
matory cells from the site of inflammation and is therefore
critical to the successful resolution of the inflammatory
response. Pharmacological manipulation of the rate of
apoptosis in inflammatory cells, such as granulocytes and
macrophages, may represent a potential therapeutic strat¬
egy for the treatment of chronic inflammatory disorders
(Ward et al. 1999, Gilroy et al. 2004).

NO can be both pro- and anti-apoptotic, depending
on local concentrations and the specific cell type in ques¬
tion (Quinn etal. 1995, Kim etal. 1999, Taylor etal. 2003).
Current evidence suggests that lower concentrations of
NO produced by the constitutive endothelial and neu¬
ronal isoforms ofNOS (eNOS and nNOS) are cytoprotec-
tive, whilst supraphysiological concentrations produced
by the inducible NOS isoform (iNOS) trigger cell death
(Nicotera et al. 1997). This paradox may be explained, at
least in part, by the free radical nature ofNO and hence
the ease with which it will react with other radicals, par¬
ticularly reactive oxygen species, present in the milieu to
form various NO-related species in vivo. For example, NO
combines rapidly with inflammatory cell derived superox¬
ide anions (OT) to form highly cytotoxic peroxynitrite
(ONOO") (Maxwell & Lip 1997).
NO as a mediator of inflammatory cell apoptosis

The pro- and anti-apoptotic actions ofNO have been
well documented in many cell systems. For example, high
concentrations ofeither exogenous or endogenous iNOS-
derived NO have been shown to induce apoptosis in mu¬
rine macrophage cell lines (Albina et al. 1993, Sarih et al.
1993). However, pre-treatment with low concentrations
of exogenous NO protects RAW 264 cells against cell
death upon subsequent exposure to higher concentra-
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tions ofNO which would normally be cytotoxic (Yoshioka
et al. 2003). However, despite the apparent reduced ca¬
pacity of human macrophages in comparison to murine
macrophages (Albina 1995, Schneemann & Schoedon
2002), to generate iNOS derived NO (Thomassen &
Kavuru 2001), human macrophages do undergo apoptosis
in response to exogenous NO. For example, the NO do¬
nors, S-nitrosoglutathione (GSNO), and spermine
diazenium diolate (SPER/NO) induce apoptosis in primary-
human monocyte-derived macrophages (von Knethen et
al. 1999). Exogenously deliveredNO fromNO donors (e.g.,
sodium nitroprusside; SNP and GSNO) induce apoptosis
in human neutrophils (Fortenberry etal. 1999, Singhal et
al. 1999). However, it has also been established that NO
may have anti-apoptotic potential in neutrophils; low con¬
centrations of NO generated from the spontaneous NO
donors, SPER/NO and DEA/NO, reduce the rate of neu¬
trophil apoptosis (Taylor et al. 2001). In contrast, the
same study showed that the oxatriazole derivative, GEA-
3162, at equivalent concentrations produced no such in¬
hibition. However, it was demonstrated that GEA-3162
decomposes to co-generate both NO and 02", which then
react to form ONOO" (Taylor et al. 2004). This suggests
that the pro- or anti-apoptotic effects ofNO may be criti¬
cally governed by the specific NO-related species gener¬
ated.

Interestingly, the production ofONOO"may be ofpar¬
ticular importance at sites of inflammation where the con¬
centration of reactive oxygen species is likely to be el¬
evated (Crow & Beckman 1995). However, the precise
role ofONOO" in inflammatory cell apoptosis remains to
be fully elucidated. There is some evidence to suggest
that ONOO" at high concentrations increases apoptosis
in murine RAW 264.7 cells (Sandoval etal. 1997), whilst at
lower concentrations it may have a protective effect
against lipopolysaccharide (LPS) and interferon (IFN)-y-
induced apoptosis in these cells (Scivittaro et al. 1997). A
scavenger ofONOO", uric acid, had no effect on apoptosis
induced by the NO donors GSNO or SPER/NO in RAW
264.7 macrophages, but abolished apoptosis induced by
the ONOO" generator SIN-1, suggesting that ONOO" is a
mediator of apoptosis, at least not in this cell type
(Brockhaus & Brune 1999).

As is the casewith macrophages, there are conflicting
reports about the ability ofONOO" to induce or suppress
apoptosis in neutrophils. Several investigators have dem¬
onstrated that SIN-1 and GEA-3162 increases the rate of

apoptosis in human neutrophils (Blaylock et al. 1998, Ward
etal. 2000, Taylor etal. 2004). Conversely, Blaylock etal.
(1998) reported SIN -1 produced no significant increase in
neutrophil apoptosis. However, this may be due to ex¬
perimental differences and the exact amounts ofONOO"
present rather than a true difference in the effect of ONOO"
(Taylor et al. 2003).
NO and apoptosis in the resolution of inflammation

The ability ofNO to induce apoptosis is particularly
relevant during the resolution phase of inflammation. In a
mouse model ofkidney inflammation, activated macroph¬
ages have been shown to induce apoptosis in neigh¬
bouring mesangial cells prior to their ingestion by phago¬

cytes (Duffield et al. 2000). The ability of these activated
macrophages to induce apoptosis is greatly reduced in
the presence oftheNOS inhibitorN-E-monomethyl-L-argi-
nine (L-NMMA), suggesting that macrophage-directed
apoptosis of mesangial cell apoptosis occurs via a NO-
dependent mechanism (Duffield et al. 2001). Similarly,
several studies have demonstrated that activated mac¬

rophages infiltrating murine tumours induce apoptosis via
a NO-dependent pathway in both activated anti-tumour T
cells and in the tumour cells themselves (Saio et al. 2001,
Chattopadhyay et al. 2002). Thus, it appears that mac¬
rophages have the capacity to induce apoptosis ofnearby
cells by the liberation ofNO to enhance the clearance of
apoptotic cells and thereby promote the resolution phase
of inflammation (Figure).
Mechanism ofaction ofNO

The classical pathway by which NO exerts many of its
actions is via activation of the enzyme soluble guanylate
cyclase (sGC) (Moncada et al. 1991) and resultant con¬
version of guanosine 5'-triphosphate (GTP) to the sec¬
ond messenger 3', 5'-cyclic guanosine monophosphate
(cGMP)(lgnarroetal. 1999). However, recent studies have
established that NO can also act via cGMP-independent
pathways in various systems, particularly during the inhi¬
bition ofplatelet aggregation and regulation of inflamma¬
tory cell apoptosis (Gordge et al. 1998, Sogo et al. 2000,
Ward et al. 2000, Crane et al. 2002).

It is generally thought that lower concentrations of
NO inhibit apoptosis via cGMP-dependent mechanisms,
whilst higher concentrations are cytotoxic on account of
cGMP-independent signalling. For example, Yoshoka et
al. (2003) demonstrated that pre-treatment ofRAW 264
cells with a low concentration of the NO donor SNP, in¬
hibited cell death upon subsequent exposure to higher
concentrations of NO. This protection was negated in
the presence ofsGC inhibitors and could be mimicked by
cGMP analogues, suggesting that the cellular protection
was conferred by cGMP.

Conversely, at higher concentrations, NO has been
shown to induce apoptosis in rabbit macrophages - an
effect which was unaffected by antagonism of cGMP-de-
pendent kinases and not mimicked by cGMP analogues,
suggesting that the pro-apoptotic action ofNO is cGMP-
independent (Wang et al. 1999). The peroxynitrite genera¬
tors, SIN-1 and GEA-3162, have also been shown to pro¬
duce a marked concentration-dependent induction of
apoptosis in isolated human neutrophils (Ward et al. 2000).
Again, this induction was unaffected by inhibitors ofsGC,
and cGMP analogues failed to elicit a pro-apoptotic re¬
sponse suggesting that a mechanism independent of
cGMP signalling also featured in neutrophils. Interest¬
ingly, superoxide dismutase (SOD), the enzyme respon¬
sible for converting 02" to hydrogen peroxide (H202),
antagonised the actions of SIN-1 and GEA-3162, whilst
"authentic" peroxynitrite mimicked their effects. This re¬
sult may, therefore, highlight the critical importance of
NO-related species in determining an anti- or pro-apoptotic
response, with the final outcome depending on the bal¬
ance between reactive oxygen and nitrogen species.
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Atherosclerosis

Atherosclerosis is a multi-factorial condition with a

complicated aetiology, and, in combination with the asso¬
ciated cardiovascular syndromes, such as myocardial in¬
farction and stroke, is a major cause of morbidity and
mortality. However, it is nowwidely recognised that there
is an inflammatory component to the disease pathogen¬
esis and progression (Ross 1999a, b, Ludewig et al. 2002).

Atherosclerosis is characterised by the development
of lipid-rich atherosclerotic plaques in the subendothelial
space of conduit vessels, such as the coronary artery and
aorta (Badimon et al. 1993). These plaques are usually
eccentric, with the lipid rich core encapsulated by a fi¬
brous, collagen-rich cap ofsmooth muscle cells and extra¬
cellular matrix (Davies 1997). The underlying causes of
athcrogcncsis remain largely unknown, although a criti¬
cal early stage is thought to be an insult to the endothe¬
lium, either physical or through oxidative stress. The con¬
sequences of this insult are multiple; firstly, in contrast to
the situation in healthy endothelium, the injured endot¬
helium becomes dysfunctional and production ofNO by
eNOS decreases, promoting vasoconstriction and plate¬
let and inflammatory cell adhesion. Secondly, a protective
inflammatory response is triggered. However, depending
on the nature and duration of the insult, this protective
response becomes excessive and over a period of years,
comes to constitute the disease process itself (Ross 1999a,

b). The inflammatory process begins with the expression
of chemotactic and adhesion molecules for monocytes
and lymphocytes, such as vascular cell adhesion mol¬
ecule 1 (VCAM-1), on dysfunctional endothelial cells.
Circulating monocytes adhere to the site of endothelial
damage and translocate to the sub-endothelial space
(Vogel 1997). Colony stimulating factors secreted from
areas of endothelial damage induce monocytes to differ¬
entiate into macrophages, which then express scavenger
receptors on their membranes, facilitating the in-
ternalisation ofoxidised low density lipoprotein (ox-LDL).
The accumulation of ox-LDL continues unchecked as,
unlike LDL receptors, scavenger receptors are not down-
regulated by cells in the cholesterol-replete state (Max¬
well & Lip 1997). In this lipid-laden state, macrophages
are known as foam cells and it is an aggregation of these
foam cells in the vessel intima which form the earliest
recognisable lesion of atherosclerosis — the fatty streak
(Ross 1993). The plaque continues to grow via the accu¬
mulation offurthermacrophage foam cells and eventually
becomes overlaid with a layer ofsmooth muscle cells form¬
ing a fibrous, collagen-rich cap. The cap serves to keep
the highly thrombogenic contents of the plaque separate
from the circulation. However, if the plaque cap is com¬
promised and the contents exposed to the circulation,
platelets are rapidly recruited and activated resulting in
thrombus formation, leading to the more serious acute
cardiovascular syndromes (Badimon et al. 1993).
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High concentrations of nitric oxide (NO) synthesised by iNOS in phagocytes, such as macrophages, induce apoptosis in neighbouring cells.
In addition, apoptosis can also be induced by ONOO" generated as 02~ produced by phagocytes reacts with NO. Apoptotic cells are
subsequently recognised and ingested by phagocytes, thus aiding the resolution of inflammation. Conversely, low concentrations of NO
produced constitutively by eNOS in endothelial cells can inhibit apoptosis.
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Inflammatory cell apoptosis in atherosclerosis
Recruitment of inflammatory cells, particularly mono¬

cytes and macrophages, is the major driving force behind
plaque growth and development. However, the plaque is
dynamic and inflammatory cells are constantly turning
over within the core. It is well established that apoptotic
cells, particularly macrophages, are present in atheroscle¬
rotic plaques in both human and animal models of the
disease. Apoptotic macrophages and smooth muscle cells
have been identified by TUNEL staining in sections from
human plaques by various authors (Bjorkerud & Bjorkerud
1996, Haunstetter& Izumo 1998). Because apoptotic cells
are ingested by phagocytes without initiating any further
proinflammatory response, it has been suggested that
apoptosis may represent a mechanism to regress the
plaque. NO is a particularly promising candidate for this
strategy because, as well as the pro-apoptotic actions
discussed above, it has several other powerful anti-athero-
genic characteristics including a powerful inhibitory ef¬
fect on platelet and inflammatory cell activation (Moncada
etal. 1991, Armstrong 2001). Evidence is emerging in sup¬
port ofthis hypothesis. For example, administration ofL-
arginine (the substrate forNOS) to hypercholesterolemic
rabbits increases the number of apoptotic macrophages
in intimal lesions by three fold. This increase in apoptosis
was associated with a regression of the plaque, suggest¬
ing that manipulation of the NO synthase pathway may
well represent a therapeutic approach to resolving the
inflammatory response in the vessel wall (Wang etal. 1999).
However, care must by exercised when considering this
approach because NO is also known to induce apoptosis
in smooth muscle cells (Labelle et al. 2004). Loss ofcells
from the fibrous cap during the latter stages of athero¬
sclerosis may well be detrimental, destabilising the plaque
and promoting rupture (Kockx & Knaapen 2000)
Conclusion

Apoptosis of inflammatory cells is a tightly regulated
process whereby cells are removed from the site of inflam¬
mation without triggering a subsequent pro-inflammatory
response that would instigate further tissue injury. Phar¬
macological manipulation of apoptosis during chronic
inflammatory conditions, such as atherosclerosis, may aid
the resolution of inflammation and hence halt, or delay,
disease progression. The ubiquitous signalling molecule
and inducer of apoptosis, NO, is a likely candidate for
such manipulation and may represent a novel therapeutic
target for the treatment of such conditions.
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Regulation of Neutrophil Apoptosis and Removal of Apoptotic Cells
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Abstract: The accumulation of neutrophils during inflammation is essential for the destruction and removal of invading microorganisms. However,
foi resolution of inflammation to occur, neutrophils iriusl also be removed from the inflammatory site since these cells are capable of releasing tissue
toxic molecules. Neutrophil removal has been shown to occur via apoptosis and phagocyte clearance of apoptotic cells. Therefore, manipulation of
these processes is likely to be a key therapeutic strategy in the management of inflammatory disease. In this review, we examine mediators of
neutrophil survival and apoptosis and the signalling pathways that regulate the balance between life and death in these cells

INTRODUCTION

Neutrophils have been implicated in many of the pathologies
associated with inflammatory disease. During inflammation, high numbers
of neutrophils arc often recruited as part of the innate immune response.
They are often held accountable for tissue damage which occurs when the
inflammatory response goes awry [1,2]. The cytoplasm of the neutrophil
contains high numbers of granules full of toxic agents, normally reserved
for killing and digestion of microorganisms, which may be released
inappropriately resulting in damage to the surrounding tissues [3],
However, neutrophils arc vital to the immune response as they provide a
first-linc-of-dcfcncc against invading organisms. To illustrate this, patients

infections [4], According to the inflammatory insult or disease,
inflammation may be predominantly eosinophil or neutrophil-dependent.
For example, while asthma is usually associated with eosinophil
recruitment, severe or chronic asthma is characterised by neutrophilic
inflammation [5-7]. Other diseases where neutrophils play a prominent
role include emphysema, chronic bronchitis, rheumatoid arthritis,
myocardial reperfusion injury and inflammatory bowel disease [8],

During self-resolving inflammation, neutrophils are removed from the
inflammatory site by undergoing apoptosis and subsequently being
phagocytosed by nearby macrophages [I]. Apoptosis is a non¬
inflammatory cell death process since one of its hallmarks is the

FIRM ADHESION TRANSMIGRATION

IMPAIRED PHAGOCYTOSIS IMPAIRED APOPTOSIS PHAGOCYTOSIS OF INVADING

, MICROORGANISMS

RELEASE OF INTRACELLULAR
HISTOTOXIC CONTENTS

Fig. (1). The Main Stages of the Inflammatory Response.
Neutrophils bind loosely (rolling) to endothelial cells of the blood vessel wall before adhering and transmigrating to the site of injury or infection. Neutrophils then
phagocytosc and destroy invading bacteria before undergoing apoptosis. Tissuc-rcsidcnl macrophages then ingest apoptotic neutrophils. Either impaired neutrophil
apoptosis or inefficient clearance of apoptotic neutrophils can lead to the inappropriate release of toxic neutrophil granule contents, resulting in tissue injury often seen in
chronic inflammatory disease.

who have a defect in neutrophil function, such as in chronic
granulomatous disease or leukocyte adhesion deficiency, suffer repeated
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maintenance of cell membrane integrity [9], preventing leakage of the
toxic contents of neutrophil intracellular granules. However, apoptotic
granulocytes must be rapidly cleared from the site of inflammation since
eventual cellular breakdown or secondary necrosis will allow escape of
neutrophil toxic compounds. Macrophages and other cells with phagocytic
capacity (e.g. fibroblasts, dendritic cells, epithelial cells, etc.) are known
to remove apoptotic granulocytes by phagocytosis in a non-inflammatory
manner [10], Therefore, there are at least two areas where the process of
self-resolving inflammation may become dysregulated. Firstly, neutrophils

I568-010X/05 $50.00+.00 €> 2005 Bentham Science Publishers Ltd.



448 Current Drug Targets - Inflammation &. Allergy, 2005, Vol 4, No. 4

may fail to undergo apoptosis appropriately, and secondly, tissue resident
macrophages may not clear the apoptotic neutrophils efficiently to prevent
leakage of tissue toxic agents from granulocytes which have undergone
apoptosis [11], See Fig. 1 for an overview of neutrophil recruitment and
removal during inflammation. In addition, we refer the reader to other
relevant reviews of the subject matter [12-23J and due to space
constraints, apologise for omitting other important manuscripts describing
mechanisms regulating neutrophil apoptosis and their subsequent
clearance by phagocytes.

Morphological & Molecular Changes during Apoptosis

The characteristic morphological features of apoptosis of virtually all
cells including neutrophils are chromatin condensation, DNA
fragmentation, cytoplasmic shrinkage and membrane blebbing, where the
intracellular contents are contained [9,24], These features are due to an
evolutionary conserved apoptotic death pathway [24,25] on which several
apoptotic stimuli converge. A detailed understanding of regulatory
mechanisms and cell type specific engagement of conserved apoptotic
pathways is crucial, if this phenomenon is to be exploited to maximum
potential lor therapeutic gain.
Caspases

The central effectors of the apoptotic pathway are the cysteine-
dependent asparlate-specific protease (caspase) family (see below for
their activation and regulation). The caspascs contain cysteine residues
within their active sites and cleave target proteins at aspartic acid residues
[26], At least 14 mammalian caspases have been identified and can be
broadly divided into 2 groups: those involved in apoptosis and those
involved in cytokine processing (see Table I). Neutrophils have been
shown to possess caspases -1, -3, -4, -6, -7, -8, -9 -10 and -14 [17,21,27-
30], Those caspases centrally involved in apoptosis may further be divided
in terms of function into two categories: initiator caspases and effector
caspases. Initiator caspases (e.g. caspase-8, 9, 10) have long prodomains,
containing death effector domains (DED), allowing association with
adapter molecules such as Fas-associated death domain (FADD). The long
prodomains of initiator caspascs also allow oligomcrisation, resulting in
their activation by autocalalysis [31]. The initiator caspases are thought to
be primarily upstream activators of the effector caspases. Once activated,
initiator caspases process the effector caspases -3, -6 and -7, whose
primary function is thought to be cleavage of cellular proteins to
disassemble the cell [32], Many caspase substrates have been identified,
with cleavage resulting in their inactivation or activation [see[33]].
Comparatively few caspase targets have been identified in neutrophils,
although fodrin [34], protein kinase C-8 (PKC-5) [35J and more recently
the pro-apoptotic BIc2 family member BID [36] have been identified as
caspase substrates in neutrophils.
Table 1. Functional Division of Caspases

Apoptosis Cytokine Processing

Caspase-2 Caspase-1

Caspase-3 Caspase-4

Caspasc-6 Caspasc-5

Caspase-7 Caspase-11

Caspase-8 Caspase-13

Caspase-9

Caspase-10

Caspase-12

Caspase-14

The induction of the apoptotic caspase-cascade can occur via ligation
of death receptors (e.g. Fas, TNFR, TRAIL) or cellular stress (e.g.
cytotoxic drugs) and is reliant upon the activation of caspasc-9 and
appears to be mitochondria deperidenl. However, there is considerable
overlap between death receptor and stress induced pathways depending
on the cell type and apoptotic stimulus, and in many cases, receptor-
mediated apoptosis is also mitochondria-dependent [31]. Activation of
caspase-9 requires the release of cytochrome c and apoptosis protease-
activating factor (Apaf-1) from the inner mitochondrial membrane and the
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presence of ATP or dATP. This complex of cytochrome c, ATP and
procaspase-9, the apoptosome, is believed to allow the proximity-induced
processing of procaspase-9, which can then activate procaspase-3
[37,38], Cytochrome c release was shown to be involved in the induction
of apoptosis and caspase-3 activation in neutrophils, and this was later
independently confirmed [29,39]. See Fig. 2 for the role of caspases in
neutrophil apoptosis.

Initiation ofApoptosis

Two principal pathways exist for the initiation of the apoptotic
cascade; firstly, engagement of'death receptors' such as I NF and Fas
and secondly, through the intrinsic death pathway in response to cellular
injury or stress. TNF-a is unusual in that it mediates both pro- and anti-
apoptotic signals in neutrophils [40]. Fas ligation also has dual capabilities;
regulating chemotaxis and the induction of apoptosis in neutrophils [41,42],

Stimulation of the Fas death pathway results in rapid apoptosis in
neutrophils [41], Studies in other cell types have shown that activation of
Fas induces receptor trimerisation and formation of the death initiating
signalling complex (DISC) through interaction of the receptor with its
adapter protein FADD [43] This complex can then recruit procaspase-8,
which in turn is proteolytically cleaved to form the active caspase-8,
although c-FLIP acts as a competitive inhibitor of procaspase-8 binding to
the DISC and therefore has anti-apoptotic effects [43]. Once active,
caspase-8 can cleave procaspases-3, -6 and -7 to their respective active
effector caspases, which are responsible for the vast majority of
proteolytic cleavage in the apoptotic process [43], In some cell types,
caspase-8 can cleave procaspase-3 directly (type I cells) and in type II
cells caspase-8 initiates the mitochondrial pathway by cleaving the Bcl-2
family member Bid. Truncated Bid (tBid) then translocates to the
mitochondria and promotes the release of cytochrome c and the formation
of the apoptosome. Whether caspase-8 cleaves procaspase-3 directly or
exerts its effects via the mitochondrial pathway in neutrophils is unknown.
However, data in a study by Watson el al., [44] suggested that in
neutrophils, caspase-8 exerts its effects via the mitochondria. The
mitochondrial stabilising agent bongkrekic acid inhibited caspase-3
activation and apoptosis, but did not affect caspase-8 activity.
Interestingly, they also showed that bongkrekic acid, and inhibition of
caspase-3 and caspase-8 did not inhibit spontaneous apoptnsis

Mitochondria & Bcl-2 Family Proteins

Cytochrome c is important for the formation of the apoptosome, yet
this molecule has remained elusive in neutrophils. We and others have
demonstrated that neutrophils possess mitochondria but fluorescence
staining revealed the relative scarcity of mitochondria within these cells
[29,39,45,46], It is clear that pro- and anti-apoptotic members of the bcl-2
family of proteins play a role in regulating the rate of spontaneous
neutrophil apoptosis. Translocation of pro-apoptotic protein Bax to the
mitochondria during neutrophil apoplosis has been observed, thus
activating the mitochondrial apoptotic pathway and causing caspase-3
activation (Fig. 2) [39,47-49], In addition, Bax translocation was not
inhibited by z-VAD-fmk, the broad range caspase inhibitor, suggesting
that Bax redistribution is caspase-independent. In addition, BID, another
bcl-2 pro-apoptotic family member, has been shown to be important in the
regulation of human neutrophil apoptosis. It appears that BID also
translocates to the mitochondria and becomes truncated via a caspase
dependent mechanism [36,50] Bcl-2 is absent from mature neutrophils,
but its homologue Al and also Mcl-1 have been found, which represent
the two major anti-apoptotic bcl-2 family proteins present in neutrophils
and their levels have been shown to be maintained or increased by
inflammatory mediators that delay neutrophil apoptosis (Fig. 2) [51,52], In
contrast, the pro-apoptotic Bcl-2 family members, Bax, Bad and Bak arc
constitutively expressed in neutrophils and have a long half-life [52,53],
perhaps explaining why on balance, neutrophils are primed for apoptosis

Inhibitors of Apoptnsis & Calpains
Inhibitor of apoptosis (1AP) proteins are evolutionarily conserved and

can interfere with caspase activity by, in some cases, binding directly both
effector and initiator caspases. However, upon perturbation of the
mitochondrial membrane, IAP activity can be neutralised by the release of
Second Mitochondria-derived Activator of Caspase/Direct Inhibitor of
Apoptosis Binding Protein with Low pi (Smac/DIABLO) from the
mitochondrial membrane, which in turn binds lAPs, preventing their
caspase-inhibitory activity [54], Only recently have studies investigated a
possible role for lAPs in neutrophil apoptosis (Fig. 2). Kobayashi el al..
[55] first demonstrated the presence of x-linked inhibitor of apoptosis
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Hypoxia

Fig. (2). General Overview of Neutrophil Life vs. Death Signalling. See text for details.

protein (XIAP), the most potent inhibitor of caspases [54], Furthermore,
X1AP was shown to be degraded by calpains, previously shown to be
involved in the dissociation of actin-binding proteins, including a-actin and
ezrin [56], at the onset of apoptosis, and inhibition of calpains impaired the
induction of apoptosis in neutrophils [55], Recently, cIAPl and cIAP2
have also been detected in neutrophils. cIAP2 was selectively upregulated
in response to granulocyte-colony stimulating factor (G-CSF) but not
granulocyte macrophage-colony stimulating factor (GM-CSF) and
interestingly, neutrophils from a patient with chronic neutrophilic
leukaemia had markedly upregulated levels of cIAP2 mRNA along with
prolonged survival in vitro [57]. Calpains are cysteine proteases and are
comparatively little understood but are ubiquitously expressed and have
roles in apoptosis, proliferation and cell migration [58]. Very recently, a
role for calpain-1 in neutrophil apoptosis was demonstrated by Altznauer
et al., [59]. These authors showed that inhibition of calpain-1 activity
blocked both Fas-induced apoptosis and spontaneous apoptosis.
Furthermore, calpain-1 activity was necessary to generate an 18kDa Bax
fragment with enhanced apoptotic activity, perhaps because it could not
associate with Bcl-xL in this form, in both constitutive and Fas-mediated
neutrophil apoptosis Inhibition of calpain also blocked Smac/ DIABLO
release from the mitochondria and interestingly, prevented the full
processing of caspase-3 from the 20kDa form, which was inactive to the
17kDa form.

Life or Death: Intracellular Signalling

Neutrophils undergo constitutive apoptosis during in vitro culture, but
1L-Ip, IL-2, TNF-a, IL-15, IFN-y, G-CSF, GM-CSF, LPS and hypoxic
conditions can inhibit this process [12-23], It is likely that neutrophils
would encounter these stimuli at inflammatory sites in vivo, thereby
prolonging their life-span and allowing them to fulfil their role in
clearance of microbes. For example, hypoxic conditions have been
observed in wound tissues [60-63], which may contribute to enhanced
neutrophil survival [64,65] mediated via hypoxic inducible factor-1 (HIF-
1) [66] In contrast, stimulation of neutrophils with an antibody against the
Fas receptor in vitro increases their rate of apoptosis [41], In addition,
agents that inhibit protein synlhesis or transcription such as cycloheximide
and actinomycin D have been shown to promote neutrophil apoptosis
[14,67]. The observed induction of apoptosis implies that de novo synthesis
of survival proteins is required for neutrophil survival. Here we focus on
the 'internal battle' within the neutrophil that must occur in the face of
pro-inflammatory mediators and/or pro-apoptotic stimuli. See (Fig.2) for a
signalling overview.

PI3 Kinase

Phosphoinositide 3-Kinase (PI3K) activity is critical to many of the
inflammatory mediators which enhance neutrophil survival, such as GM-
CSF [53], TNF-a [68], IFN-p [69] and LPS [70]. The PI3K family of
enzymes exist as heterodimers and can be divided into three classes: class
I, class II and class III. Class I PI3Ks are further subdivided into classes

1A and IB, depending upon the composition of regulatory and cataly tic
subunits and mode of activation. Class IA P13Ks consist of a p85a, p85p,
or p55y regulatory subunit and a pi 10a, pi 10a or pi 105 catalytic subunit
and are activated by interaction with tyrosine-phosphorylated molecules
[71], The class IA isoform p85/pU0 P13Ka has been identified in
neutrophils [72]. In class IB PI3Ks there is only one catalytic subunit pi 10y
and one regulatory subunit p 101, which are mainly activated via G-
protein-coupled receptors [71]; pllOy has been demonstrated to play an
important role in neutrophil survival, chemotaxis and activation [70,73],

P13K. survival effects in neutrophils are mediated via activation of
Akt, NF-kB and cAMP response element binding protein (CREB). In
murine PI3Ky -/- neutrophils, NF-kB nuclear translocation was reduced, as
was phosphorylation of CREB [73], This downregulation coincided with
decreased expression of the survival proteins Mcl-I and Bcl-XL. This
study also demonstrated that Akt phosphorylated and inactivated the pro-
apoptotic Bad, Forkhead (FKR) and GSK-3P proteins Akt plays a central
role in neutrophil apoptosis since CREB (Mcl-1 expression) and nuclear
factor-xB (NF-kB) (BcI-Xl expression) anti-apoptotic transcription
factors are directly under its control [73],

TNF-a has a PI3K-dependent pro-survival effect on rates of
neutrophil apoptosis at late time points (20 h); at early time points, TNF-a
(0-6h) actually induces apoptosis [40,53]. Interestingly, Bad mRNA levels
were shown to be reduced at early time points and increased at later time
points in TNF-a treated neutrophils [53]. GM-CSF-mediated survival also
appears to be critically dependent on PI3K, since the PI3K inhibitor
LY2942002 is able to block the enhanced survival of neutrophils treated
with this cytokine [74], In addition, phosphorylation of Bad in GM-CSF
treated neutrophils requires Akt/protein kinase B (PKB) activity [74]; work
was later confirmed by Cowburn et al., [53], Cowburn et al., [53] further
showed that Bad mRNA levels were reduced in GM-CSF treated
neutrophils via a P13K-dependent mechanism. In addition to Bad, another
BcI-2 family member, Mcl-1 is upregulated at the protein level in GM-CSF
treated neutrophils [51,52]; the expression of which is under the control of
the CREB transcription factor [75],

In IFN-P treated neutrophils, Wang et at.. [76] showed that PKC-S
translocated to the cell membrane, where when activated by lipid second
messengers, its role is anti-apoptotic Furthermore, both PKC-5 and P13K.
signalling were essential for NF-kB activation and survival, since inhibition
of either enzyme resulted in apoptosis. NF-icB activation is also crucial to
LPS-mcdiatcd neutrophil survival [77,78] and its activity is dependent on
upstream PI3K [70],

NF-KB

NF-kB plays a pivotal role in deciding the fate of neutrophils. Many of
the agents which prolong neutrophil survival, do so via the NF-kB pathway
(e.g. TNF-a, LPS). Under normal conditions, NF-kB is kept sequestered in
the cytoplasm by inhibitory IkB proteins such as IxBa [79], An activating
stimulus causes phosphorylation of IkB by IkB kinase (IKK), making IkB
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susceptible to proteolytic degradation, leaving NF-kB free to translocate to
the nucleus and bind to DNA. There, it induces transcription of target
genes that promote cell survival in most cell types [79]. The cell survival
effects of NFkB are largely due to upregulation of anti-apoptotic genes
[80].

Work by Ward el al., [77] first demonstrated the importance of NF-kB
in neutrophil survival and apoptosis. The NF-kB inhibitor gliotoxin (a
fungal metabolite) was able to inhibit the survival effect of LPS and
moreover, increase the apoptotic effect of TNF-oc at early time points
[77], The critical role of NF-kB in deciding life or death in the neutrophil
was later confirmed by other studies [81-83], Furthermore, the
prostaglandin D2 metabolites, A12prostaglandin J2 (A13PGJ2) and 15-
deoxy-A12'14PGJ2, were shown to inhibit IkB-<x degradation and therefore
increase constitutive neutrophil apoptosis as well as overcome LPS-
mediated survival of these cells [84], Interestingly, it has been
subsequently and elegantly shown that PGD2 metabolites bring about acute
inflammatory resolution in rat pleurisy by inducing neutrophil and
macrophage apoptosis [85],

MAPK

There are three subfamilies of mitogen-activated protein kinases
(MAPKs) which are regulated by phosphorylation by upstream kinases.
These subfamilies, extracellular-signal-related kinases (ERKs), p38 and
stress-activated protein kinase/c-Jun amino-terminal kinase (SAPK/JNK),
are ubiquitously expressed and are involved in survival decisions in most
cells. MAPKs are involved in the signalling pathways of the cytokines and
inflammatory mediators which increase neutrophil lifespan. Many such
mediators activate more than one MAPK, and the resulting biological
effect will be dependent on crosstalk between pathways.

The pro-survival effect of GM-CSF, and IL-8 are both, in part,
mediated via ERK activation [74], being partially reversed by the inhibitor
PD98059. This inhibitor has no effect on constitutive levels of apoptosis in
aged neutrophils ([74], and our unpublished observations), suggesting that
inactivation of ERK is not a prerequisite for neutrophils to undergo
spontaneous apoptosis. Other survival agents such as G-CSF, LPS, IL-15
and C5a also activate ERK [86-89],

The role of p38 in constitutive neutrophil apoptosis and in
enhancement of survival is controversial. For example, there is evidence
that the p38 MAPK may be involved in stress induced (UV,
hyperosmolarity, sphingosine) but not in constitutive or FAS induced
neutrophil apoptosis [901. Others have shown that p38 is not
phosphorylated in response to G-CSF in neutrophils [87], IL-15, an
inhibitor of neutrophil apoptosis does activate p38 [88], and while
inhibition of p38 by SB203580 has no effect on GM-CSF-induced
neutrophil survival [74], sphingosine-l-phosphate inhibition of neutrophil
apoptosis can be reversed by SB203580 [91]. Although LPS has been
reported to activate p38 in neutrophils [86], the p38 inhibitor does not
reverse LPS-inhibition of neutrophil apoptosis ([92] and our unpublished
data). Furthermore, one study found that the p38 inhibitor could increase
the inhibition of apoptosis induced by LPS via a mechanism that involves
activation of ERK [93], Recent data have demonstrated that p38 can
phosphorylate and inhibit caspases-8 and 3 in human neutrophils [94],
suggesting a role in survival.

Controversy also surrounds the role ofSAPK/JNK in neutrophils This
has in part been caused by the lack of specific pharmacological inhibitors
of JNK, and the difficulty in transfecting end terminally differentiated
cells with a short life span such as neutrophils. Also few stimuli have been
shown to directly active JNK in these cells. For example, it has been
reported that JNK is not activated by LPS, fMLP, PMA, TNF-a, or GM-
CSF in neutrophils [86,95], Recent data suggest that JNK in neutrophils is
not activated under most circumstances, except in response to TNF-a, and
then only when the cells are treated under very specific circumstances
and are adherent [95-97]. These data have been supported by use of SP
600125 [98], a JNK inhibitor which has recently become available;
however, this inhibitor did not affect pro-inflammatory cytokine release in
treated activated neutrophils suggesting no role for JNK in this process.
New data do however suggest that LPS can activate JNK in non-
suspended neutrophils [99], Therefore, the importance of JNK activation
in neutrophil survival may change as new studies are reported.

Interestingly, both ERK and p38 may be cleaved and degraded
indirectly by caspase activation during neutrophil apoptosis [100], and this
may explain the non-rcsponsivcncss of apoptotic cells to activation stimuli.
G-CSF inhibits this cleavage, therefore such a mechanism may also act to
inhibit cell death in neutrophils [100], On the other hand, MEKK-1, an
MAPK kinase, is cleaved during apoptosis forming a constitutively active
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fragment which activates JNK [101]. Some controversy therefore arises
as to whether JNK activation is a cause of neutrophil apoptosis or a
consequence of it.

Other Key Regulators

Listed below is a non-exhaustive list of other regulators of neutrophil
apoptosis many of which may use the above molecular and signalling
mechanisms.

In recent years, several studies have demonstrated that nitric oxide
(NO) has the ability to influence apoptosis in many cells (see [102-104]
including neutrophils [105-109]). The mechanisms through which NO is
able to both promote, and in some cases, delay inflammatory cell apoptosis
still remain to be fully elucidated. However, it is generally believed that
low concentrations tend to be anti-apoptotic, possibly acting through a rise
in cyclic Guanosine Mono Phosphate (cGMP) or S-nitrosation of caspase-
enzymes [105,107]. High concentrations of NO have been shown to
induce cell death in neutrophils either by apoptosis or necrosis [106-108]
by mechanisms that may involve generation of peroxynitrite [107,110],
Another possibility is that NO may indirectly interfere with pathways that
regulate inflammatory cell survival including the NF-kB pathway [82],

GM-CSF causes a profound delay of both neutrophil and eosinophil
apoptosis. There is strong evidence that GM-CSF signalling also results in
the tyrosine phosphorylation of janus kinase 2 (JAK2), which in turn
phosphorylates signal transducer and activator of transcription 1 (STAT1),
STAT3 and STAT5, promoting DNA binding complexes, independent of
lyn activation [111-113]. The precise role of lyn is still controversial, since
another report showed that inhibition of lyn kinase overrides GM-CSF
mediated survival in neutrophils [114],

Recently, Src Homology Domain 2 (SH2)-Containing Tyrosine
Phosphatase-1 (SHP-1) has been demonstrated to play a role in down-
regulating survival signals upon stimulation of Fas in neutrophils [115], The
authors showed that in SHP-1 deficient mice, Fas-mediated inhibition of
GM-CSF survival did not occur and interestingly, these mice presented
with a persistent neutrophil type inflammation. Furthermore, they were
able to show that SHP-1 interacted with Lyn, suggesting that SHP-1 might
dephosphorylate and inactivate Lyn. Other targets of SHP-1 however
remain to be identified in neutrophils.

Leukolriene B4 (LTB4) has long been known to be a powerful
activator of neutrophils [116,117], and many stimuli of neutrophil
responses also delay apoptosis in these cells [118-121], LTB4 is thought to
bind to BLT1/ 2 receptors and may also signal via the peroxisome
proliferators-activated receptor-a (PPAR- a) group of receptors which
regulated target genes by binding to PPAR response elements [122-124],
Recently, LTB4 was shown to enhance neutrophil longevity not via the
PPAR a receptor but via BLT1 [121],

Glucocorticoids (GC) are widely used in the treatment of
inflammatory disease. Yet in the case of neutrophilic-mediated
inflammation, the use of GCs may be counter-productive. GCs
dramatically prolong neutrophil survival in vitro and therefore may act
similarly in vivo [125-128], The signalling pathways involved in GC-
mediated survival have not been elucidated in neutrophils, although the p
isoform of the GC receptor (GCR) is the predominant form in neutrophils
[129J. There are two isoforms of the GCR as a result of alternative
splicing: GRa and GRp. GRP lacks a steroid binding domain and therefore
cannot bind to glucocorticoids [130,131], It has been suggested that the
ratio of GRa: GRP receptors may determine a cells susceptibility to GC
induced apoptosis [129], Interestingly, the sex steroids progesterone and
estradiol also delay neutrophil apoptosis, although this effect is reversed by
induction of the Fas death pathway [132],

The proinflammatory cytokine, migration inhibitory factor (M1F)
[133,134] has been implicated in a variety of diseases including sepsis
[133,135,136] and asthma [137,138], It is of interest that recently this
cytokine has been shown to cause neutrophil survival by inhibiting the
mitochondrial dependent death pathway [36].

REMOVAL OF APOPTOTIC CELLS

For tissues to return to normal and the inflammatory reaction to cease,
inflammatory granulocytes must be removed from the site of injury.
Removal of granulocytes from the inflammatory site requires that I.
granulocytes undergo apoptosis (see above for neutrophil apoptosis) and 2.
apoptotic granulocytes are efficiently phagocytosed by tissue-resident
macrophages (for excellent recent reviews on this subject matter see
[18,21,22,139-142],
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Table 2. Major Receptors Involved in the Recognition of Apoptotic Cells
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Receptors Proposed Mechanisms References

Adenosine triphosphate (ATP)-binding
cassette reporter (ABC1)

Disruption of asymmetric phospholipid distribution on plasma membrane in both
apoptotic and phagocytic cells.

[167]

# aVp3/CD36 Receptors for apoptotic cell associated thrombospondin. [168-171]

# CD14 Binds apoptotic cells without the inflammatory effects associated with LPS/LBP binding
which also acts via this receptor.

[157]

CD29 (integrin pi subunit) Present on phagocytes and allows binding to apoptotic cells. [172]

# CD31 Becomes 'disabled' during apoptosis allowing binding also vig CD31 on the phagocyte. [173]

CD91/Calreticulin Surfactant Protein A (SP-A) and SP-D involved in apoptotic cell uptake dependent on
CD91/calreticuiin.

[174]

U Complement: CR3/CR4 Clq/C3 may act as opsonin for apoptotic cell uptake via CR3/CR4 or calreticu!in/CD91. [175-178]

# Lectin-like Receptors Recognise carbohydrates on apoptotic cells. [154,155,168,179,180]

# PS Receptor PS is rapidly mobilised to cell surface during apoptosis. PS then allows apoptotic cell
recognition via the PS receptor on the phagocyte.

[181-183]

# Scavenger Receptor Present on myeloid cells and some endothelial cells. Recognises scavenger receptor
ligands on apoptotic cells.

[184]

Please note that these studies have used different systems, phagocytes and apoptntic targets so the precise recognition receptors and mechanism that apply tn phagocytosis of apoptotic neutrophils is
currently unknown however U indicates receptors identified as being involved in clearance of apoptotic neutrophils-

A major focus of our laboratory has been to investigate exactly how
apoptotic neutrophils are recognised by macrophages [143-149], The
apoptotic neutrophil may be capable of releasing phagocyte recruitment
signals [150] as well as undergoing several cell surface changes, which
may lead to the 'eat me' signals required for ingestion by macrophages
(see Table 2). The phosphatidylserine receptor (PSR) system has been
proposed as a core mechanism for clearing apoptotic cells in the lung and
during development. Studies by Li and colleagues [151] showed that in
PSR-deficient mice, there was an accumulation of apoptotic cells and
these mice died shortly after birth due to respiratory failure. However,
many different receptors have been identified as being important in
phagocytosis (Table 2), and perhaps the reason for this is that mechanisms
of ceil clearance may be tissue-specific [152-158], In addition to these
direct cell-to-cell interactions, macrophage phagocytic capacity may be
modulated by pharmacological and immunological intervention. For
example, PGE2-treated macrophages show a marked transient increase in
intracellular cAMP levels, activating PICA which resulted in altered
adhesion patterns [ 144J. These macrophages as a consequence were less
efficient at ingesting apoptotic neutrophils, suggesting that adhesion is
intimately linked with the phagocytic capacity of the macrophage [144], In
support of this, ligation of the matrix receptor CD44 results in increased
apoptotic cell uptake [143] and later, Teder el al., [159] showed that in
CD44-deficient mice, there was reduced uptake of apoptotic neutrophils
by macrophages contributing to lung injury.

The recent discovery that anti-inflammatory glucocorticoids influence
the phagocytic potential of macrophages provided key insights into their
mode of action. The phagocytic capacity of macrophages treated with
glucocorticoids for 24h was markedly upregulated and importantly, this
was accompanied by a lack of inflammatory mediator release [146], Later
it was also shown that monocyte-derived macrophages cultured in the
presence of GCs over 5 days were highly phagocytic and had altered
morphology associated with molecular changes in cytoskeletal
organisation [147], In addition, it appears that GCs have the capability to
'reprogram' monocyte differentiation towards a non-inflammatory state
[147], interestingly, the Thi cytokine IFN-y appears to reverse the
enhanced phagocytic capacity of GC monocyte-derived-macrophages
without eliciting any morphological changes [148], Presumably therefore,
the efficacy of GC in the treatment of various inflammatory diseases will
also be influenced by the cytokine environment. The ability of GCs to
accelerate eosinophil and lymphocyte apoptosis, as well as enhance
macrophage phagocytosis, may contribute to the success of GC in the
treatment of many inflammatory diseases. However, one possibility is that
GCs are less successful in the treatment of neutrophilic inflammation,
since they actually prolong survival in these cells (see above). Therefore,
a combination drug therapy may be more desirable in neutrophilic
inflammation, where GCs would enhance phagocytosis but another

therapeutic agent would uncouple GC-mediated neutrophil survival. Other
modulators of human apoptotic neutrophil uptake by phagocytes include
lipoxins [160,161], modified matrix proteins by cigarette smoke and lipid
peroxidation [149], fetuin/aipha2-HS glycoprotein [162], immune
complexes [163,164] and complement proteins [165,166],

CONCLUDING REMARKS

While much progress has been made in unravelling the control
mechanisms that exist in neutrophil survival and apoptosis, research has
perhaps been slower than in other cell types due to the inherent difficulties
of working with these cells. Nevertheless, understanding neutrophil
survival/apoptosis is crucial to revealing potential drug targets in the
treatment of inflammatory disease and more research on primary
neutrophil biology is core to this. Linked to this is the efficient removal of
neutrophils from the inflammatory site for resolution to occur where huge
efforts are currently being undertaken to understand the mechanism
behind this. Together, research into these two fundamental processes of
inflammation should yield therapeutic strategies for the treatment of
inflammatory disease.
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ABBREVIATIONS

AIF = Apoptosis Inducing Factor
Akt = Apaf-1 = Apoptotic Protease Activating Factor
BAD - Bcl-XL/ Bcl-2-associated Death Promoter

Bax = Bcl-2-associatcd x Protein

Bak = BcI-2 Homologous Antagonists Killer
Bcl-2 = B-cell Lymphoma-2
Bcl-XL = B Cell Leukaemia-x long
BID = BH3 Interacting Domain Death Agonist
Caspase = Cysteine-dependent Aspartate-specific Protease
c-FLIP = Cellular-flice-inhibitory-protein
cGMP = cyclic Guanosine Mono Phosphate
CREB = cAMP Response Element Binding Protein
CR3 = Complement Receptor Type 3 (CD11 b/CD 18)
CR4 = Complement Receptor Type 4 (CD11 c/CD 18)
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SH2-Containing Tyrosine Phosphatase-1
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processes combine to generate a very different receptor
profile that is optimal for destructive capacity. Indeed, the
functional repertoire and cell surface receptor profile of
neutrophils that have been exposed to these different stimuli
is distinct and has been used to define neutrophil functional
status.3
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Neutrophil apoptosis - not all cells are
equal
The neutrophil granulocyte provides a versatile cellular
defence against invading pathogens. This cell type is
produced in large numbers in the bone marrow (1011 cells/
day) and represents the principal leukocyte subset that is
present in the circulation. Neutrophils can be rapidly recruited
to sites of tissue injury or infection, transmigrating endothelial
barriers to enter tissues. In terms of effector function, the
neutrophil is principally a phagocytic cell, armed with a diverse
repertoire of receptors for potential opsonins of pathogens,
a large array of anti-microbial compounds, degradative
enzymes and the ability to produce reactive oxygen species
that ultimately allow destruction of infectious organisms.1
Although the neutrophil may be thought of as a cellular 'thug'
with little capacity for modulated destructive function, in vitro
studies have revealed the exquisite control of every aspect
of neutrophil behaviour, including adhesion, migration, pha¬
gocytosis and granule release. In addition, it is now apparent
that neutrophils are also capable of limited production of
important inflammatory mediators that may influence devel¬
opment or progression of an inflammatory response. Finally,
the ultimate demise of neutrophils through the process of
programmed cell death or apoptosis is also closely regulated.2
The interaction of the neutrophil with the local micro-

environment occurs through the cell surface receptors that
are expressed at the plasma membrane. Many of the key
molecular mediators of adhesion, migration and phagocytosis
are maintained within intracellular granule compartments, the
azurophilic and specific granules. In response to exposure to
a variety of stimuli derived either from pathogens (e.g. formyl
methionyl-leucyl-phenylalanine) or from the host (a range of
cytokines and growth factors), the neutrophil is able to rapidly
mobilise these granule contents to the plasma membrane.
Coupled with this, the neutrophil can control the levels of
surface receptor expression through the rapid and specific
proteolytic 'shedding' of the ecto-domain of specific receptors
through the action of metalloproteases. Together these

Regulation of apoptosis
We have been particularly interested in the molecular
mechanisms that underlie the engagement of apoptotic
programmes in neutrophils. As a terminally differentiated cell
type, the neutrophil constitutively undergoes apoptosis when
cultured in vitro. It is also clear that apoptosis is influenced by
neutrophil functional activity, including adhesion and phago¬
cytic activity. For example, apoptosis is delayed in the CD11 b
deficient animals due to reduced phagocytic capability and
activation of the NADPH oxidase.4 In view of the importance
of neutrophil apoptosis in determining the numbers of
neutrophils that will be present within inflammatory sites,
many studies have investigated the signalling pathways that
exert regulatory effects upon the rate at which neutrophils
undergo apoptosis. These studies indicate that a wide variety
of stimuli can control neutrophil survival during in vitro culture,
including growth factors (e.g. GM-CSF), cytokines (e.g. TNF-
a) and inflammatory mediators (e.g. prostaglandin E2).5,6
The rates of neutrophil apoptosis that are derived from in

vitro studies are likely to be too low to account for the rapid
removal of large numbers of neutrophils from inflammatory
sites in vivo. For example, in murine peritonitis models, 5-10
million recruited neutrophils are cleared within 24 h, whereas
in vitro data relating to constitutive apoptosis would predict
that a small proportion of that number would be removed.
Under physiological conditions, neutrophils may be removed
by a process of assisted suicide. In addition, there are other
internal control mechanisms that can augment apoptosis
of neutrophils including ligation of death receptors (e.g. Fas,
TNFR and TRAILR). Thus, cellular interactions between
neutrophils and phagocytes or stromal cells may engage
the proapoptotic signalling receptors, allowing initiation of
neutrophil apoptosis in close proximity to cells involved in their
phagocytic removal.7 In addition, apoptosis can be specifically
accelerated following interactions of neutrophils with a
number of pathogens including Escherichia coli, Streptococcus
pneumoniae, Mycobacterium tuberculosis and Neisseia
gonorrhoeae. Interestingly, mapping the neutrophil transcrip-
tome following pathogen-induced apoptosis suggests that
there may be pathogen-specific alterations in gene expres¬
sion profiles associated with apoptosis.8 The induction of
neutrophil apoptosis by pathogens may represent a mechan¬
ism for ensuring that highly phagocytic neutrophils containing
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pathogenic organisms are 'shut down' and subsequently
cleared.
One possible explanation for the experimental evidence

in vitro for involvement of many different molecular pathways
in the recognition and internalisation of apoptotic cells9 is
that the assumption that all apoptotic cells are recognised in
a similar manner by phagocytes is flawed. In the study of
apoptotic cell clearance there has been a reluctance to
address the heterogeneity of apoptotic cell populations that
are used in studies of phagocytosis. In particular, distinct sub-
populations of apoptotic neutrophils can be readily identified
with monoclonal antibodies or by use of specific soluble
extracellular proteins.10 This may go some way towards
explaining apparently contradictory findings, for example, the
question of serum dependency. As an example, Table 1
shows data relating to the effects of serum on phagocytosis
of apoptotic neutrophils. These data clearly show that the
proportion of necrotic cells present in the target cell population
may determine the extent of observed dependency upon the
presence of serum for efficient phagocytosis. Furthermore,
while we may be able to define in vitro culture conditions that
yield reproducible apoptotic neutrophil phenotypes, it is likely
that under conditions present at inflamed sites, neutrophils
may have been exposed to multiple stimuli with either
synergistic or antagonistic effects upon the apoptotic process
and also upon cell surface phenotype.

Apoptosis-induced surface receptor
alterations

Investigation of the surface receptor alterations that are
associated with long-term exposure of neutrophils to cyto¬
kines (including GM-CSF and interferon-y) revealed that for
the glycophosphatidylinositol-anchored IgG receptor, FcyRIII
(CD16), the overall levels of expression were much higher
in GM-CSF-treated neutrophils.11 Careful analysis indicated
that two distinct subpopulations of neutrophils were present in
cultured cells in terms of levels of CD16 expression.
Subsequent studies demonstrated that the FcyRIII high
expressing neutrophils had normal nuclear morphology,
whereas those with lower levels of membrane FcyRIII
displayed morphological alterations that were characteristic
of apoptosis.12 This observation represented one of the first
demonstrations that specific alterations in membrane receptor
expression accompanied the programme of morphological
changes associated with apoptosis. Our data suggested that
the nature of the membrane anchor was not responsible for
the profound loss (>90% of surface receptors) of FcyRIII.

A number of other specific membrane receptors also
exhibited marked down-regulation as neutrophils underwent
apoptosis, notably CD62L, CD44, CD43 and TNFRI
(CD120a).13,10 In these studies it was difficult to detect
neutrophils with an intermediate level of expression of these
receptors when either single or dual immunofluorescence
(with labelled annexin V to mark apoptotic neutrophils) profiles
were examined. This observation would be consistent with
the suggestion that the levels of receptor expression reflect
a 'catastrophic' event rather than a gradual loss of receptors
over time. Since of these receptors can be shed via the action
of metalloproteases during neutrophil activation, it is possible
that the intense membrane re-organisation (blebbing) gives
rise to metalloprotease activity resulting in receptor loss.
Flowever, the importance of the cytoskeleton in regulation of
these processes should not be underestimated.

It was notable that many surface receptors exhibit a smaller
reduction in surface expression (by about 30%) on apoptotic
neutrophils when compared with non-apoptotic neutrophils.14
This may reflect the loss of plasma membrane that is
associated with membrane blebbing in the earliest stages of
apoptosis. Alternatively, studies from a number of laboratories
have suggested that the disruption of the Golgi represents an
early event in the apoptotic process.15 Loss of the ER-Golgi-
plasma membrane secretory transport pathway during apop¬
tosis might be predicted to contribute to the net loss of
receptors from the plasma membrane. A corollary of this
suggestion is that equivalent or increased levels of receptor
expression upon apoptotic neutrophils may require some
mobilisation of intracellular stores of receptors during the
blebbing phase. Interestingly, recent data suggest that
bacterially loaded apoptotic neutrophils, in contrast with UV-
induced apoptotic cells upregulate expression of heat shock
proteins (HSP), notably HSP-60 and HSP-70.16 The expres¬
sion of HSPs by pathogen-induced apoptotic neutrophils has
the potential to provoke pro-inflammatory cytokine production
by macrophages and clearance of pathogen-loaded apoptotic
neutrophils may influence the development of acquired
immunity through processing and presentation of antigen in
the context of costimulatory molecule expression. In addition,
proteins that exhibit altered patterns of glycosylation, perhaps
due to incomplete processing in the Golgi, become expressed
on the plasma membrane during membrane blebbing. It is
also possible that there is altered activity of carbohydrate
modifying enzymes that accompany apoptosis, for example,
sialidases. Analysis of the changes in protein glycoforms
that are displayed by apoptotic neutrophils using a panel
of labelled lectins did not reveal a global loss of binding of
lectins derived from Maackia amurensis and Sambrucus

Table 1 Effect of serum as an opsonin on macrophage phagocytosis of apoptotic neutrophils

Stimulus % Apoptosis % Necrosis

None 42 + 8 4+ 2
Fas 68 + 12 7+ 2
UV 70 + 13 21+7

%Phagocytosis-Serum %Phagocytosis+Serum

20+ 4 25 + 4
24+ 6 23 + 6
24+ 5 45 + 9

Neutrophils were cultured in the absence of serum to undergo spontaneous apoptosis (None), or induced to undergo apoptosis with the addition of CH11 (anti-Fas)
antibody (Fas) or irradiation with ultraviolet (UV). Apoptosis and necrosis were determined by flow cytometry using annexin V and propidium iodide and phagocytosis
determined by flow cytometric analysis. Results shown are mean + standard deviation for at least 3 experiments
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nigra that bind specific sialic acid linkages. Nor did
increased binding of lectins such as peanut agglutinin that
recognises galactose occur, implying that carbohydrate
modifications that accompany apoptosis do not involve mass
desialylation.10
One of the important aspects of membrane changes

associated with neutrophil apoptosis is that there is functional
uncoupling, effectively isolating the apoptotic cell from stimuli
that might trigger destructive responses. It is extremely likely
that the activity of caspases and calpains may simply disrupt
the assembly and localisation of signalling complexes that are
required to translate receptor occupancy into a functional
response. Furthermore, disruption of cytoskeletal integrity
through cleavage of actin or other binding proteins such
as ezrin, fodrin or band 4.1 would be predicted to inhibit
neutrophil capacity for adhesion, migration and degranula-
tion.17 In addition to this somewhat nonselective loss of

receptor function, we reported specific loss of [12 integrin
ligand binding function despite maintained levels of surface
expression.13 Since the 02 integrins are known to show
regulated ligand binding function through a process known as
'inside-out' signalling, it is possible that this observation also
reflects dysregulation of key signalling pathways following
apoptosis. However, an active conformation of either cell
surface expressed or purified /i2 integrins can be forced
using the divalent cation Mn2 +. Surprisingly, our experiments
revealed that /i2 integrin function could not be promoted
by Mn2+ on apoptotic cells, implying that the membrane
lipid18 and cytoskeletal alterations associated with apoptosis
may pose additional restrictions upon receptor function
that ensure a lack of neutrophil response to environmental
signals.

Apoptotic cell subsets
In the course of screening monoclonal antibodies derived
from several independent fusions for antibodies that bound
specifically to apoptotic cells, it was notable that there were
many clones producing antibodies that bound to subsets
of neutrophils that had been cultured in vitro. Typical dual
fluorescence profiles from a recent screen are shown in
Figure 1. At least two distinct staining patterns can be
identified. First, some antibodies bind a subset of apoptotic
(annexin V positive) neutrophils that exhibit reduced
forward/side scatter properties. Further analysis reveals
that these cells are distinct from apoptotic cells with loss
of membrane integrity and exposure of nuclear material
(propidium iodide positive). The proportion of cells with this
phenotype increases when neutrophils are cultured for
prolonged periods or following conditions of stress, although
evidence that they are derived from early apoptotic cells is
lacking. Since these cells do not bind isotype-matched
antibody non-specifically, one implication is that certain
antigens become accessible to antibody when neutrophils
lose membrane integrity.
A second identifiable staining profile observed is binding

of antibodies to a subset of neutrophils that are annexin
V positive, yet distinct from membrane permeable cells
(Figure 1). We have previously described that this population

represents 'late' apoptotic cells, with distinctive morphological
appearance. Our data indicate that progression of neutrophils
from early apoptosis to this late apoptotic phenotype is a
relatively slow process. In contrast, lymphocytes rapidly
acquire the late apoptotic phenotype following induction of
apoptosis. Electron micrographs of affinity isolated late
apoptotic neutrophils, show extensive nuclear degradation
(see representative transmission electron micrograph in
Figure 1). Whilst it was possible to select neutrophils from
this population that exhibited intact plasma membranes, many
of the cells showed one or more points of loss of integrity.
Whether this represents the fragility of these cells during
processing for electron microscopy is not clear. However,
what is notable is that the extensive retention of intracellular

granules within these neutrophils. Mechanisms for clearing
late apoptotic cells may represent a backup pathway for
ensuring that failure to clear early apoptotic cells does not lead
to cells entering a necrotic phase. Surprisingly, given the
potential importance of apoptotic cell removal in so many
diverse processes, there have been few studies that have
compared molecular mechanisms and functional conse¬
quences of phagocyte clearance of early and late apoptotic
cells.

Interestingly, late apoptotic neutrophils have been shown
to bind a number of plasma proteins that are importance in
homeostatic regulation. Binding of these molecules does not
appear to represent nonspecific protein binding capacity since
other proteins (e.g. labelled bovine serum albumin) do not
bind to these cells. These cells bind the matricellular protein
thrombospondin and also bind C-reactive protein and
C1q.10,19 At present, it is not clear whether these bound
proteins are accessible to phagocytes or not. However, the
specific binding of proteins that have been implicated in the
recognition and subsequent phagocytic clearance of apopto¬
tic cells may have profound importance in determining
how these cells may be removed if they are present at
inflammatory sites. From the information we have relating
to the potential for opsonisation of late apoptotic cells, it
seems likely that their clearance may differ both in terms of
phagocyte recognition pathways engaged and in efficiency of
internalisation.

Apoptosis enabled receptors?
Recently, we have described a novel mechanism whereby
apoptotic neutrophils become opsonised by immune com¬
plexes. This finding arose from the characterisation of a
monoclonal antibody that exhibited a unique binding profile for
neutrophils. After extensive characterisation, we found that
this murine lgG1 antibody rapidly formed immune complexes
in the presence of the antigen (a serum protein) and bound to
apoptotic neutrophils via an interaction of the Fc portion to
FcyRII.20 Surprisingly, antibody-antigen complexes did not
bind, or bound weakly to freshly isolated or cytokine/
chemokine activated neutrophils, despite abundant expres¬
sion of FcyRII on these cells. We believe that this alteration in
ligand binding activity is the first example of a molecule
that shows reduced expression on apoptotic cells, yet
exhibits enhanced function. The molecular mechanism(s)
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Figure 1 Subpopulations of in vitro cultured neutrophils defined by monoclonal antibodies. Human neutrophils were cultured in vitro for 20 h in Iscove's DMEM
containing 10% autologous serum. Cells were labelled with murine mAb and FITC-conjugated F(ab')2 anti-mouse IgG (FL1) together with annexin V APC (FL4); CD16
mAb 3G8 was used to define apoptotic neutrophils Dransfield et al12, uncharacterised mAb (clone 10) as an example of binding to 'late' apoptotic cells, and clone 31 as
an example of binding to necrotic cells. Representative histograms show laser scatter properties; forward scatter (FSC) and 90c scatter (SSC) for the populations defined
by the mAb. Typical two colour immunofluorescence profiles are shown to illustrate gates used for laser scatter plots. A representative electron micrograph of a 'late'
apoptotic cell affinity isolated using mAb BOB7810 showing extensive nuclear degradation, lack of intact plasma membrane and retention of granule contents

responsible for this effect remains to be defined. It is possible
that other, as yet unidentified, surface receptors may behave
in a similar manner. Although the significance of opsonisation

of apoptotic neutrophils by immune complexes during
inflammation is not known, it is likely that subsequent
phagocytic clearance will be affected.21
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Summary
In conclusion, since the first observation that neutrophils
undergo programmed cell death in 1989,22 there has been
tremendous progress in defining the underlying regulatory
mechanisms and the consequences in terms of gene
expression patterns, functional activity and membrane re¬
ceptor alterations. However, the issues relating to hetero¬
geneity of apoptotic cell phenotype discussed here have
profound implications for future studies of phagocyte recogni¬
tion, uptake and, crucially, phagocyte responses following
phagocytosis of apoptotic neutrophils.
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Abstract: A subset of leukocytes, known as the granulocytes, are the body's first line of innate immune defense. The
granulocytes are comprised of neutrophils, eosinophils and basophils of which the former two will be the focus of this re¬
view. Neutrophils defend the body against bacterial and fungal infection whilst eosinophils are thought to defend against
parasitic invasions. Granulocytes are recruited to the site of infection or tissue damage where their relatively short half-life
can be extended by regulatory external factors including hypoxic environments or agents that activate signaling pathways,
such as NF-kB which is implicated in the up-regulation of anti-apoptotic genes. Granulocytes release various proteins,
proteolytic enzymes and toxic oxygen products into the phagolysosome or surrounding environment destroying the in¬
vading organism. However, in order for inflammation to be resolved it is essential that granulocytes die by apoptosis and
are phagocytosed by macrophages in a non-inflammatory fashion. This prevents the release of the cell's histotoxic con¬
tents into the extracellular milieu thereby reducing the potential for tissue damage. In instances when granulocytes fail to
appropriately enter apoptosis or a defect in phagocytic clearance occurs the inflammatory response can be perpetuated,
potentially resulting in the development and promotion of inflammatory disorders such as asthma or rheumatoid arthritis.
Thus, selective enhancement of apoptosis and augmentation of macrophage clearance could allow targeting of inflamma¬
tory resolution to provide potential novel therapeutic agents for the treatment of inflammatory disorders.

INTRODUCTION

Neutrophil, eosinophil and basophil leukocytes are col¬
lectively known as granulocytes and are the main cells in¬
volved in innate immune defense. Neutrophils make up the
highest proportion of the leukocytes in the circulation (ap¬
proximately 50 - 70%) defending the body against bacterial
and fungal infections. Eosinophils, on the other hand, usually
comprise only 1-4% of the circulating leukocytes with their
main function being to defend against parasitic infection.
Basophil granulocytes are numerically very scarce (< 1% of
circulating leukocytes), are thought to be involved in para¬
sitic infection and allergic disease, and can undergo regu¬
lated cell death by apoptosis, however these cells will not be
the focus of this review (see [1,2] for excellent reviews).
Granulocytes derive their name from their abundant cyto¬
plasmic granules that contain toxic agents (e.g., proteases)
which play a pivotal role in the innate immune response. In
response to the presence of foreign organisms or tissue dam¬
age, granulocytes and mononuclear cells are recruited to the
site of damage. Here the granulocytes destroy and eliminate
invading organisms by releasing bactericidal proteins, prote¬
olytic enzymes and toxic oxygen products into the
phagolysosome or surrounding environment, where they
bring about the destruction of the invading microorganism.
In order for the inflammation to be resolved, the granulo¬
cytes must undergo apoptosis; a highly regulated physiolo¬

*Address correspondence to this author at the MRC Centre for Inflamma¬
tion Research, The Queen's Medical Research Institute, University of Edin¬
burgh, 47 Little France Crescent, Edinburgh, EH16 4TJ, UK; Tel: +44-131-
242-6659; Fax: +44-131-242-6578; E-mail: a.g.rossi@ed.ac.uk

gical form of cell death that results in loss of responsiveness
to external stimuli and ultimate functional shut-down [3-5].
Apoptosis, rather than necrosis, is essential as the cellular
membrane of the granulocytes remain intact throughout
therefore preventing the uncontrolled release of their histo¬
toxic contents into the extracellular milieu. Secondly apop¬
totic granulocytes are rapidly recognized and removed from
the site of inflammation via phagocytosis by neighboring
cells or macrophages using mechanisms that dampen in¬
flammation [3,6-8]. Failure of this process causes granulo¬
cytes to undergo necrosis where the cell membrane ruptures
allowing the cytotoxic contents to be released into the ex¬
tracellular milieu resulting in damage to surrounding tissue
and an exacerbation of the inflammatory process. Thus, fail¬
ure of granulocytes to appropriately enter apoptosis at a suit¬
able rate or, alternatively, a defect in phagocytic clearance of
the apoptotic granulocytes can lead to a disrupted inflam¬
matory response. In such instances this could prevent effec¬
tive resolution of inflammation resulting in development or
promotion of various inflammatory disorders. The granulo¬
cytes have therefore been implicated in diseases where in¬
flammatory resolution is disrupted. For example, eosinophils
are involved in allergic type diseases (e.g., asthma and aller¬
gic rhinitis) and neutrophils are involved in diseases such as
rheumatoid arthritis and inflammatory bowel disease. There¬
fore, strategic use of therapeutic agents that increase selec¬
tive granulocyte apoptosis in conjunction with those that up-
regulate macrophage phagocytosis, could pose a realistic
approach to developing novel anti-inflammatory treatments
[9-11].
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STRUCTURAL AND CELLULAR CHANGES OCCU¬
RRING DURING APOPTOSIS

Apoptosis is an evolutionary conserved pathway and like
virtually all cells granulocytes undergo this form of pro¬
grammed cell death [12]. Granulocytes having left the bone
marrow enter the circulation (it is estimated that the half life
of neutrophils in the circulation is approximately 6 hours)
and in response to appropriate stimuli enter the tissues. Once
their physiological role (e.g., killing and digestion of invad¬
ing organisms) has been accomplished the cells are destined
to undergo spontaneous or constitutive apoptosis in the tis¬
sues. Isolated human neutrophils under optimal in vitro cul¬
ture conditions can survive up to 20-40 hours whereas eosi¬
nophils in vitro tend to survive longer (40-80 hours) before
apoptosis is engaged. Apoptosis can be delayed significantly
by a number of environmental factors and mediators. How¬
ever, once the process of apoptosis has been initiated (usu¬
ally by the activation of caspases - see below) there is a re¬
duction in granulocyte volume, their chromatin condenses
and their DNA is cleaved internucleosomally. Most cell
types fragment, resulting in the release of many membrane
encapsulated apoptotic bodies; however granulocytes tend to
stay intact resulting in the formation of relatively few apop¬
totic bodies per cell. The apoptotic bodies are membrane
enclosed thereby preventing release of the intracellular con¬
tents into the extracellular milieu, and preventing damage to
neighboring cells and tissues. Apoptotic cells are then rap¬
idly recognized and engulfed by phagocytes (e.g., macro¬
phages) in response to the exposure of phagocytosis signals
(e.g., phosphatidylserine (PS)) on the surface of the apoptotic
cell [8,13]. Manipulation of this process therefore poses huge
potential for the treatment of inflammatory disorders. How¬
ever in order for this to occur it is essential that every aspect
of apoptosis from cell type specific variations to general
regulatory mechanisms are fully understood.

APOPTOTIC PATHWAYS

There are a number of signaling pathways that can regu¬
late the rate of apoptosis in granulocytes, like most other
cells, apoptosis can be initiated via two conserved pathways,
commonly known as the extrinsic or the intrinsic pathways.

EXTRINSIC PATHWAY

The extrinsic pathway triggers apoptosis through the
stimulation of cell surface 'death receptors' for example
TNFR, Fas, and TRAILR (all of which are present on human
neutrophils [14] and eosinophils [15]) by specific counter
ligands. Interestingly the ligands for these receptors not only
initiate apoptotic pathways but can also impact upon other
signaling pathways that influence cellular responsiveness.
The role of TNFa receptors in neutrophils is particularly
notable as they have the capacity to 'prime' the cells for sub¬
sequent enhanced stimulation by other agonists (e.g.,
formylated peptides) and infer both pro-apoptotic and anti-
apoptotic signaling depending upon the length of the incuba¬
tion period with TNFa. Neutrophils cultured in the presence
of TNFa for 12 hours or longer has been reported to have a
delayed rate of apoptosis whilst conversely periods of culture
of 8 hours or less appear to trigger apoptosis in sub-
populations of neutrophils [16]. The TNFa pro-apoptotic and

anti-apoptotic pathways are activated upon binding of TNFa
to TNFR1 (TNF receptor 1) and TNFR2 [16,17]. The recep¬
tors trimerise inducing proximity of their death domains,
consequently allowing the death domains of TNFR-
associated death domain-containing proteins (TRADDs) to
bind. TRADD can also induce apoptosis through binding to
FADD subsequently activating pro-caspase-8 and has the
ability to activate the transcription factors NF-kB and AP-1
via binding to secondary adaptor molecules such as TNFR-
associated factor-2 and Receptor-Interacting Protein (RIP),
which may implicate TNFa as also having a role in protect¬
ing the cell from apoptosis as NF-kB is known to induce
anti-apoptotic factors.

Activation of Fas is also thought to stimulate dual prop¬
erties within neutrophils, with membrane bound FasL being
postulated to be a more effective inducer of apoptosis than
soluble FasL. Soluble FasL (sFasL) may play a more pivotal
role in cell migration as it has been exhibited to possess
chemotactic properties, which are thought to be due to acti¬
vation of signaling pathways separate to those involved in
the induction of apoptosis [14]. Once activated Fas receptors
trimerise allowing interaction with the FADD adapter protein
and pro-caspase-8 creating the Death Initiating Signaling
Complex (DISC) to yield active caspase 8 through induced
proximity, which then initiates the cascade of caspase acti¬
vation, activating either pro-caspases 3, 6 or 7. The binding
of c-FLIP a competitive inhibitor of pro-caspase-8, can in¬
hibit the activation of the DISC complex. Similarly ligation
of Fas on eosinophils leads to enhanced rates of apoptosis
[10,18],

TRAIL and multiple TRAIL-receptors (TRAIL-R) 1-4
have been identified as cell surface death receptors. So far it
is known that human neutrophils express TRAIL, TRAIL-R2
and TRAIL-R4. Of these TRAIL receptors, TRAIL-2 has
been identified as having apoptosis inducing ability in some
cell types as it contains a death domain, however TRAIL-4
lacks a death domain rendering it incapable of inducing
apoptosis. As a result of this it is hypothesized that TRAIL-4
acts as a decoy receptor with anti-apoptotic capacity. How¬
ever, TRAIL is thought not to be involved in the regulation
of constitutive apoptosis but instead in the removal of neu¬
trophils from inflammatory sites [14,15,19,20]. Interestingly
TRAIL-R1, 3 and 4 have been found on purified human
eosinophils and surprisingly stimulation of eosinophils by
TRAIL caused survival in some cells using undefined
mechanisms [15].

INTRINSIC PATHWAY

Cellular stress or injury triggered by, for example, UV
irradiation or withdrawal of growth or survival factors acti¬
vates the intrinsic apoptotic pathway. In this instance the key
players in the initiation of apoptosis are a family of proteins
called the Bcl-2 family (see below), which control the re¬
lease of cytochrome C from the mitochondria by increasing
outer membrane permeability. This allows the release of pro-
apoptotic factors from the intermembrane space into the cy¬
toplasm; for example, cytochrome C release is responsible
for the formation of the apoptosome (a complex comprising
apoptosis protease activating factor-1 (Apaf-1), caspase-9,
caspase-3), Smac/Diablo and Htra2/Omi, which obstruct the
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Inhibitor of Apoptosis (IAP) family of caspase inhibitors,
Alt/endonuclease G which are important in caspase-
independent nuclear changes in apoptosis and Heat Shock
protein 60 [21].

THE BCL-2 FAMILY - REGULATORS OF APOP¬
TOSIS AND THE ROLE OF THE MITOCHONDRIA

Members of the Bcl-2 family are a series of cell death
regulatory proteins, of which there have been over 20 mem¬
bers identified so far [22], They are divided into three sub¬
groups depending upon their function and the number of Bcl-
2 Homology (BH) domains they contain, of which there are
four in total. These subgroups are the anti-apoptotic Bcl-2
family and the pro-apoptotic family, which is further sub
classified into multi-domain pro-apoptotic Bcl-2 members
and BH3 domain only pro-apoptotic Bcl-2 members. Neu¬
trophils and eosinophils are known to contain various mem¬
bers of the Bcl-2 family which play an essential role in
regulating their apoptotic processes. For example, neutro¬
phils constitutively express multi-domain pro-apoptotic
members Bax and Bak and the BH3 only domain pro-
apoptotic members Bid and Bad [23], Bax, which has a rela¬
tively long half life, undergoes translocation to the mito¬
chondria during constitutive apoptosis resulting in the acti¬
vation of the intrinsic apoptotic pathway culminating in the
activation of caspase 3 [24-28], The translocation of Bax is
thought to be caspase independent due to its non-inhibition
by the broad range caspase inhibitor z-VAD-fmk. Further¬
more, it is proposed that Bid, which also has a long half life,
also undergoes translocation to the mitochondria where it is
truncated via the caspases [29,30], As previously mentioned
cytochrome C is an essential molecule in the apoptotic proc¬
ess due to its necessity for the formation of the apoptosome
(cytochrome C however remains hard to detect in neutro¬
phils). Yet neutrophils are known to contain some (albeit
relatively few) mitochondria which are a major source of
cytochrome C. The key role of mitochondria in both neutro¬
phils and eosinophils appears to be in regulation of apoptosis
as opposed to respiration [29,31-37],

Anti-apoptotic members of the B,cl-2 family are also pre¬
sent in granulocytes. Neutrophils, whilst lacking Bcl-2, are
known to express the Bcl-2 homologue A1 and the anti-
apoptotic proteins Mcl-1, BcI-Xl and X-1AP. The best stud¬
ied of these proteins in neutrophils is Mcl-1. Mcl-1 protein
levels in blood circulating neutrophils decrease preceding the
cell entering apoptosis. Inflammatory mediators that post¬
pone neutrophil apoptosis do this (at least in part) through
maintaining or increasing levels ofMcl-1 and/or A1 enabling
neutrophils to carry out their vital defensive functions. The
half lives of both A1 and Mcl-1 mRNA along with the Mcl-1
protein are known to be short in contrast to the long half
lives of the pro-apoptotic Bcl-2 members. This offers an ex¬
planation as to why neutrophils are 'primed' for apoptosis
when in the circulation as de novo synthesis of Mcl-1 and A1
is absent, therefore allowing the effect of long lived pro-
apoptotic proteins to pre-dominate [23,38,39]. Survival sig¬
nals in the form of cytokines and other mediators found at
sites of inflammation induce de novo synthesis of the anti-
apoptotic proteins, demonstrated through the use of agents
that inhibit protein synthesis (e.g., cycloheximide and
actinomycin D) preventing increased granulocyte survival

and directly inducing apoptosis [40,41], One such cytokine
known to increase neutrophil survival that is found at ele¬
vated levels at sites of inflammation is granulocyte-
macrophage colony-stimulating factor (GM-CSF). GM-CSF
is known to increase levels of Mcl-1 protein through stimu¬
lating transcription of the Mcl-1 gene [38]. However this
may not be the sole way through which GM-CSF influences
Mcl-1 levels. Interestingly, it has also been shown that GM-
CSF increases the cellular concentration of Mcl-1 in neutro¬

phils to a more significant level than those achieved through
enhanced de novo synthesis of the Mcl-1 protein by increas¬
ing the stability of the Mcl-1 protein and reducing the rate
with which it is turned over via the proteasome [38].

X-IAP, a member of the inhibitor of apoptosis (IAP)
family, inhibits caspases directly [42-44]. X-IAP is known to
inhibit caspase 3, 7 and 9, and like Mcl-1 and Al, levels of
X-IAP decrease in the presence of stress inducing and pro-
apoptotic stimuli. It has been proposed by Henson et al. that
in neutrophils activation of the ERK/MAPK pathway can
protect against stress induced apoptosis by preventing a de¬
crease in levels of X-IAP (either through inhibiting degrada¬
tion or inducing X-IAP synthesis). In addition, oxidants
found at sites of inflammation are hypothesized to block
ERK activity via activation of P38, which promotes a de¬
crease in X-IAP thereby enhancing apoptosis [45].

CYSTEINE-DEPENDENT ASPARTATE-SPECIFIC
PROTEASE FAMILY (CASPASES)

As has been mentioned above much of the initiation and
execution of apoptosis is mediated via the caspase family of
enzymes. The caspases are a family of death promoting pro¬
teolytic enzymes that become activated through the cleavage
of their precursor molecule to generate an active caspase
during apoptosis. They derive their name from ubiquitously
contained cysteine residues within their active sites, which
upon activation of the enzyme, cleave aspartic acid residues
in their target proteins eliciting a cascade of destruction that
ultimately brings about the demise of the cell. Caspases in¬
volved in apoptosis can be divided into two classes: initiator
caspases and effector caspases. Initiator caspases (caspases
8, 9 and 10) as their name suggests bring about the initiation
of the extrinsic (e.g., death receptor) apoptotic pathway. Pro-
caspases 8 and 10 do this via binding to adaptor molecules
for example Fas-associated death domain (FADD) using
their long death effector domain (DED) containing prodo-
mains. In addition initiator caspases can be activated by
autocatalysis, which is also dependent on their prodomains,
as in this instance they act to bring about the oligomerization
of the initiator pro-caspases aiding autoactivation. Conse¬
quently, initiator caspases can proceed to activate the down¬
stream effector caspases (caspases 3, 6 and 7) via cleavage of
the effector procaspases resulting in morphological changes.
Neutrophils and eosinophils have been shown to possess
both initiator and effector caspases [46,47].

CROSS TALK BETWEEN INTRINSIC AND EXTRI¬
NSIC PATHWAYS

Although in most circumstances the two pathways de¬
scribed above occur independently, they can be integrated by
the pro-apoptotic Bcl-2 family member Bid. The crosstalk
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phenomenon is initiated via caspase 8 cleaving Bid to form
truncated Bid (tBid) which then translocates to the mito¬
chondria increasing the permeability of its outer membrane
resulting in the release of cytochrome C. Cytochrome C to¬
gether with Apaf-1 forms the apoptosome resulting in in¬
duced proximity of procaspase-9 molecules. This results in
activation of caspase-9 to activate procaspase-3 resulting in
the cleavage of substrate proteins, inducing the morphologi¬
cal changes associated with apoptosis. Cells in which cross
talk occurs are referred to as type II cells (in type I cells
caspase-8 directly cleaves pro-caspase 3) and it has been
proposed that neutrophils fall within the type II classifica¬
tion.

INTRACELLULAR SIGNALING AFFECTING GRAN¬
ULOCYTE SURVIVAL

Whilst the basic structural and cellular characteristics
occurring during apoptosis vary only slightly between cell
types, the mechanisms controlling apoptosis differ greatly.
There are key differences in the mechanisms regulating lym¬
phocytes and granulocytes and even between types of
granulocytes [9,10]. It has been revealed through in vitro
observations that inflammatory stimuli such as IL-1J3, IL-2,
IL-8 IL-15, TNFot (>12hr incubation), IFN-y, GM-CSF, G-
CSF, LPS, C5a and hypoxic conditions all have the ability to
delay neutrophil apoptosis. These pro-survival factors allow
neutrophils the opportunity to persist at the site of infection
ensuring efficient removal of invading pathogens. GM-CSF
also acts to delay eosinophil apoptosis, while IL-5 another
suppressor of eosinophil apoptosis has no effect on neutro¬
phil life span [10], The fate of the granulocyte at the inflam¬
matory site can therefore be viewed in terms of a fine bal¬
ance between pro-apoptotic and the anti-apoptotic signals
from local pro-inflammatory mediators. Some of the path¬
ways known to influence apoptosis will be considered.

NUCLEAR FACTOR-kB (NF-KB)
The transcription factor NF-kB is a key component in

regulating the fate of the granulocyte as it is implicated in
up-regulating anti-apoptotic genes. It is through NF-kB that
pro-inflammatory mediators such as LPS and TNFa are
thought to extend neutrophil survival. The role of NF-kB on
neutrophil and eosinophil survival has been investigated us¬
ing pharmacological tools such as the NF-kB inhibitor
gliotoxin, which when used in conjunction with exposure to
LPS, was found to inhibit the anti-apoptotic effects of LPS.
Additionally, at early time points gliotoxin dramatically en¬
hances the apoptotic action of TNFa [48], The importance of
NF-kB in neutrophil and eosinophil survival has also been
demonstrated using physiological NF-kB inhibitors, namely
the prostaglandin D2 metabolites A12 prostaglandin J2
(A12PGJ2) and 15-deoxy-Al2,14prostaglandin J2 (15dPGJ2)
[49]. These also increased granulocyte apoptosis and pre¬
vented mediator induced survival. In addition PGD2 metabo¬
lites have been shown to possess therapeutic benefits for the
treatment of rat pleurisy where they were found to induce
neutrophil and macrophage apoptosis to bring about resolu¬
tion of acutely inflamed tissue [50J. Although less is known
about the pathways mediating eosinophil apoptosis, NF-kB
is thought to be involved [48,51,52], When incubated with
TNFa, eosinophils appear to lose cytoplasmic iKBa allow¬

ing the released NF-kB to travel to the nucleus. In addition,
there is evidence suggesting that TNFa triggered eosinophil
apoptosis may be more sensitive to NF-kB inhibition than
constitutive apoptosis [52]. Recently, using a cell permeable
HIV-tat linked super-repressor of the NF-kB inhibitor mole¬
cule IKBa we have confirmed a role for NF-kB in the regu¬
lation of eosinophil apoptosis as this inhibitor induced direct
eosinophil apoptosis [51]. Other groups have now verified
the importance of NF-kB activation in the regulation of hu¬
man granulocyte apoptosis [53-58].

However, there is a dichotomy in terms of a role for NF-
kB in inflammation where NF-kB also can have an anti-

inflammatory/pro-resolving role during the resolution of
acute inflammation |59J. The development of therapeutics
that specifically manipulate the anti-inflammatory effects of
NF-kB are currently being investigated. Although IKBa is ari
endogenous negative regulator of NF-kB, therapeutic ad¬
ministration of this molecule itself would not be suitable due
to its rapid biodegradation in vivo. However, recent studies
have shown that a stable chimeric form of this molecule,
comprising the super-repressor IKBa fused to a membrane-
transducing domain of HIV-tat protein, can promote the
resolution of inflammation in an acute rat carrageenan-
induced pleurisy model [60], Furthermore, IKKa, an up¬
stream regulator of iKBaand NF-kB, has recently been
shown to negatively regulate macrophage activation, local
inflammation and innate immunity to bacterial infections
[61], IKKa inhibits NF-kB activity by inducing the NF-kB
subunits RelA and c-Rel and suppressing their interaction
with pro-inflammatory gene promoters. In addition, geneti¬
cally modified mice that have inactivated IKKa have an ex¬
aggerated inflammatory response in a model of LPS-induced
septic shock [61].

PHOSPHOINOSITIDE 3-KINASE (PI3K)
PI3K is another vital signaling molecule that is likely to

regulate many of the pro-inflammatory and anti-apoptotic
pathways triggered by the inflammatory mediators (e.g.,
LPS, GM-CSF and TNFa). There are three classes of the
PI3K family, class I, class II and class III, of which class I
PI3Ks are subdivided again according to the organization of
their catalytic and regulatory subunits along with their mode
of action into classes 1A and IB. The class 1A p85/p 110
isoform of PI3K appears to be involved in the delay of neu¬
trophil apoptosis induced by LPS, GM-CSF and TNFa.
However, inhibition of P13K signaling using specific PI3K
inhibitors do not influence constitutive rates of neutrophil
apoptosis [62]. PI3K affects apoptosis via controlling the
activation of Akt, NF-kB and the cAMP response element
binding protein (CREB). For example, in PI3Ky knockout
mice translocation of NF-kB to the nucleus and phosphory¬
lation of CREB were decreased. This correlated with reduced

expression of the anti-apoptotic proteins Bcl-XL and Mcl-1.
It was also found that Akt inactivated Bad, Forkhead and
GSK-3pS through phosphorylation, with Akt now known to
be an integral enzyme in neutrophil apoptosis as it controls
Mcl-1 expression through CREB as well as NF-kB and Bcl-
X], [63]. PI3K is also implicated in the regulation of eosino¬
phil recruitment and survival in vivo. Recent studies, using
PI3Ky-defient mice and specific PI3K inhibitors, have dem¬
onstrated that PI3Ks critically regulate the recruitment and
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survival of eosinophils in a model of allergic pleurisy. P13K
inhibitors administered during post antigen challenge re¬
sulted in a significant increase in apoptotic events and clear¬
ance of eosinophils. It was concluded that P13Ky is necessary
for maintenance of eosinophilic inflammation in vivo and
that other isoforms of PI3K may be relevant for eosinophil
recruitment [64],

MITOGEN ACTIVATED PROTEIN KINASES

(MAPK)

Upstream kinases regulate the three subfamilies of
MAPKs by phosphorylation. These three types of ubiqui¬
tously expressed enzymes are p38, extracellular-signal-
regulated kinases (ERKs) and stress-activated protein
kinase/c-jun amino-terminal kinase (SAPK/JNK); in most
cell types they play a pivotal role in the regulation of sur¬
vival. Inflammatory mediators activate several MAPKs
therefore it is proposed that crosstalk between MAPKs may
be responsible for increasing granulocyte survival. ERK
pathways are known to be activated by agents that affect
granulocyte responsiveness and apoptosis (e.g., GM-CSF,
LPS, IL-8, IL-15 and C5a). Using MEK inhibitors (espe¬
cially PD098959) it has been suggested that ERK activation
is not essential for controlling constitutive apoptosis but that
it is likely to be important for maintaining survival induced
by certain inflammatory mediators (e.g., GM-CSF) (see
[65]).

Our recent studies have shown that the pro-survival
molecules pERKl/2 and Bcl-xL are present in inflammatory
cells that are predominant at the onset of inflammation and
become down-regulated during the resolution phase of the
inflammatory response (Sawatzky et al. 2005; Am.J.Pathol,
(in press)). Furthermore, we have qualitatively shown that
inducing granulocyte apoptosis with the ERK1/2 inhibitor
PD98059 promotes the resolution of inflammation when
given at the peak of the inflammatory response in a rat car-
rageenan-induced pleurisy in vivo model. This study shows
that the induction of neutrophil apoptosis halts the progres¬
sion of the inflammatory response and pro-actively initiates
the onset of resolution.

The importance of p38 and SAPK/JNK in neutrophil
survival however remains more controversial. p38 may be an
important factor in stress induced apoptosis, yet is thought to
have no involvement in Fas or constitutive apoptosis. In ad¬
dition in GM-CSF treated neutrophils it has been reported
that p38 does not play a role in increasing neutrophil survival
as it fails to become phosphorylated. This is supported by the
observation that inhibition of p38 by SB203580 fails to af¬
fect the anti-apoptotic capacities of GM-CSF. However a
possible role for p38 in neutrophil survival could be provided
by its apparent ability to phosphorylate and thereby inhibit
caspases-3 and 8 [45,66-68], It has been proposed that once
the caspases become activated upon the neutrophil entering
apoptosis they can result in the cleavage and subsequent deg¬
radation of ERK and p38. This cleavage of MAPKs is
thought to be prevented by G-CSF therefore this could pose
a possible pathway through which apoptosis is inhibited in
neutrophils [69,70].

There is a lack of conclusive evidence regarding the role
of JNK in neutrophil apoptosis. However, the limited data

suggest that inflammatory mediators such LPS and TNFa
have effects on the JNK pathway to influence function.
There is some debate however as to whether neutrophil
apoptosis is caused by activation of JNK or if it is in fact
merely a consequence of it. This is because it has been re¬
ported that MAPK kinase kinase and MEKK-1 are cleaved
when the cell undergoes apoptosis and that consequently
they can activate JNK [71,72].

CYCLIC ADENOSINE MONO PHOSPHATE (cAMP)
Granulocyte apoptosis is also delayed through an in¬

crease in cAMP brought about via some inflammatory me¬
diators (e.g., prostaglandins) and pharmacological agents that
elevate cAMP (e.g., the cell permeable analogue db-cAMP)
[36,73-76]. The precise mechanism of action of cAMP me¬
diated delay of neutrophil apoptosis remains to be elucidated.
It has been suggested that this effect may be mediated by
both a PKA-dependent [77,78] and PKA-independent
mechanism [36]. Similarly cAMP elevation delays eosino¬
phil apoptosis however the mechanisms by which this occurs
still remains to be fully elucidated.

CALCIUM

Use of agents (e.g. A23187 and thapsigargin) that raise
cytosolic free calcium in granulocytes have shown that this
important second messenger molecule not only regulates
granulocyte function but also apoptosis. In neutrophils,
raised cytosolic calcium levels have been found to delay
apoptosis [79-81] whereas increased calcium levels in eosi¬
nophils appear to enhance rates of apoptosis [80]. The rea¬
sons for such differential regulation is currently not known
and it is also apparent that there is a dissociation between
raised elevation of cytosolic calcium and rates of apoptosis
[81]

GLUCOCORTICOIDS

Glucocorticoids are one of the major forms of treatment
for inflammatory diseases and, whilst they prove invaluable
especially in lymphocytic and eosinophilic dominant dis¬
eases such as asthma they appear to be less beneficial in
neutrophilic-mediated inflammation. This may be because
whilst glucocorticoids act to up-regulate the phagocytic abil¬
ity of macrophages [7,82,83] and increase eosinophil [84]
and lymphocyte [85-87] apoptosis they extend neutrophil life
span [84,88,89] therefore slowing their removal from the site
of inflammation. It is plausible that the same effect may oc¬
cur in vivo. There are two known isoforms of the glucocorti¬
coid receptor (GR), GRa and GRfL The latter of which lacks
a steroid binding domain rendering it unable to bind with
glucocorticoids. Whilst it is known that the predominant
isoform of the glucocorticoid receptor in neutrophils is the
a-isoform, little is known about the glucocorticoid survival
pathway in neutrophils. One theory is that the ability of glu¬
cocorticoids to induce apoptosis in a cell, revolves around
the ratio of GRa to GRf) [90], Interestingly it has also been
shown that other steroids can also affect neutrophil apopto¬
sis. For example, oestradiol and progesterone have an anti-
apoptotic effect on neutrophils, a response that is reversed by
activating the Fas pathway [91].

NITRIC OXIDE

Nitric oxide is not only important in the processes of
vasodilatation and neurotransmission as it also plays a regu-
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latory role in granulocyte apoptosis [92,93], Its role however
is not straightforward, as it appears to have both the ability to
promote, as well as delay granulocyte apoptosis. The general
trend in neutrophils however appears to be that high concen¬
trations of nitric oxide have a pro-apoptotic/necrotic effect
possibly via peroxynitrite generation [94], In addition, it is
speculated that pathways that influence granulocyte survival
such as NF-kB may be disrupted indirectly by the generation
of nitric oxide 195]. On the contrary, low concentrations of
nitric oxide favour an anti-apoptotic effect that is proposed to
involve S-nitrosation of caspase enzymes or an increase in
cGMP [94],

MISCELLANEOUS

There are many other mediators, drugs and agents that
influence granulocyte apoptosis that have not been specifi¬
cally covered in detail in this review. Others include, oxida¬
tive stress, bacteria and their products, and cytokines such as
macrophage migration inhibitory factor (MIF), many of
which have been described in other reviews [10,65,96-98],
For example, MIF an inflammatory cytokine that is released

by monocytes/macrophages T-cells and eosinophils, delays
neutrophil apoptosis via inhibiting the apoptotic pathway
upstream of the mitochondria ultimately preventing activa¬
tion of caspase-3 [30], MIF has also been proposed to be
involved in eosinophil-dependent inflammatory disorders,
such as asthma. Eosinophils have been shown to be an im¬
portant source of MIF and bronchoalveolar lavage fluid
samples from asthma sufferers demonstrating increased lev¬
els of MIF when compared to samples obtained from healthy
non-asthmatics [99], It is now recognized that the inflam¬
matory environment is hypoxic (often with a p02 < 3%).
Granulocytes function efficiently under these conditions and
it is believed that adaptive responses to hypoxia are con¬
trolled mainly by the transcription factor HIF-la. Indeed it
has recently been shown that HIF-la is essential for myeloid
cell-mediated inflammation in vilru and in vivo [100]. Hy¬
poxic conditions profoundly delay neutrophil [101-104] and
eosinophil (Ward and Rossi, unpublished) apoptosis. The
precise mechanism underlying the hypoxia-mediated neutro¬
phil survival is unknown but good evidence suggests that
HIF-la-dependentNF-KR activity is involved [ 104"].
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Fig. (1). Factors influencing human granulocyte apoptosis and macrophage clearance of apoptotic granulocytes. The life span of
granulocytes is regulated at sites of inflammation by numerous factors that can increase or decrease rates of apoptosis. Some of these include
agents such as GM-CSF, IL-3, PAF, cAMP and conditions such as a hypoxic environment which can delay both neutrophil and eosinophil
apoptosis, whereas agents such as glucocorticoids can enhance eosinophil apoptosis but conversely delay neutrophil apoptosis. Specific
agents can also act to modulate the rate at which apoptotic cells are recognized and phagocytosed by professional phagocytes. Glucocorti¬
coids, for example, augment the ability of phagocytic removal of apoptotic cells.
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MACROPHAGE REMOVAL OF APOPTOTIC GRAN¬
ULOCYTES- TARGETS FOR PHARMACOLOGICAL
INTERVENTION

Resolution of inflammation requires that granulocytes are
removed from the site of cellular damage by a process in¬
volving granulocyte apoptosis and subsequent disposal via
phagocytosis by tissue resident macrophages or other cells
with a capacity for phagocytosis (e.g., fibroblasts, endothe¬
lial cells). Importantly, there is much evidence suggesting
that phagocytes when ingesting apoptotic cells increase their
expression and release of anti-inflammatory pro-resolution
mediators and down-regulate release of pro-inflammatory
mediators [6,7]. Apoptotic cells experience changes to their
cell membrane allowing recognition and ingestion of the
apoptotic cells by phagocytes. One such signal suggested to
be a key mechanism behind the removal of apoptotic cells is
the recognition of PS on the apoptotic cell surface by spe¬
cific PS receptors. However, PS is not thought to be the sole
'eat me' signal responsible for the removal of apoptotic neu¬
trophils (see [8,13,105]). Therefore it has been proposed that
different mechanisms may be responsible for signaling re¬
moval of apoptotic cells in different tissue types. Interest¬
ingly, it has been suggested that apoptotic cells also have the
capacity to liberate specific agents that promote the recruit¬
ment of cells capable of their removal [106],
If this process is defective, it is believed that tissue dam¬

age can ensue due to the accumulation of apoptotic cells and
subsequent liberation of histotoxic contents. Manipulation of
the resolution phase of the inflammatory process is a prom¬
ising area to provide novel anti-inflammatory therapies, se¬
lectively accelerating apoptosis in specific inflammatory
cells and enhancing their subsequent clearance by exploiting
their differences in intracellular regulation. Inhibition of the
pro-survival signals found at the inflammatory site (for ex¬
ample GM-CSF and IL-5) and selective induction of specific
receptors such as Fas to bring about apoptosis in chosen in¬
flammatory cells would increase the rate of apoptosis at in¬
flammatory sites thereby aiding the resolution process. An¬
other optimistic area for pharmacological intervention is the
regulation of the uptake of the apoptotic cells by phagocytes.
It has been demonstrated that the ability of macrophages to
internalize apoptotic cells can be adjusted, for example by
using prostaglandins such as PGE2 to elevate macrophage
levels of cAMP, thereby activating PKA and transforming
adhesion patterns. Macrophages treated as such have a re¬
duced capacity to uptake apoptotic neutrophils therefore im¬
plying a possible link between adhesion and macrophage
phagocytic abilities [107], Furthermore the internalization of
apoptotic neutrophils by macrophages can be upregulated via
ligating the transmembrane adhesion receptor CD44 [108],
This molecule has been found to be of particular importance
in the resolution of lung inflammation [109]. Other means
which have also been found to alter macrophage ability to
internalize apoptotic cells are; by activating macrophage
signaling pathways (e.g., PKC) [110-112], ligating extracel¬
lular matrix receptors [108,113], use of certain cytokines
(e.g., IL-10, GM-CSF, TGF-p) [114,115] or eicosanoids
(e.g., lipoxins)[l 16,117], Recent breakthroughs regarding the
ability of glucocorticoids to increase the phagocytic potential
of macrophages to remove apoptotic cells by innocuous non¬
inflammatory means have proved invaluable in aiding the

understanding of their action [7,83,118]. This could be
linked to studies revealing that glucocorticoids have the
ability to transform the cytoskeletal organization and the
protein generating ability of monocytes driving them to be¬
come highly phagocytic macrophages [82], Interestingly, it
has been proposed that the cytokine environment present at
the site of inflammation may influence the effectiveness of
glucocorticoids having implications on their therapeutic use.
For example, IFN-y has the ability to counteract the in¬
creased phagocytic ability of macrophages obtained from
glucocorticoid treated monocytes without altering their mor¬
phology [83]. This increase in the phagocytic ability of
macrophages through exposure to glucocorticoids comple¬
ments glucocorticoids capacity to up-regulate eosinophil and
lymphocyte apoptosis, possibly explaining why the use of
glucocorticoids proves to be a successful treatment for a
range of inflammatory diseases.

THERAPEUTIC APPLICATIONS AND DRUG DIS¬
COVERY

The safe engulfment and removal of apoptotic cells is an
emerging target for the treatment of inflammatory diseases.
Indeed, this mechanism has now been attributed to many of
the drugs that are already in clinical use, such as the gluco¬
corticoids and NSAIDs. Glucocorticoids have been shown to
induce apoptosis of inflammatory cells (except neutrophils),
and importantly, to promote phagocytosis of these effete
cells ensuring their safe removal thus limiting tissue damage
and injury. In addition, there are many endogenous 'brake'
mechanisms that halt inflammation and actively drive the
resolution of inflammation. These include the cyclopente-
none prostaglandins, NF-kB p50/50, lipoxins/resolvins, an-
nexin 1 (formerly known as lipocortin 1) and caspases, as
previously discussed in this review. These have been shown
to induce apoptosis and/or phagocytosis in addition to their
other known anti-inflammatory properties [11,50], Stable
analogues and structurally related analogues of cyclopenta-
none prostaglandins and lipoxins show some promise in
various in vivo models of inflammation and may prove use¬
ful in the treatment of non-resolving inflammatory disorders,
such as arthritis, psoriasis and asthma [11]. There are now a
number of novel anti-inflammatory strategies under devel¬
opment that target the regulation of apoptosis. In particular
there are promising drugs that interfere with caspase activa¬
tion to influence apoptosis already in phase I and phase II
clinical trials for the treatment of rheumatoid arthritis, sepsis,
hepatitis and stroke [119-121],

The forced selective induction of apoptosis is thought to
be beneficial for the treatment of inflammatory diseases due
to a variety of reasons. Primarily, the removal of potentially
cytotoxic cells in a safe manner that maintains membrane
integrity prevents potential damage to surrounding tissues.
Also, phagocytosis of apoptotic cells leads to the generation
of anti-inflammatory cytokines, such as IL-10 and TGF-pt
and also may have other unknown endogenous pro-resolving
mechanisms that aid resolution of inflammation. Indeed,
previous research has shown that the exogenous administra¬
tion of apoptotic cells induces resolution in an experimental
model of inflammation [122], Interestingly, autologous ad¬
ministration of apoptotic cells has also been clinically proven
to prevent heart, kidney and lung transplant rejection [123]
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and limit the need for immunosuppressive drugs, which have
many associated side effects and weakens the patient's im¬
mune system lo kill invading pathogens and bacteria. Recent
research shows that the engulfment of the apoptotic cells
induces tolerogenic changes of immature dendritic cells,
which then stimulates inhibitory T regulatory cells to sup¬
press immune rejection [124], This clearly shows that the
administration of apoptotic cells and their safe engulfment in
humans has a role in the adaptive and the innate immune
system by improving tolerance and promoting the resolution
of inflammation.

Autoimmunity may occur due to the failure to clear
apoptotic cells resulting in necrosis with the loss of cell
membrane integrity, which causes the release of cytotoxic
contents that initiates damage to surrounding tissues. This
has been shown in approximately half of the patients with
systemic lupus erythematosis where failed clearance leads to
the prevalence of apoptotic cells, which has been correlated
with disease severity [125]. It would be beneficial to assess if
the clearance defects of the phagocytic cells could be over¬
come in order to promote the safe removal of these unwanted
cells and what outcome this strategy could have on limiting
disease progression or give an improved prognosis for these
patients. It is thus becoming clearer that the induction of
apoptosis of inflammatory cells could be a beneficial target
for the treatment of inflammatory diseases, not only to en¬
sure their safe removal preventing tissue damage but also to
elicit an anti-inflammatory cascade of events that promote
the resolution of inflammation.

CONCLUSION

Granulocyte apoptosis is a highly regulated process in
that there are many complex interrelated signaling pathways
and external stimuli controlling this cell death program.
There are many similarities and differences between the
control of neutrophil and eosinophil apoptosis. We are be¬
ginning to understand the biochemical and molecular check¬
points that control granulocyte apoptosis and it is our belief
that they may be exploited for therapeutic gain for the treat¬
ment of chronic inflammatory diseases. It would therefore be
advantageous to enhance the resolution phase of established
inflammation by modifying appropriately apoptosis of spe¬
cific inflammatory cells and enhancing the clearance of
apoptotic cells by phagocytes.
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Abstract: Atherosclerosis, and its associated complications, are a major cause of morbidity and mortality, and it is now
recognised as a chronic inflammatory disorder. Progression of inflammation depends on the balance between recruitment
of inflammatory cells and their subsequent removal from a site of inflammation. Apoptosis, or programmed cell death, is a
fundamental process governing cell survival and is a major determinant of the resolution of the inflammatory response.
Apoptotic cells are instantly recognised for non-inflammatory clearance by phagocytes (e.g. macrophages) and removed
from the vicinity of inflammation without the release of their pro-inflammatory cell contents. Nitric oxide (NO) plays an
important role in many biological processes and has several anti-atherogenic properties including vasodilatation, inhibi¬
tion of platelet activation and aggregation, and the regulation of apoptosis in a variety of cell types involved in athero-
genesis. A critical early event during atherogenesis is injury to the endothelium. The ensuing damage results in endothelial
dysfunction, including a reduction in the capacity of the endothelium to generate NO. Decreased NO bioavailability is
likely to influence many cellular processes occurring within atherosclerotic lesions, including apoptosis. Modulation of
apoptosis is a novel target for therapeutic intervention in the treatment of chronic inflammatory disorders, such as athero¬
sclerosis. This modulation may help limit or resolve inflammation without the concomitant recruitment of subsequent in¬
flammatory cells, thereby reducing the potential for further tissue damage. NO is a possible candidate for manipulation of
atherosclerotic processes due to both its powerful anti-atherogenic characteristics and ability to affect apoptosis. This re¬
view highlights the role of apoptosis in atherosclerosis and discusses the therapeutic potential of NO to limit and/or re¬
solve vascular inflammation.

Keywords: Atherosclerosis, nitric oxide, inflammation

INTRODUCTION

Atherosclerosis and its associated secondary complica¬
tions, such as myocardial infarction and stroke, remain a
major cause of morbidity and mortality in industrialised na¬
tions. Atherosclerosis is a multifactorial disease process with
a complicated aetiology. However, it is now widely recog¬
nised that there is a chronic inflammatory component to the
disease process, which is characterised by the formation of
lipid-rich plaques in the wall of major conduit vessels such
as the coronary arteries and aorta [1-4]. These lesions are
usually eccentric and made up of a necrotic core of lipid-
laden inflammatory cells encapsulated by a fibrous, colla¬
gen-rich cap consisting of vascular smooth muscle cells
(VSMC) and extracellular matrix [5], In this state, the plaque
is considered 'stable'; its physical presence results in partial
occlusion of the vessel, but because the vessel is dynamic
rather than static, it can often compensate for this occlusion
and accommodate for the presence of the plaque without a
decrease in lumen diameter [6]. However, if the cap is sub¬
ject to mechanical breakdown or erosion, the plaque can be¬
come 'unstable' and rupture. When the plaque cap is com¬
promised, the highly thrombogenic contents of the core are
released into the circulation. Platelets are rapidly recruited
and activated resulting in thrombus formation. Plaque rup¬
ture can occur several times and remain sub-clinical with the

♦Address correspondence to this author at the MRC Centre for Inflamma¬
tion Research, The Queen's Medical Research Institute, University of Edin¬
burgh/47 Little France Crescent, Edinburgh EHI6 4TJ, UK; Tel: +44-131-
242-6659; Fax: +44-131-242-6578; E-mail: a.g.rossi@cd.ac.uk

VSMC cap reforming, or healing, over the top of the throm¬
bus which becomes incorporated into the lesion, resulting in
a layering effect within the plaque [7], This process can fur¬
ther occlude the vessel in situ, or the thrombus can detach
from the plaque surface, and the resulting embolus occlude
smaller vessels downstream, leading to the more serious
acute cardiovascular syndromes, such as myocardial infarc¬
tion and stroke [8]. The determinants of plaque vulnerability
to destabilisation and rupture have yet to be fully identified,
but a growing body of evidence is emerging that points to¬
ward a critical role for both the thickness of the VSMC layer
overlaying the core [9] and to inflammatory processes occur¬
ring within the plaque [10-12],

APOPTOSIS

Inflammatory cell apoptosis, or programmed cell death,
is a highly regulated process whereby cellular death and sub¬
sequent phagocytosis occur without disruption of the ceil
membrane and ensuing release of the histotoxic and pro¬
inflammatory mediators from the cytoplasm [13-15], Apop¬
tosis therefore represents a non-inflammatory mechanism for
the removal of cells from a site of tissue damage, and hence,
is critical to the successful resolution of the inflammatory
response. Pharmacological manipulation of apoptosis in a
variety of cell types, particularly inflammatory cells, may
represent a novel therapeutic strategy for the treatment of
chronic inflammatory disorders, including atherosclerosis
[16,17],

1871-5230/06 S50.00+.00 © 2006 Bentham Science Publishers Ltd.
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Apoptosis can be modulated by the endogenous messen¬
ger nitric oxide (NO), which can be both pro- and anti-
apoptotic depending on local concentration, the specific cell
type in question and the NO-related species generated in vivo
[18, 19]. The aim of this review is to examine the role of
apoptosis in atherosclerosis and to discuss the potential of
this process as a target for therapeutic intervention by NO
donor drugs, whereby disease progression may be stabilised
in an effort to prevent the acute cardiovascular syndromes.

ATHEROSCLEROSIS

Despite arduous research in both humans and animal
models of the process, the underlying causes of atherogene-
sis remain largely unknown. It is widely accepted that a criti¬
cal early event of atheroma development is endothelial cell
injury and damage. This can occur by several mechanisms:
chemical injury can occur through oxidative stress, including
oxidation of circulating low density lipids (LDL) resulting in
the formation of damaging oxidised LDL (ox-LDL); and
physical damage to the endothelium can result from shear
stress within the vessel, with plaques tending to form at sites
usually subjected to elevated shear stress, such as bifurcation
points in the arterial tree or where low shear stress results in
reduced stimulation of NO synthase and NO generation [201.
The consequences of an insult to the endothelium are num-
rous: firstly, the damaged endothelium becomes dysfunc¬
tional and the net production of NO by eNOS decreases,
promoting vasoconstriction. This is reflected in patients with
risk factors for atherosclerosis, such as hypercholesterolae-
mia. In hypercholesterolaemic individuals, vasodilatation in
response to the endothelium-dependent vasodilator, acetyl¬
choline (which acts by triggering NO release from the endo¬
thelium), is impaired in forearm resistance vessels compared
to normocholesterolaemic controls. However, vasodilatation
in response to the endothelium-independent NO donor, so¬
dium nitroprusside (SNP), is unaffected. This suggests that
endothelial injury resulting from the hypercholesterolaemic
state decreases the normal NO-producing capacity of the
endothelium [21]. Although resistance vessels are not usu¬
ally susceptible to plaque formation, they are widely ac¬
cepted to reflect changes occurring globally throughout the
arterial tree.

In addition, in response to the insult to the endothelium,
an inflammatory response is triggered. Depending on the
nature and duration of the insult, this response can become
excessive and, over a period of years, constitutes the disease
process itself [2, 3]. The inflammatory process begins with
the expression of chemotactic and adhesion molecules for
monocytes and lymphocytes, including vascular cell adhe¬
sion molecule 1 (VCAM-1), on the surface of dysfunctional
endothelial cells. Circulating monocytes adhere to the site of
endothelial damage and translocate to the sub-endothelial
space where they accumulate [22], Colony stimulating fac¬
tors secreted from areas of endothelial damage induce mono¬
cytes to differentiate into macrophages, which then begin to
express scavenger receptors, facilitating the internalisation of
oxidised low density lipoprotein (ox-LDL) [23]. Cultured
macrophages do not accumulate native LDL on account of
downregulation of LDL receptors in the cholesterol-replete
state. However, once LDL has been modified by oxidation,
accumulation of the resultant ox-LDL by macrophages con¬

tinues unchecked because scavenger receptors are not down-
regulated by cholesterol accumulation. The mechanism of
lipid peroxidation is still not fully understood, but free radi¬
cals such as superoxide (02") and hydroxyl radicals ("OH),
undoubtedly have a role to play [24, 25]. Peroxynitrite
(ONOO"), formed by the rapid reaction of NO with Of, can
also initiate lipid peroxidation, both in vitro, and in mem¬
brane lipids and lipoproteins [26, 27]. In the lipid-laden con¬
dition, macrophages are known as foam cells and it is an
accumulation of these cells in the vessel intima which forms
the earliest recognisable lesion of atherosclerosis - the fatty
streak (Fig. 1A) [20, 28]. Fatty streaks have been observed in
the vessels of young adults and children (including neo¬
nates), suggesting that atherosclerosis may be initiated early
in life but remains sub-clinical unless vessel occlusion and/or

plaque rupture lead to diagnosis [29].
Once the fatty streak is established, the plaque grows in

size as the ox-LDL accumulated in macrophage-derived
foam cells causes both further endothelial damage and is
chemoattractant for circulating monocytes, which freely mi¬
grate through the endothelium, accumulate in the sub-
endothelial space, and differentiate into macrophages which
then go on to become foam cells [30], This establishes a per¬
petual cycle of endothelial damage, leading to monocyte
recruitment and accumulation of ox-LDL, which encourages
further endothelial damage (Fig. 1). Activated macrophages
in fatty streaks secrete numerous cytokines and growth fac¬
tors including platelet derived growth factor (PDGF), basic
fibroblast growth factor (bFGF), interleukin-1 (IL-1), tumour
necrosis factor-a (TNF-a), and transforming growth factor-p
(TGF-p) [20]. All of these factors and cytokines induce vas¬
cular smooth muscle cell (VSMC) hypertrophy and/or hy¬
perplasia. This represents a change in phenotype for VSMCs,
from the usual adult vascular contractile phenotype to the
synthetic phenotype usually seen only in developing vessels.
However, characterisation of VSMCs into only two distinct
phenotypes is a vast over-simplification. A wide spectrum of
diverse intermediary phenotypes exist under different
physiological and pathophysiological conditions, without a
clear distinction between phenotypes. This is especially true
when VSMCs are undergoing phenotypic transition and there
may, in fact, be several sub-populations of VSMCs present
within the plaque at any given time [31]. In a synthetic phe¬
notype, VSMCs have the ability to proliferate and synthesise
large amounts of collagen. Proliferation begins in the media
of the vessel, but after a time the cells begin to migrate, in¬
vade the intima and form a layer over the top of the fatty
streak. This layer of VSMCs secretes large amounts of ex¬
tracellular matrix and connective tissue consisting of gly-
cosaminoglycans, dermatan sulfate, and collagen. These
molecules form a mesh over the fatty streak, which becomes
calcified and forms the fibrous cap of the plaque, encapsu¬
lating the highly thrombogenic lipid core and maintaining a
barrier between the plaque contents and the circulation (Fig.
1A) [4, 5],

APOPTOSIS IN ATHEROSCLEROSIS

Inflammatory Cells
Recruitment of inflammatory cells, particularly mono¬

cytes and macrophages, is the major driving force behind
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plaque growth and development. Apoptosis of inflammatory
cells within an atherosclerotic lesion may result in their sub¬
sequent phagocytosis and removal from the plaque core
without the concomitant recruitment of additional inflam¬
matory cells (Fig. IB). The identity of the cells responsible
for clearing the apoptotic macrophages from the plaque re¬
mains to be confirmed. It is currently unclear whether acti¬
vated macrophages can themselves phagocytose populations
of apoptotic inflammatory cells, or if this is done by a sepa¬
rate subset of specialised phagocytes.

Apoptotic macrophages have been located by TUNEL
staining in plaques from animal models of atherosclerosis
and in plaques excised from human vessels [32-34], The
apoptotic macrophages tend to be clustered in areas of the
plaque most vulnerable to rupture, most notably the base, or
shoulder, regions where the VSMC prevalence is also de¬
creased [35]. It is currently unclear why these areas of the
plaque are particularly susceptible to rupture, however, re¬
duced VSMC localisation in these areas of vulnerable

plaques may indicate that apoptosis of a variety of cell types,
including VSMCs, may play a role in plaque susceptibility to
rupture (Fig. 1C) [36]. Recently, it has been suggested that
the macrophage enzyme, myeloperoxidase (MPO), could

also have an important role in determining plaque vulner¬
ability. MPO, a member of the heme peroxidase superfamily,
generates reactive oxidants including hypochlorous acid
(I IOC1) as part of its normal function in innate host defences
[37, 38], Sugiyama et al. have described a strong co-
localisation between macrophage MPO expression and
HOCl-modified proteins at sites of lesion rupture in patients
who suffer acute cardiac events [39]. MPO-generated HOC1
at relatively high physiological concentrations, but still
within the range expected to be produced at areas of vascular
inflammation (30 - 50 pM), has been shown to promote en¬
dothelial cell death by stimulating apoptotic pathways in¬
cluding rapid caspase-3 activation and DNA fragmentation
[40], This observation suggests that, prior to undergoing
apoptosis themselves, activated macrophages may induce
apoptosis of neighbouring endothelial cells through MPO
expression, resulting ultimately in plaque rupture.

Vascular Smooth Muscle Cells

As previously mentioned, loss of VSMCs from the pro¬
tective plaque cap is a major determinant of plaque rupture.
Because healthy endothelial cells secrete factors that pro¬
mote VSMC survival, a consequence of activated macro-

Atherosclerotic plaque

NO
ONOO-

+i
+

APOPTOSIS

Stable plaque

Thrombus formation

etz^T

Unstable plaque

Fig. (1). During atherogenesis circulating monocyes translocate to the subendothelial space where they accumulate modified lipids and form
an atherosclerotic plaque, overlain with a fibrous cap of VSMCs (A). Apoptosis can be induced in a variety of cell types by NO. Apoptotic
inflammatory cells are cleared by phagocytes, aiding resolution of the inflammatory response, and ultimately facilitating plaque regression
(B). However, apoptosis of VSMC may be detrimental, resulting in degradation of the plaque cap and leading to plaque rupture, particularly
in the shoulder regions, and ultimately to thrombus formation (C).
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phage-induced endothelial cell death is an increase in VSMC
death [41], Direct induction of VSMC apoptosis in the apol-
ipoprotein E null murine model of atherosclerosis induces
both rupture and thrombosis of the plaque [42], In addition to
removing the protective presence of the endothelium,
macrophages can also influence VSMC apoptosis directly.
Activated human monocytes/macrophages have been found
to be responsible for the death of human VSMCs in vitro
[43, 44], Seshiah et al. have hypothesised that macrophage
colony-stimulating factor (M-CSF), a haematopoietic growth
factor supporting survival and differentiation of monocytes,
is secreted from VSMCs resulting in macrophage activation,
ultimately triggering subsequent VSMC apoptosis [44], The
exact mechanism of this process remains to be fully under¬
stood but is thought that macrophages prime VSMCs to re¬
spond to apoptotic stimuli, for example by triggering the
expression of death receptor ligands such as TNF-a on the
cell surface [45].

NITRIC OXIDE

NO was first identified as the biological messenger re¬
sponsible for endothelium dependent vasodilatation [46, 47],
Since then, it has become increasingly clear that NO has
many diverse actions beyond that of control of vascular tone.
Synthesised by three isoforms of the enzyme NO synthase
(NOS), NO is now known to inhibit platelet and inflamma¬
tory cell adhesion and activation, to act as a transmitter at
non-adrenergic non-cholinergic (NANC) neurones, and to
exhibit both pro- and anti-apoptotic effects depending on the
NO-related species, concentration and cell type in question
[48],

The classical pathway by which NO exerts its effects is
via activation of the enzyme soluble guanylate cyclase (sGC)
and resultant conversion of guanosine 5'-triphosphate (GTP)
to 3', 5'-cyclic guanosine monophosphate (cGMP) [48, 49],
However, recent studies have established that NO can act
via, as yet unidentified, cGMP-independent pathways in
various systems, particularly during the inhibition of platelet
aggregation [50-53] and regulation of inflammatory cell
apoptosis [51-54],

There is currently much debate as to whether all of the
effects of NO are mediated by the NO radical per se, or by
other NO-related species formed in situ. Due to its free radi¬
cal status, NO is highly reactive, and combines readily with
reactive oxygen species (ROS) to form a variety of NO-
related species. For example, superoxide anions (02"), often
generated at sites of inflammation by the inflammatory cell
enzyme NADPH oxidase [55], react rapidly with NO to pro¬
duce toxic peroxynitrite (ONOO"). This reaction is usually
prevented in vivo by the battery of antioxidants that inacti¬
vate ROS. For instance, the enzyme superoxide dismutase
(SOD) removes 02" by catalysing its conversion to hydrogen
peroxide (H202), which is subsequently further inactivated
by catalase [56]. However, if the production of ROS is such
that the antioxidant capacity is overcome, then any free NO
present will react rapidly with the 0"2 to form ONOO . NO
can also form S-nitrosothiols via the transfer of NO4" from
higher oxides of nitrogen (e.g. N2O3) to reduced thiol groups
on proteins such as albumin, resulting in the formation of S-
nitrosoalbumin [57, 58], It has recently been hypothesised

that the formation of S-nitrosothiols may act as a slow-
release NO store in vivo [50], S-nitrosation of a range of
cellular proteins is now considered to be one of a number of
post-translational modifications that can alter protein func¬
tion, and these modifactions are likely to be responsible for
many of the cGMP-independent effects of NO, including
inhibition of caspase-3 activation [59, 60].

NO AS A MEDIATOR OF APOPTOSIS

The pro- and anti-apoptotic actions of NO have been well
documented in many cell systems. Current evidence suggests
that lower concentrations of NO produced constitutively by
endothelial and neuronal NOS (eNOS and nNOS) are cyto-
protective via primarily cGMP-dependent mechanisms,
whilst higher, supraphysiological concentrations generated in
some pathologies by inducible NOS (iNOS) mediate apopto¬
sis via mechanisms independent of cGMP signalling [61].
For example, high concentrations of either exogenous or
endogenous iNOS-derived NO have been shown to induce
apoptosis in murine and rabbit macrophage cell lines [62,
63], Apoptosis in rabbit macrophages was unaffected by
inhibition of cGMP-dependent kinases and not mimicked by
cGMP analogs, suggesting that the pro-apoptotic actions of
NO are cGMP-independent [64], Conversely, pre-treatment
with relatively low concentrations of exogenous NO, deliv¬
ered by the synthetic NO donor sodium nitroprusside (SNP)
protects RAW 264.7 cells (a mouse macrophage cell line)
against cell death upon subsequent exposure to higher con¬
centrations of NO which would normally be cytotoxic [65].
Furthermore, this protection was mimicked by cGMP
analogs but negated in the presence of sGC inhibitors, sug¬
gesting that the cellular protection was conferred by cGMP.
Similarly, high levels of NO produced by activated macro¬
phages as a consequence of iNOS upregulation may also
induce VSMC apoptosis through DNA damage and subse¬
quent p53 activation [66],

This dual role, and apparent paradox of NO, may be ex¬
plained, at least in part, by the free radical nature ofNO and
the ease with which it will form various NO-related species
in vivo. As already mentioned, NO will react rapidly with 02"
to form ONOO". The production of ONOO" may be of par¬
ticular importance at sites of vascular inflammation such as
atherosclerotic lesions, where the concentration of reactive
oxygen is likely to be elevated [67], The precise role of
ONOO" in inflammatory cell apoptosis remains to be eluci¬
dated. There is some evidence to suggest that at high con¬
centrations (100 pM - 300 pM), ONOO" induces apoptosis
in RAW 264.7 cells [68], whilst at lower concentrations (30
pM - 50 pM), it may have a protective effect against lipo-
polysaccharide (LPS) and interferon (IFN)-y-induced apop¬
tosis in these cells [69]. Brockhaus et al. [70] have demon¬
strated that overexpression of copper/zinc SOD (CuZnSOD)
can protect RAW 264.7 cells against apoptosis initiated by
NO, either exogenous or iNOS-derived. This implies a role
for ONOO" as the mediator of NO-initiated apoptosis. How¬
ever, whilst a specific scavenger ofONOO", uric acid, effec¬
tively abolishes apoptosis induced by the ONOO" generator
SIN-1, it left apoptosis induced by the NO donors S-nitroso-
glutathione (GSNO) and spermine diazeniumdiolate SPER/
NO unaltered, suggesting that NO and NO-related species
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may be able to activate several pathways when initiating
apoptosis [70],

Whilst endogenous macrophage iNOS-derived NO has
been shown to induce apoptosis in animal models, this is not
necessarily the case in human macrophages, which might not
produce any NO at all. [71-73]. However, despite this re¬
duced capability to produce endogenous NO, human macro¬
phages still undergo apoptosis in response to exogenous NO
and NO-related species. For example, the NO donors GSNO
and SPER/NO induce apoptosis in primary human mono-
cyte-derived macrophages [74],

NO AND APOPTOSIS IN THE RESOLUTION OF
INFLAMMATION

Apoptosis is now thought to be key to the resolution of
the inflammatory response. Pharmacological manipulation of
the rate of apoptosis during chronic inflammatory disorders
such as atherosclerosis, may aid the resolution of inflamma¬
tion and delay disease progression. NO is a promising candi¬
date for such manipulation, because its ability to induce
apoptosis and aid inflammatory resolution has already been
demonstrated in several animal models. In a mouse model of
kidney inflammation, activated macrophages have been
shown to induce apoptosis in neighbouring mesangial cells
prior to ingestion by phagocytes [75]. The ability of the acti¬
vated macrophages to induce apoptosis is greatly reduced in
the presence of the NOS inhibitor, N°-monomethyl-L-
arginine (L-NMMA), indicating that macrophage-directed
apoptosis of mesangial cell apoptosis occurs via NO-
dependent mechanism [76], Similarly, several studies have
demonstrated that activated macrophages infiltrating murine
tumours induce apoptosis via a NO-dependent pathway in
both activated anti-tumour T cells and in the tumour cells
themselves [77, 78], Thus, it appears that macrophages have
the capacity to induce apoptosis of nearby cells by the lib¬
eration of NO, or a related species, to enhance the clearance
of apoptotic cells.

Inducing apoptosis in inflammatory cells within an athe¬
rosclerotic lesion is an attractive prospect as it may represent
a mechanism to stabilise the plaque or to resolve the vascular
inflammation and lead to regression of the plaque, thereby
halting disease progression. Reducing the number of acti¬
vated macrophages present in the plaque would have multi¬
ple consequences. Firstly, the physical presence of the
plaque in the vessel wall would be decreased, reducing
stenosis. Secondly, because activated macrophages induce
apoptosis in neighbouring endothelial cells and VSMCs,
reducing the number of activated macrophages may help to
preserve endothelial function and maintain the integrity of
the plaque cap.

NO as a mechanism to regress atherosclerosis is an ap¬
pealing possibility because in addition to the pro-apoptotic
properties described above, NO also has a number of other
powerful anti-atherogenic characteristics including inhibition
of platelet and inflammatory cell activation [48, 79], Animal
studies are emerging to support the hypothesis that manipu¬
lation of apoptosis could be used to reverse atherosclerosis.
For example, L-arginine (the substrate for NOS) or the NO
donor SNP, administered to hypercholesterolaemic rabbits
increases the number of apoptotic macrophages in intimal

lesions by three fold [64], This increase in apoptosis was
accompanied by a significant reduction in lesion surface
area, suggesting that manipulation of the NO synthase path¬
way, or delivery of exogenous NO, may be a way to boost
NO availabilty in order to stabilise, or even regress, the
plaque via an apoptotic mechanism. However, the treatments
used in this study are by no means selective for macro¬
phages, and as already discussed, NO will also induce apop¬
tosis in endothelial cells and VSMCs. This could have sev¬

eral serious detrimental consequences for the plaque; firstly,
additional loss of endothelial function would occur, leading
to further exacerbation of the disease process. Secondly, be¬
cause VSMCs are essential for maintaining the integrity of
the plaque cap, loss of this population of cells in vulnerable
areas of the lesion could de-stabilise the plaque resulting in
plaque rupture which could result in myocardial infarction or
stroke. The potential benefit of regressing the plaque in this
way must also be offset against the cost of reducing the size
of the macrophage population available for scavenging ex¬
isting apoptotic macrophages, endothelial cells and VSMC.
If left in situ, these apoptotic cells will undergo secondary
necrosis, thereby increasing the thrombogenicity of the
plaque as a whole. In the study by Wang et al. [64] discussed
above, apoptosis is quantified by the number of apoptotic
nuclei per area of plaque, rather than as a percentage of the
total macrophage population. Therefore, it is not possible to
draw any conclusions as to whether the phagocytosis capac¬
ity of the plaque has been effected in this case.

Although human macrophages appear unable to generate
the supraphysiological concentrations that murine cells pro¬
duce, human macrophages will respond to exogenous NO
delivered by synthetic NO donor compounds, suggesting that
NO could potentially be used to manipulate rates of apopto¬
sis in human atherosclerosis. However, it is essential to tar¬
get any therapeutic intervention to specific cell types within
the plaque, and in particular, to appropriate cell types within
plaques vulnerable to rupture. Indiscriminate pro-apoptotic
events may have serious adverse consequences for the
plaque dynamic.

At present, existing NO donor drugs are not selective for
particular cell types. Common clinically used organic ni¬
trates, such as nitroglycerin (NTG), tend to have an unfa¬
vourable selectivity profile when considered in the context of
atherosclerosis, they are more selective for veins (which are
not subject to plaque formation) than arteries, and more se¬
lective for arteries than platelets (which play a major role in
thrombus formation following plaque ruture). In order to use
NO donor drugs as effectors of apoptosis in atherosclerosis,
compounds which are able to selectively act on, for example,
macrophages but not endothelial cells or VSMC, will have to
be developed in the future. This however, may be difficult
given that macrophages are relatively resistant to oxidative
stress induced apoptosis.

In addition to selectivity, a major consideration when
contemplating the use of NO donor drugs for the treatment
of atherosclerosis is that of delivery. Global, non-selective
release of NO throughout the circulation may have various
anti-atherosclerotic actions, but dosing will be limited by
concurrent vasodilatation resulting in systemic hypotension.
The challenge therefore, is to generate high local concentra-
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tions in the vicinity of a plaque. One possible means of
achieving this is to employ NO donor drugs which are selec¬
tive for areas of endothelial damage. S-nitrosothiols are gen¬
erally accepted to be platelet-selective NO donor drugs [80]
and have been shown in vitro to have vasodilator actions
which are selective for areas of experimentally denuded en¬
dothelium [81]. Furthermore, in a rabbit balloon angioplasty
model of vascular injury, the S-nitrosothiol, S-nitroso-N-
valeryipenicillamine (SNVP), in contrast to the traditional
organic nitrate NTG, reduced the adhesion of radio-labelled
platelets in areas of endothelial damage without significantly
affecting systemic blood pressure [82], In this study, the NO
donors were delivered directly into the carotid artery via a
cannula; obviously this is not practical in humans as a long -

term therapy, but a possible alternative is to deliver NO via
drug-eluting stents. There has been some success in humans
with the use of sirolimus (rapamycin)-eluting stents in pre¬
venting neointimal proliferation (which can lead to re¬
stenosis) following angioplasty, although long-term effec¬
tiveness (>1 year) remains to be established [83]. A further
potential method of delivering high local concentrations of
NO directly to the interior of the plaque may be to exploit
the lipid nature of the plaque core by developing novel lipo¬
philic NO donor drugs designed to induce apoptosis in the
lipid-laden macrophages within the core.

CONCLUSION

Atherosclerosis is now considered a chronic vascular

inflammatory disorder involving complicated interactions
between many cell types. Apoptosis plays a key role in de¬
termining both turnover of cells within the plaque, and
plaque vulnerability to rupture. Because apoptotic cells are
removed from the site of inflammation without triggering a
subsequent pro-inflammatory response, inflammatory cell
apoptosis is a promising target for therapeutic intervention in
the treatment of this disease. The ability of NO to induce
apoptosis, combined with the additional anti-atherogenic
properties of NO, points to this molecule being a powerful
tool in the treatment of atherosclerosis. The challenge will be
to deliver NO in the appropriate chemical form and to bal¬
ance any benefit in reducing inflammatory cell number
within the plaque against the potential deleterious effects of
destabilising the plaque cap and promoting plaque rupture.
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ABSTRACT A recent focus meeting on Controlling
Acute Inflammation was held in London, April 27-28,
2006, organized by D.W. Gilroy and S.D. Brain for the
British Pharmacology Society. We concluded at the
meeting that a consensus report was needed that ad¬
dresses the rapid progress in this emerging field and
details how the specific study of resolution of acute
inflammation provides leads for novel anti-inflamma¬
tory therapeutics, as well as defines the terms and key
components of interest in the resolution process within
tissues as appreciated today. The inflammatory re¬
sponse protects the body against infection and injury
but can itself become dysregulated with deleterious
consequences to the host. It is now evident that endog¬
enous biochemical pathways activated during defense
reactions can counter-regulate inflammation and pro¬
mote resolution. Hence, resolution is an active rather
than a passive process, as once believed, which now
promises novel approaches for the treatment of inflam¬
mation-associated diseases based on endogenous ago¬
nists of resolution.—Serhan, C. N., Brain, S. D., Buck¬
ley, C. D., Gilroy, D. W., Haslett, C., O'Neill, L. A. J.,
Perretti, M., Rossi, A. G., Wallace, J. L. Resolution of
inflammation: state of the art, definitions and terms.
FASEBJ. 21, 325-332 (2007)
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KEY CELL TYPES: THE CELLULAR PLAYERS IN
THE STAGE OF RESOLUTION

In response to injury or infection, specialized, "front¬
line" leukocytes (polymorphonuclear neutrophils
(PMNs) and eosinophils) migrate to infected/damaged
sites to neutralize and eliminate potentially injurious
stimuli. This requirement is perhaps the most obvious

but undeniably critical one for acute inflammation to
resolve. Dispensing with the inciting stimulus will halt
further pro-inflammatory mediator synthesis (eico-
sanoids, chemokines, cytokines, cell adhesion mole¬
cules, etc.) and lead to their catabolism and the curtail¬
ment of pro-inflammatory signaling pathways (Fig. 1).
Toll-like receptors are now held to play essential roles
in the recognition ofmany of these invading organisms
(vide infra). This, coupled with the release of factors
that prevent ongoing PMN/eosinophil trafficking
and edema formation, hails the beginning of the
end—namely resolution of the acute inflammatory
response and return to normal homeostasis.
One traditional view argued that pro-inflammatory

mediator catabolism was sufficient for inflammation to

switch off and the response subsequently just "fizzled
out" (1). This is only part of the process at the tissue
level, as PMN or eosinophils if left unchecked could do
untold harm to an already inflamed site and must be
disposed of in a controlled and effective manner. Thus,
next in the sequence of events is cell clearance. The
exit routes available to inflammatory leukocytes include
systemic recirculation (less well described) or local
death followed by their phagocytosis by recruited
monocyte-derived macrophages. Once phagocytosis is
complete, macrophages exit the inflamed site by lym¬
phatic drainage with evidence that a small population
may die locally by apoptosis. If all of these pathways are
strictly followed, then acute inflammation will resolve
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Figure 1. Schematic depicting the cellular and
molecular components of the inflammatory
response and the requirements for resolution.
A) (adapted from Cotran; see ref. 1) depicts
the cellular and histological changes that oc¬
cur in tissues following an inflammatory in¬
sult. Acute inflammation is characterized by
the extravascular accumulation of neutrophils
(PMN) and edema formation early in the
response. Later during the response, mononu¬
clear cells and macrophages accumulate and
help prepare the tissue for resolution. B, C)
Represent the role that specific molecular
mediators play in these events. In (B), we
highlight that early 011 in the inflammatory
response, immediate and early sequential pre¬
dominately pro-inflammatory mediators are
released, which initiate and augment the
acute-phase of the response (green lights).
However, this is counterbalanced by endoge¬
nous anti-inflammatory signals such as corti-
costerone, which serve to temper the severity
and limit the duration of the early onset
phase. As inflammation progresses, certain
"stop signals" at appropriate "checkpoints"
prevent further leukocyte traffic into tissue.
These stop signals include the lipoxirts, Re-
solvins, and prostaglandins (PGs) of the D
series and pave the way for monocyte migra¬
tion and their differentiation to phagocytos-
ing macrophages, which remove dead cells
and then exit the site of inflammation. Stro¬
mal cells such as fibroblasts also contribute to

the resolution of inflammation by the with¬
drawal of survival signals and the normaliza¬
tion of chemokine gradients, thereby allowing
infiltrating leukocytes to undergo apoptosis or
leave the tissue through the draining lymphat¬
ics. This sequential set of responses leads to
complete resolution and, importantly, the res¬
toration of the inflamed tissue to its prior
physiological functioning. This is the ideal
sequence of events in physiological inflamma¬
tion, which contrast to the situation in patho¬
logical inflammation (B) where some of the
accumulation of leukocytes in the wrong place

Schematic and Histological Sequence of Events Following Acute Injury

Edema

A /
PMNs Monocytes/Macrophages

t NXXz- A/\ X> 1 /Vx \ \
0 A \ \* /

1 2 3

Days—►

B

Injury/
Infection

° ea ® ^
Lipoxins/Resolvins Apoptosis/Phagocylosis

(TGF01)

PGtyj 2

e.g. Histamine
5-HT

Complement

Return to normal
tissue physiology

C

® . . O O
© © O ° ® O ®

®
~ 0 _ ® ® Y « ®
% X

©
X

Intensity M fMr / LipoxiiWResolv

Ongoing acute inflammation
(Failed "resolution")

ns Apoptosis/Pha^ocytosis
Chronic inflammation:
Abscess formation
Excess scaring
Auto-immunity

Injury/
Infection

e.g. Histamine
5-HT

Complement

Time (days)

factors that initiate the resolution program lead to the inappropriate
at the wrong time.

without causing excessive tissue damage and give little
opportunity for the development of acute, ongoing
inflammation and its associated complications.
The last but equally essential aspect in the quest for

tissue resolution and homeostasis is that the parenchy¬
mal/stromal cells that hosted the inflammatory event
revert back to a non-inflammatory phenotype (2). Most
current therapies target immune cells in an attempt to
inhibit the production of pro-inflammatory chemical
mediators. However, an equally important target is the
active induction of proresolution programs by stromal
cells such as fibroblasts within the inflamed tissues (2).
As with the onset phase of acute inflammation, each

of the above steps in the quest for resolution is also
highly coordinated and under the tight control ofwhat
may be called "proresolution" factors (3). These factors
and their importance in controlling inflammation have
become apparent only in the past few years (Fig. 1 A, B).
1 lere, we discuss the state of the research in this field as

its stands today and highlight the virtues of "resolution"
and why we trust that understanding it in molecular
terms may help us in the quest for new drugs to treat
inflammatory diseases.

CHEMICAL MEDIATORS IN RESOLUTION

Indeed, a number of recent reports have heightened
the awareness that resolution is an active process, one
that requires activation of endogenous programs that
enable the host tissue to maintain homeostasis (3-5). In
this paper, we shall underscore current topics and
definitions of components in resolution as well as
outline where gaps in information lie within this new
field. It is apparent that inflammation plays an impor¬
tant role in the pathophysiology of many common
diseases that affect Western civilizations, including
some degenerative diseases not previously thought to
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have inflammatory components, such as Alzheimer's
and atherosclerosis. Thus, the cellular mechanisms by
which resolution occurs and the key biochemical path¬
ways associated (8) with the return to homeostasis/
calabasis (return from disease) clearly open many new
avenues for potential therapeutic interventions in a
wide range of diseases associated with unresolved in¬
flammation. These will surely aid in our understanding
of innate immunity and clearance of microbes.

"ANTI-INFLAMMATORY" VS. "PRO-RESOLUTION"

The notion that the inflammatory response generates
its own regulators in tandem with the better-known
pro-inflammatory mediators and pathways makes sense
teleologically: From the cybernetic viewpoint it is easier
to control a process with both positive and negative
regulatory inputs (Fig. 15). Or perhaps a finer level of
control can be achieved; for example, consider the car
metaphor of hitting the brakes to stop or the accelera¬
tor to go. Indeed, several endogenous regulators of the
inflammatory response have already been elucidated
(for reviews, see refs. 3-5), adding support to the idea
that this is a widely employed mechanism. Clearly,
disturbances in such counter-regulatory circuits could
lead to exacerbated inflammatory responses just as
effectively (although perhaps less obviously) than exces¬
sive activation of the pro-inflammatory cascades (6).
Noteworthy, one of the most widely used classes of

anti-inflammatory and immunosuppressive drugs, the
glucocorticoids, have been developed from the pio¬
neering work of Philip Hench and represents die first
successful exploitation of an endogenous anti-inflam¬
matory mediator, Cortisol.

RESOLUTION OF ACUTE INFLAMMATION:
WHAT WE KNOW TODAY

Although resolution in cellular and molecular terms
has been known to pathologists at the tissue level for
more than 100 years, only recently have we begun to
take note. Resolution of acute inflammation, or its ideal
outcome, would be complete resolution. The return to
homeostasis by the tissue was thought to occur by
passive mechanisms. Expressly, on surgical trauma,
tissue, or chemical injury, the liberated chemical medi¬
ators (exogenous and/or endogenous) would evoke leuko¬
cyte chemotaxis into tissue. The decrease in chemotac-
tic gradients or "the burning out" of the initial signals
was thought to eventually dissipate depending on the
magnitude of the invading microbes and/or injury.
Resolution of acute inflammation via the exodus of

neutrophils from tissues after their infiltration and
involvement in host defense, namely, after the job is
done, was thought to be a passive series of events (Fig.
1). The uncovering of several distinct biochemical
pathways that are actively turned on during inflamma¬
tion in the resolution phase, i.e., when the numbers of

neutrophils infiltrating from the tissues are dropping
and are actively pushed back by the mediators produced
(3), provides clear evidence for the role of active
biochemical pathways in resolution.
The resolution phase can be defined at the histolog¬

ical level as the interval from maximum neutrophilic
infiltration to the point when they are lost from the
tissue. Concomitantly, mononuclear cells are then in¬
troduced in a nonphlogistic fashion and play a key role
in tissue repair. They, too, are eventually lost from the
tissue and are not found in tissue sections following
neutralization of the insult. These cellular terms and

temporal relationships (1, 7) have now called for the
need to introduce quantitative indices, which enable us
to define the precise changes in leukocytic traffic and
biochemical pathways activated in exudates, as well as
determine the impact of various endogenous media¬
tors, exogenous compounds, and potential drugs
within the resolution phase (8, 9). Along with these
temporal changes in the quantity and quality of the
leukocyte infiltrate, additional new approaches are
needed to define how infiltrating cells change the
stromal microenvironment and thereby affect the tim¬
ing of tissue repair and remodeling (10).

TOLL-LIKE RECEPTORS, NOD-LIKE
RECEPTORS, AND RESOLUTION

The initiation of the inflammatory response during
infection or in response to sterile tissue injury involves
two families of receptors, the toll-like receptors (TLRs)
and nod-like receptors (NLRs) (11). TLRs recognize a
range of microbial products, the best characterized is
TLR4, which senses lipopolysaccharide (LPS), and
TLR2, which senses bacterial lipoproteins. NLRs also
sense bacterial products, the best characterized are
NODI and NOD2, which sense peptidoglycan break¬
down products, and Nalp3 (also termed cryopyrin),
which is required for caspase-1 activation by several
types of bacteria. Nalp3 occurs in an infiannnasome
complex with caspase-1, ASC, cardinal, and Nalp2 (12).
The activation of the inflammasome requires TI.R
priming. TLRs and NLRs also sense products of in¬
flamed tissue, and notable examples are the sensing of
low MW hyaluronic acid fragments by TLR2 and TLR4
(13) and the sensing of uric acid by Nalp3 (14). Uric
acid is the causative agent of gout but is also released by
damaged cells, possibly as a general signal for inflam¬
mation (15). All of these represent substantial progress
toward understanding innate immunity and inflamma¬
tion.

Regarding resolution of inflammation, in the past
two years more than 25 inhibitors of TLR and NLR
action have been described, which are all induced by
TLRs and therefore act as negative-feedback inhibi¬
tors (16). In effect, TLRs sow the seeds of their own
destruction, and the role of negative regulators
clearly indicates how robust the TLR system is.
Examples include splice variants of signaling prc-
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teins such as MvD88s, cell surface receptors acting as
decoys such as ST2 and SIGIRR, protein phospha¬
tases such as MKP-1, and proteins such as Triad3a
that promote degradation of TLRs (16). Deletion of
genes encoding these proteins leads to a hyperin-
flamed state, as revealed for example by increased
infiltration of neutrophils following LPS challenge in
MKP-1 deficient mice (17). Similarly, inhibitors of
NLRs have been found, such as caspase recruitment
domain (CARD)-only protein (COP) or inhibitor of
pro-caspase-1 activation (ICEBERG).
Once TLRs or NLRs are triggered, dieir effects will

ultimately be limited, allowing resolution to proceed. It
is also possible that inflammation will become chronic,
however, if the system is somehow dysregulated. An
example here is the work of Noble and colleagues, who
have shown that polymeric hyaluronic acid binds TLR2
and TLR4 and generates a protective signal in the
epithelium in lung (13). Fragments of hyaluronic acid,
however, generated in response to tissue injury, be¬
come inflammatory, again via TLR2 and TLR4 via an
unknown mechanism. This in turn will lead to the
further breakdown of hyaluronic acid via induction of
hyaluronidases, promoting further inflammation. This
might turn into a vicious circle, leading to chronicity,
particularly if there is a defect in negative regulation
due to polymorphisms in the negative regulator.
Another example concerns regulatory T cells (T

regs) (18, 19). These cells inhibit immunity and also
suppress inflammation. During bacterial infection,
TLR2 ligands are sensed by TLR2 on both T regs and
macrophages. The T regs expand but are kept inhib¬
ited. TLR2 in macrophages promotes host defense,
which leads to bacterial clearance. Once the TLR2

ligands have been removed, the "brake" is removed
from the T regs. They produce IL10, limit inflamma¬
tion, presumably promote resolution, and importantly
prevent autoimmunity. These recent results provide
insight into the resolution process and how it might
become dysregulated, leading to chronic inflammation.

HOW TARGETING RESOLUTION RATHER
THAN INHIBITING INFLAMMATION WOULD
AFFECT DRUG DISCOVERY PROGRAMS

Current anti-inflammatory therapy arises from our
need to control the cardinal signs of inflammation.
Most of the anti-inflammatories studied to date block/
antagonize key pro-inflammatory mediator pathways
that are elicited on the initiation of an acute inflamma¬

tory response. Thus, most of the anti-inflammatories in
use block key biochemical pathways and/or block the
signaling of key pro-inflammatory mechanisms.
With the past few years has been a growing recogni-

tion that, although targeting infiltrating immune cells
can control the inflammatory response, it does not lead
to remission or permanent resolution. Inflammatory
reactions occur within distinct micro-environments

composed of tissue-specific cells, such as fibroblasts,

endothelial cells, and macrophages, along with their
highly specialized extracellular matrix (ECM) compo¬
nents. Evidence now exists that such stromal cells can

determine the nature and duration of leukocyte infil¬
trates (20). At the conclusion of the inflammatory
response, stromal cells also contribute to resolution of
inflammation by i) the withdrawal of survival signals, ii)
the normalization of chemokine gradients, and Hi) the
induction of resolution programs that allow infiltrating
cells to undergo apoptosis or exit the inflamed tissue
through draining lymphatics. The subversion of these
pathways would lead to persistent inflammation, which
can be remarkably stable. The relative lack of reagents
that target the stromal cells may account for the failure
of current treatments to affect a permanent cure.
Embracing resolution would require a cultural shift

in emphasis from depletion therapy to replacement
therapy (i.e., as in endocrinology where a missing
agent, e.g., insulin, is replaced). Currently, anti-inflam¬
matory approaches target chemical mediators gener¬
ated during the resolution phase (as defined above,
temporally from surrounding tissues or by the traffic of
specific leukocytes, neutrophils, monocytes, and mac¬
rophages in and out of the tissue). Resolution therapies
act quite differently in that they seive as activators, e.g.,
receptor agonists, which turn on protective mecha¬
nisms that lead to the return of homeostasis.

Consistently, agonists at receptor targets utilized by
endogenous anti-inflammatory proresolving mediators
exert an anti-inflammatory effect when added back into
experimental models/specific settings in the laboratory
(4, 5). We envision that new drugs specifically designed
to promote resolving mediators and biochemical path¬
ways will have a much better compliance and be
"homeostatic and modulatory" in their actions, mimick¬
ing the way inflammation naturally subsides in the
body. Hence, it is highly likely that these new proresolv¬
ing drugs would be better tolerated.

"RESOLUTION TOXIC" AND "RESOLUTION
FRIENDLY" DRUGS ALREADY IN OUR MIDST

It is now very apparent that certain widely used drugs,
as well as those in experimental settings, are "resolu¬
tion-toxic" in that they derange or impair timely and/or
complete resolution. Since no widely established in vivo
models monitored the key components in resolution, a
set of resolution indices were recently introduced to
help set benchmarks for assessing the impact of prore¬
solving agents and their impact within resolution (8).
Many currently used drugs and potential therapeutic
compounds without undesirable effects have slipped by
underappreciated.
This is most notable in the case of the inhibition of

COX-2 wi tli selective COX-2 inhibitors, where these
inhibitors block the production of PGE2 and PCD.,,
which play important roles in bringing about resolution
(21). Their findings also underscore the role of COX-2
and its products in both the initiation of acute inflain-
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inaiory response as well as its resolution. Thus, tempo¬
ral and spatial positioning of these biochemical path¬
ways can dictate the actions of their local mediators.
Hence, it is important to develop drugs that spare the
resolution process. Besides COX-2 inhibitors, another
example may be anti-TNF therapy. It has been pro¬
posed that the poor clinical outcome observed in SIRS
patients is related to the derailment of a proper tem¬
poral anti-inflammatory proresolving response.
An ideal drug to treat inflammatory disease would be

able to both blunt the inflammatory response as well as
activate the resolution program. Glucocorticoids, in
addition to their anti-inflammatory properties, also
promote resolution by stimulating macrophages in a
nonphlogistic proresolving fashion to stimulate the
uptake of apoptouc neutrophils (22), possibly by alter¬
ing the phenotype of macrophages during their differ¬
entiation via a mechanism involving reorganization of
key cytoskeletal elements (23) and/or acting via an¬
other endogenous homeostatic anti-inflammatory fac¬
tor, annexin 1 (24).
Additionally, the widely used aspirin jump-starts res¬

olution by making up for its loss in prostaglandin
production, which plays key roles in resolution, by
instead generating the epitneric version of lipid medi¬
ators (25), such as the aspirin-triggered lipoxins (re¬
cently reviewed in ref. 26), as well as specific epimeric
versions of the omega-3 fatty acid-derived resolvins and
protectins. Perhaps these drugs are so widely used today
because of a perceived reduction in the cardinal signs
of inflammation and ergo their anti-inflammatory ac¬
tions. However, in addition they spare and/or enhance
resolution. Thus, it is important for us to clearly define
the earlier signs of resolution in molecular terms,
which at present do not appear to be effectively cap¬
tured in clinical endpoints. This will be key in appreci¬
ating and selecting the most appropriate anti-inflam¬
matory therapies to use in a given clinical scenario.
Recent evidence has shown aspirin-triggered lipoxins

and glucocorticoid-induced annexin 1 converging onto
an identical receptor target, a specific 7-transmem-
brane spanning G-protein coupled receptor (27). Thus,
as in the case of pro-inflammatory mediators and the
long list of cascades interlinking them (think of cyto¬
kines and chemokines), very recent work highlights the
existence of an anti-inflammatory network, whereby
distinct proresolving mediators and pathways are inter¬
connected to ensure the correct resolution of inflam¬
mation and return of homeostasis. Besides lipoxins and
annexin 1, another example is that ofmelanocortins or
nuclear receptor agonists and heme oxygenase-1.
These endogenous mediators qualify as agonists of key
steps in resolution. Hence, they are proresolving medi¬
ators with anti-inflammatory properties in vivo. It is
likely that other drugs in the general practitioner's
armamentarium would act, at least in part, by promot¬
ing or mimicking proresolution pathways, but ibis
point might have been totally overlooked because it lias
not been investigated at all!
Currently no drugs in die clinic are purposefully

based on the elicitation of proresolving pathways, al¬
though compounds that target apoptotic pathway may
have potential. Recently, it was shown in a rat carra-
geenan-induced pleurisy model of resolving inflamma¬
tion that manipulation of key signaling pathways influ¬
enced resolution (28). In that study, an inhibitor
(PD98059) of MAPK (ERK1/2), administered at the
peak of inflammation, promoted resolution by enhanc¬
ing inflammatory cell apoptosis. Conversely, adminis¬
tration of a specific inhibitor (V5) of the proapoplotic
Bcl-2 family member, Bax, attenuated resolution by
inhibiting inflammatory cell apoptosis. In another
study (29), it was demonstrated that inhibitors of
phosphoinositide-3 kinase, namely wortmannin and
LY294002, administered at the peak of a resolving
model of allergic pleurisy in mice markedly enhanced
the clearance of eosinophils by promoting their apo¬
ptosis and their subsequent removal. However, we
would like to sUess that if apoptosis is induced specifi¬
cally in inflammatory cells, it must be accompanied
with efficient macrophage clearance of the apoptotic
cells. If this did not occur, it is likely that failed
clearance of the apoptotic cells would result in second¬
ary necrosis and result in unwanted tissue damage. It
may be that macrophages, or other cells with phago¬
cytic potential (e.g., fibroblasts, epithelial cells, etc.),
have the capacity to deal with induced apoptosis. For¬
tunately, macrophage phagocytosis is regarded as a
highly efficient and regulatable process and can there¬
fore be modulated by pharmacological means as occurs
with glucocorticoids and lipoxins (3, 24).
There are, however, drugs that mediate their effects,

at least in part, by triggering the synthesis of endoge¬
nous anti-inflammatory mediators, counteracting the
activity of early pro-inflammatory "go signals" to pre¬
pare for or facilitate resolution. These include metho¬
trexate, sulfasalazine, and FK506, which are thought to
exert their effects by increasing adenosine synthesis,
another endogenous mediator released very early in
the inflammatory response and acting through the A2a
receptor to control leukocyte trafficking by elevating
intracellular levels ofcAMP (30). However, glucocorti¬
coids, while acting on many facets of the inflammatory
response, traditionally by curtailing the severity of
onset, may also exert hitherto unknown bona fide pro-
resolution effects through their ability to hasten apo¬
ptosis in certain leukocytes (e.g., eosinophils and lym¬
phocytes) while concomitantly enhancing the ability of
monocyte-derived macrophages to phagocytose apo¬
ptotic cells. One may argue that, given that steroids are
used mainly after the inflammatory event has started,
their therapeutic benefits arise largely from eliciting
proresolution pathways.

CLINICAL IMPLICATIONS OF RESOLUTION

What are the clinical implications of nonresolving
inflammation? Traditionally, clinicians have considered
certain forms of inflammation nonresolving, as in the
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case of chronic Pseudomonas infections experienced in
cysuc fibrosis, a classic nonresolving inflammation/
infection (1). However, in many clinical conditions
infection does not seem to play a role in the persistence
of the disease (i.e., chronic persistent infection is not
the same as chronic persistent inflammation) (7).
These include most if not all of the immune-mediated

inflammatory diseases: rheumatoid arthritis, asthma,
inflammatory bowel disease, and psoriasis. In these
conditions, the persistence of the inflammatory re¬
sponse appears to have become divorced from the
inciting agent. Classic anti-inflammatory agents only
provide symptomatic relief and do not alter the course
of the disease.
It is highly likely that this is because the naturally

occurring resolution programs have been subverted in
such diseases. The problem is that current clinical
measurements do not adequately capture or even mea¬
sure how inflammation differs from repair and resolu¬
tion (8). Most clinical parameters take account of
disease activity and accumulated damage, but very few
can measure resolution and repair. This finding sug¬
gests that we have been using the wrong measurements
and that new clinical and pathological indices will need
to be developed to measure these parameters effec¬
tively. It is possible that a number of useful drugs have
been discarded because they did not show efficacy
nsing classic anti-inflammatory readouts; yet they may
have been very effective in promoting resolution. Thus,
the temporal phase of the disease will determine
whether a drug is likely to work. For example, consider
that TGF-(3 is anti-inflammatory during the initial phase
of an inflammatory response yet at the later phases it
prolongs inflammation, so that replacement might be
more important than blockade depending on the
phase of the disease.

KINETICS AND THE INVESTIGATOR

An experimental setting at time zero with addition of a
pro-inflammatory agonist and/or a challenge permits
us as experimentalists to document precise kinetic
events and their temporal relationships in animal dis¬
ease models in vivo. It is difficult to capture these
models with isolated cell systems in order to get a
handle on the components of resolution or, for exam¬
ple, determine whether compounds are proresolving
(8, 20-24). Moreover, it is difficult to spot these in
clinical situations because patients with active disease
do not arrive in the clinic at time zero. Therefore, it is
important to recognize early molecular components to
study them in these individuals for cause-and-effect
relationships.
It is becoming increasingly clear that inflammation

has a number of tactically placed checkpoints that limit
the magnitude and duration of the response. Defects in
these endogenous anti-inflammatory pathways will ar¬
guably predispose the host to chronic inflammatory
diseases (Fig. JC). Of these endogenous controllers,

the cyclooxygenase and lipoxygenase (LOX) pathways
have both protective and pro-inflammatory roles in
inflammation, with the precise function each enzyme
plays depending on the inflammatory stimulus, the
phase of die acute inflammatory response when these
enzymes are expressed (31), and whether it is resolving
or nonresolving inflammation. This raises a number of
important matters pertaining to anti-inflammatory
drug development. We need to be mindful that during
inflammation endogenous pathways may attempt to
limit or switch off the ongoing response. These path¬
ways must not he inadvertently altered by anti-inflam¬
matory drugs (Fig. IB, C). The flip-side of this biologi¬
cal scenario is the realization that factors expressed
during resolution could be mimicked and used to push
ongoing inflammation down a proresolution pathway
(8, 51). Such an approach would mean developing
molecules that exert multiple effects at various phases
of the inflammatory response—limiting leukocyte traf¬
ficking, hastening cell clearance, and helping to restore
inflamed stromal tissue to its prior state. Though a
chemist's nightmare, it could arguably exert striking
effects on ongoing inflammatory diseases. Although we
don't develop drugs along these lines, it is provocative
to think that existing anti-inflammatory agents such as
steroids, whose development was based on an entirely
different strategy, may exert potent proresolution ef¬
fects arising from their proapoptotic (eosinophils) and
prophagocytic properties.
The potential side effect of developing "proresolvers"

(and it seems that not all treatments are without side
effects) is that inflammation could be prematurely
resolved before it has a chance to deal with the insult¬

ing agent, the very essence of the inflammatory re¬
sponse (26) in the first instance. This brings us to
underlining the fact that all inflammatory responses are
not the same and that developing "pan-inflammatory
inhibitors" is not necessarily the most effective ap¬
proach to treating inflammation-driven diseases. Thus,
we need to foster a greater understanding of the nature
of the response that drives each individual inflamma¬
tory event and its resolution and tailor treatments
accordingly. To achieve this goal we must improve our
understanding of the mechanisms in resolution of
inflammation and identify possible approaches to pro¬
mote this process, perhaps in combination with anti¬
inflammatory therapy. Of interest, pharmacological
induction of caspase-dependent inflammatory cell
apoptosis by selective cyclin-dependent kinase (CDK)
inhibitors can augment the resolution of established
inflammation (32). It was shown that human neutro¬
phils contain functionally active CDKs (GDK1, 2, and 5)
and that different CDK inhibitor drugs induce neutro¬
phil apoptosis per se and override the retardation of
apoptosis induced by survival factor such as GM-CSF. In
addition, the specific CDK inhibitor, R-roscovitine (the
anti-cancer agent), enhanced inflammatory resolution
in three in vivo mouse models of established neutro-

phil-dependent inflammation (carrageenan-elicited
acute pleurisy, bleomycin-induced lung injury, and
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passively-induced arthritis). It was also demonstrated
that the CDK inhibitor drug-induced enhanced resolu¬
tion of established pleurisy was mediated by caspase-
dependent apoptosis of inflammatory cells. Thus, it is
possible that CDK inhibitor drugs may provide a novel
strategy for enhancing the resolution of inflammation
and may have potential for the treatment of inflamma¬
tory disorders.
At present, it appears that possible deficiencies in

resolution pathways and/or precursors of proresolving
mediators, such as dietary essential omega-3 fatty acids,
which are precursors to resolvins and protectins (Fig.
1C), may lead to prolonged inflammation and the
inability for the tissue to return to homeostasis (26) and
complete the full life-cycle per se of the neutrophils and
mononuclear cells recruited to the tissue.

Therefore, it is very likely that the diffused applica¬
tion of unbiased wide-spectrum approaches {i.e., mi-
croarrays, lipid mediator informatics, proteomics) in
experimental (8) and clinical trials will unveil impor¬
tant and "unexpected" links between novel therapeu¬
tics still under development—and likely old drugs,
too—and induction of endogenous anti-inflammatory
mediators. We are at the dawn of a new era of drug
discovery for inflammatory diseases, which finally ex¬
ploit natural endogenous mechanisms operating in our
body to terminate the inflammatory response. The
present consensus will hopefully provide a framework
to facilitate our appreciation of these resolution com¬
ponents and their structure-function that are key to this
process for navigating resolution to improve health, pj]
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Abstract

The inflammatory process, orchestrated against a variety of injurious stimuli, is composed of three
inter-related phases; initiation, propagation and resolution. Understanding the interplay between
these three phases and harnessing the beneficial properties of inflammation whilst preventing its
damaging effects, will undoubtedly lead to the advent of much needed therapies, particularly in
chronic disease states. The P2X7 receptor (P2X7R) is increasingly recognised as an important cell
surface regulator of several key inflammatory molecules including IL-ip, IL-18, TNF-a and IL-6.
Moreover, as P2X7R-dependent cytokine production is driven by activating the inflammasome,
antagonists of this receptor are likely to have therapeutic potential as novel anti-inflammatory
therapies. The function of the P2X7R in inflammation, immunity and its potential role in disease will
be reviewed and discussed.

I. Background
Inflammation is an important physiological reaction
which occurs in response to a wide variety of injurious
agents (e.g. bacterial infection or physical trauma) ulti¬
mately aiming to perform the dual function of limiting
damage and promoting tissue repair [ 1 ]. The inflamma¬
tory process is often viewed as being comprised of three
closely linked phases: - initiation, propagation and reso¬
lution, with current anti-inflammatory therapies designed
to limit or prevent the initiation and propagation phases.
However, it is increasingly recognised that therapies
aimed at enhancing the resolution phase will be impor¬
tant in limiting the damage associated with persistent
inflammatory disease states such as rheumatoid arthritis,

chronic obstructive pulmonary diseases and artheroscle-
rosis [2],

In recent years, the role ofATP and its cognate receptors in
the inflammatory process has been recognised. In particu¬
lar, the P2X7 receptor (P2X7R) which is expressed prima¬
rily (though not exclusively) on cells of haemopoietic
origin [3] is thought to play an important role in macro¬
phage/microglial and granulocyte function by regulating
cytokine production and apoptosis. Moreover, as the
P2X7R is known to be up-regulated during inflammation,
antagonists of this receptor may serve as novel anti¬
inflammatory agents. In this review we summarise recent
advances in the understanding of the role of the P2X7R in
inflammatory processes and highlight the potential of
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P2X7R ligands for the treatment of chronic inflammatory
diseases, focusing particularly on tuberculosis and cancer.

2. P2X7 Receptor Pharmacology
Extracellular ATP is known to activate two classes ofmem¬
brane-bound receptors; the metabotropic P2Y (P2Yj,
P2Y2, P2Y4, P2Y6 and P2Yn_14), and ionotropic P2X
(P2X1_7) receptors with the pharmacology, distribution
and putative functions of these receptors extensively
reviewed |4-6]. Of the P2 receptors, the P2X7R has
attracted considerable interest as a consequence of its
unique biological properties. Briefactivation of the P2X7R
by ATP or its stable analogue 2',3'-0-(benzoyl-4-ben-
zoyl)-ATP (BzATP) results in the opening of a non-selec¬
tive cationic channel. However, upon prolonged
stimulation, the P2X7R forms an aqueous pore that allows
the passage of hydrophilic molecules of up to 900 Da,
which can ultimately lead to cell death [7], probably by
coiloido-osmotic lysis [8]. In contrast, transient receptor
activation can induce pseudoapoptosis, a process which is
readily reversible [9], The activation of this receptor has
now been associated with the stimulation of a plethora of
downstream signalling cascades resulting in the release of
a number of inflammatory mediators. Principle amongst
these is interleukin-ip (IL-ip), the processing and release
of which is critically dependent upon P2X7R activation
and is discussed extensively below. As with all P2X recep¬
tors, elucidating the role of the P2X7R has been hampered
by a paucity of receptor selective agonists and antagonists.
BzATP, widely viewed as a selective agonist of the P2X7R,
exhibits greater potency for other P2X and P2Y receptors
[10-12], Similarly, it is important to appreciate that oxi¬
dised ATP (oATP), although often presented as a P2X7R-
specific antagonist, can attenuate pro-inflammatory sig¬
nalling by mechanisms distinct from P2X7R activation
[13,14]. Although a number of putatively selective P2X7R
antagonists have recently been described [15-17], the
effects of these agents in animal models of disease has yet
to be published.

3. The role of the P2X7R in inflammatory cell
function
Since nucleotides (such as ATP) are normally retained
within the cytoplasm of a cell, their presence in the exter¬
nal milieu (e.g. during the process of cytolysis [7]) are
thought to provide 'danger' signals, inducing antigen pre¬
senting cells to initiate the innate immune response [18].
Importantly, innate immunity can be initiated by a variety
ofcytokines such as IL-ip, IL-18, IL-6 and tumour necrosis
factor-a (TNF-a), all of which can be produced by P2X7R
activation (vide infra). In contrast, chronic exposure to
low-dose ATP activates dendritic cells and macrophages to
secrete anti-inflammatory cytokines (IL-10 and IL-1 recep¬
tor antagonist (IL-1RA)) suppressing inflammation and
favouring the development of a Th2 response [18]. These

observations suggest that the immune and/or inflamma¬
tory response can be redirected when deemed to be detri¬
mental to the host. The putative role of the P2X7R in such
processes is discussed below.

3.1. P2X7R regulation of cytokine production in
haemopoietic cells
It has been clear since the cloning of the P2X7R 10 years
ago [19], that this channel is predominantly expressed on
cells of haemopoietic origin such as monocytes, macro¬
phages and microglia. More importantly, as activation of
these cell types is associated with increased expression of
the P2X7R, this ultimately leads to an amplification of the
downstream production of the pro-inflammatory
cytokines IL-1 [3 and IL-18, and in turn IL-6, IL-8 andTNF-
a. As over-production of these cytokines is detrimental,
particularly in chronic disease states, and underlies the
pathophysiology of a range of peripheral and central dis¬
orders, controlling their release is paramount.

3.1.1. The role ofP2X7R in IL-1 /3 production
In recent years, a great deal of attention has been devoted
to elucidating the mechanisms of release of the pro¬
inflammatory leaderless cytokine IL-1 from monocytes
and macrophages. Originally produced as 31-kDa precur¬
sors, the two IL-1 isoforms, pro-IL-la and pro-IL-ip, are
subsequently cleaved by interleukin-converting enzyme
(ICE; also known as caspase-1 [20]) to produce the
mature 17-kDa forms [21]. IL-la and IL-1 (3 are thought to
have identical biological actions, although IL-1 (3, unlike
IL-la, is inactive in its immature form [21]. The mecha¬
nism of IL-1 p release has been extensively studied in vitro,
although there are only a limited number of molecules
capable of inducing controlled release, and whether these
processes reflect the in vivo situation remains unclear.
Upon release, IL-ip is known to elicit diverse responses,
including the activation of macrophages, T-cells and sig¬
nalling cascades, as well as the induction of cyclooxygen-
ase type 2 (COX-2) and fever [22], IL-1 has been shown to
be important in many diseases including rheumatoid
arthritis [23], multiple sclerosis [24], asthma [25] and
chronic obstructive pulmonary disease [26]. It is therefore
clear that IL-1P is ofparticular importance in the initiation
and propagation of an inflammatory response, with its
functions and therapeutic potential extensively reviewed
[22,27],

Originally, cell death by apoptosis was reported to stimu¬
late the production and release ofmature IL-1P, although
the mechanism was not identified [28], The release of
mature IL-1P appeared to require two consecutive stimuli
[29], with LPS stimulation in monocytes only producing
pro-ICE and pro-IL-ip [30]. The latter authors reported
that ATP-stimulated K+ efflux was important for the
release of mature IL-1P [30], with Ferrari and colleagues
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subsequently suggesting that it was P2X7R-mediated, and
independent of apoptosis [31], This was latterly con¬
firmed in pharmacological [32] studies and those using
P2X7R knockout mice [33,34], with the activation of the
P2X7R by ATP producing a fall in cytoplasmic K+ concen¬
tration which in turn stimulates processing of pro-ICE to
ICE, and thereby inducing release ofmature IL-ip (Figure
1; [35]). Indeed, in an elegant series of studies Surprenant
and colleagues have subsequently demonstrated that ATP-
induced activation of the P2X7R results in the shedding of
microvesicles which contain mature IL-1 [3 [36] and more
recently IL-1RA [37], With high concentrations (0.5-5
mM) of ATP required for optimal activation of P2X7R-
mediated IL-ip release in vitro [38], alternative endog¬
enous agonists that could produce significant P2X7R stim¬
ulation have been sought. Interestingly, several cationic
host defence peptides (CHDP; also known as antimicro¬
bial peptides) have recently been shown to mediate post-
translational processing of IL-ip in LPS-primed mono¬
cytes. Although the mechanisms of action of the porcine
CHDP protegrin-1 and -3 have been shown to be P2X7R-
independent [39], three studies have now proposed that
P2X7R activation underlies some of the immunomodula¬
tory effects of the human CHDP, LL-37 [38,40,41]. LL-37
is the major active cleavage product of the only human
cathelicidin hCAP18, is upregulated in infection and
inflammation [42,43], and in addition to broad-spectrum
antimicrobial activity and direct anti-endotoxic effects,
EL-37 has a number of immunomodulatory roles [44], LL-
37 has now been shown to induce caspase-1 activation
and secretion of mature IL-1 P in LPS-primed monocytes,
in the absence of cytotoxicity, through P2X7R activation
[38], Furthermore, recent studies have demonstrated that
concentrations of LL-37 as low as 250 ng/ml, and well
within the physiological range, can inhibit apoptosis in
human neutrophils, in a P2X7R-dependent manner
involving the PI3-kinase pathway [40,41], Such studies
indicate that in addition to extracellular ATP, the endog¬
enous, inducible CHDP, LL-37 may activate the P2X7R on
key innate immune effector cells to modulate cytokine
release. Finally, as compounds such as Tenidap, which is
being evaluated for its anti-inflammatory and anti-
arthritic properties also appear to inhibit the release of IL-
ip [45], whilst sensitising the P2X7R on macrophages to
the cytotoxic effects of ATP [46], future studies may show
that the P2X7R could be regulated by a range of ligands.

The importance of, and the mechanisms through which
the P2X7R regulates the production of the pro-inflamma¬
tory cytokines IL-1 p and IL-18, and potentially the innate
immune response, was recently and beautifully described
by Mariathasan and colleagues [47]. These authors
showed that the P2X7R is up-stream of the inflammas-
ome, an important complex of cytosolic proteins that are
known to regulate caspase-1 activation and ultimately the

processing of IL-ip and IL-18. With inflammasome dys-
regulation known to produce inflammatory disorders
such as Muckle-Wells syndrome and neonatal onset mul¬
tisystem inflammatory disease, it is clear that inhibiting
inflammasome activation with P2X7R antagonists could
affect the outcome of a range of inflammatory disorders
[47]. However, one must remember that the P2X7R may
not be the only purinergic receptor involved in IL-ip
release. A recent study has shown ATP-dependent Ca2+
release from intracellular stores (endoplasmic reticulum)
is also involved in the secretion of pro-IL-ip, although it
was not independently capable of releasing mature IL-ip
[48]. As discussed above, K+ efflux was also reported to be
necessary for the release ofmature IL-ip, with Brough and
colleagues (2003) proposing that ATP may stimulate both
P2X and P2Y receptors [48]. The importance of P2Y recep¬
tor stimulation and Ca2+ release from intracellular stores
remains to be determined.

P2X7R-mediated regulation of IL-1 p has also been dem¬
onstrated within the central nervous system where micro¬
glia are the resident monocytic cells. In a seminal study in
1997, Ferrari et al [49] reported that ATP induced IL-ip
production in cultured microglial cells through the activa¬
tion of the P2X7R. Subsequent studies showing that cul¬
tured microglia from P2X7R knockout mice do not release
IL-ip following exposure to LPS and ATP [50] support the
role for P2X7R in IL-ip production, albeit in vitro. P2X7R
up-regulation has been observed in response to a variety
of inflammatory brain insults, underpinning the view that
P2X7R antagonists may be of therapeutic use for the treat¬
ment of several disorders including stroke, traumatic
brain injury (TBI), multiple sclerosis and Alzheimer's dis¬
ease [3,51-53]. Since IL-ip has been reported to induce
COX-2 in various tissues including glia, it has been pro¬
posed that a vicious cycle occurs whereby ATP release
(from cell death for example) leads to P2X7R activation,
IL-1 p release, COX-2 induction and further cell death with
consequent ATP release; this type of self-perpetuating
cycle may underlie lesion expansion particularly in stroke
and TBI. Once selective P2X7R antagonists become com¬
mercially available it will be possible to test the impor¬
tance of this receptor in these processes. However, it is
interesting to note that non-specific antagonism of P2X
receptors by PPADS, and the inhibition of IL-1 P, and
COX-2, have all been reported to be effective in animal
models of stroke and other neurodegenerative disorders
[51,54], Intriguingly, another function attributed to the
P2X7R that is important in neuropathology is microglial
production of superoxide anion [55]. The significance of
P2X7R regulation of superoxides was underlined by the
observation that P2X7R expression was up-regulated
around P-amyloid plaques in a mouse model of Alzhe¬
imer's disease [55). It was also subsequently shown that in
human microglia, P-amyloid-induced cytokine release
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Figure I
Summary of the production of active IL-ip. This process can be divided into 3 stages. Stage I: LPS stimulates monocytes/
macrophages (M0) to produce pro-ICE and pro-IL-1 (3. Stage 2: ATP stimulates the P2X7R expressed on M0 to cause a fall in
intracellular K+ concentration ([K+]j) which in turn converts pro-ICE to ICE. Stage 3: LPS-primed M0 following ATP stimula¬
tion results in activated ICE which converts inactive pro-IL-P to active IL-1 p. It should be noted that this process is intracellular
and the figure is for illustrative purposes only (see text for references).

(e.g. IL-ip) was found to be modulated by ATP, probably
via the P2X7R [56].

Understandably, polymorphisms in the genes encoding
IL-1, its receptor, and IL-1RA have been found to be asso¬
ciated with a range of diseases including rheumatoid
arthritis, systemic lupus erythematosus, atherosclerosis
and tuberculosis [57]. As a result of the importance of the
P2X7R in IL-ip processing and release, polymorphisms in
this unique ion channel have been investigated and to
date, in excess of 260 polymorphisms have been identi¬
fied for the P2X7R [58,59], One such polymorphism is the
single nucleotide substitution at position 1513 of the
P2X7R gene which changes a glutamic acid to an alanine

at amino acid position 496 (Glu496Ala), and leads to loss
of function of the receptor [60], It is interesting to note
that this polymorphism decreased the ATP-induced K+
efflux subsequently delaying the ATP-induced release of
IL-1 p. The fact that IL-ip release was delayed rather than
abrogated indicates that there are compensatory or redun¬
dant mechanisms present [61]. However there is now evi¬
dence from P2X7R polymorphism studies, that those
associated with a loss of function mutation have a reduced

sensitivity to inflammation [62],

In the absence ofcommercially available potent and selec¬
tive P2X7R antagonists, P2X7R knockout mice have pro¬
vided new insights into the in vivo role of this receptor.
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Labasi and colleagues [34] reported that peritoneal mac¬
rophages from P2X7R deficient mice were unable to pro¬
duce mature IL-ip in response to LPS, or ATP application,
or with a combination of both stimuli. This study also
compared the induction of monoclonal anti-collagen-
induced arthritis in P2X7R-deficient mice and wild-type
littermates, with the former group demonstrating reduced
susceptibility to, and severity of disease [34]. It was there¬
fore suggested that, in normal mice, endogenous ATP is
present in sufficient concentrations at sites of inflamma¬
tion to activate the P2X7R [34], (an area that has attracted
some scepticism based on in vitro work with the addition
of exogenous ATP [38]). However, as described earlier,
care must now be taken in interpreting results observed in
vivo, as although ATP was originally thought to be the only
endogenous agonist of the P2X7R, recently other physio¬
logical agents such as LL37 (see above) and NAD [63]
have been reported to activate the P2X7R at lower concen¬
trations. New studies in P2X7R knockout mice continue to
indicate that this receptor plays a role in a number of con¬
ditions in addition to arthritis and include multiple scle¬
rosis, hepatitis and pain [34,64-66],

3.1.2. The role ofP2X7R in IL-18 production
In addition to IL-ip secretion, the P2X7R has been impli¬
cated in the synthesis and release of the related leaderless
cytokine IL-18 (interferon-y-inducing factor), which is
also produced through cleavage of pro-IL-18 by ICE
[47,59,67], although it has not yet been extensively stud¬
ied. In contrast to IL-ip, secretion of IL-18 was found to
be less dependent on LPS-priming [68], although conflict¬
ing data was presented by Mehta et al who found IL-18
production to be LPS-dependent [69]. Indeed it has been
shown that individuals expressing the Glu496Ala P2X7R
polymorphism produce significantly less IL-18 when their
monocytes are stimulated by ATP [61]. We have also
shown that in LPS primed, BzATP stimulated, human
monocytic THP-1 cells, both IL-ip and IL-18 release is
inhibited by P2X7R antagonists (Finlayson et al., unpub¬
lished observations). The importance of IL-18 in general
inflammatory processes, and its suitability as a therapeu¬
tic target have been extensively discussed [70], however
the simultaneous inhibition of both IL-ip and IL-18 by
P2X7R antagonism has its obvious attractions.

3.1.3. The role ofP2X7R in TNF-a production
In general, TNF-a is regarded as a pro-inflammatory
cytokine that is produced in response to injury, exerting a
number of important roles in the immune system and
during inflammatory responses. It is of particular interest
in neuropathology where this dual role is most clear, with
TNF-a having both neurotoxic and neuroprotective effects
[71-74]. It appears that microglia, the principal immune
cells of the central nervous system, have enhanced P2X7R
expression following inflammatory insults (see above)

[3,75]. However, as mentioned previously, ATP may act as
a 'danger' signal, which recruits microglia to damaged
areas of the brain through P2Y rather than P2X receptors
[76], In a rat model of neuronal injury, stimulation of the
P2X7R by ATP has been shown to protect neurones by
releasing TNF-a [77], In contrast to TNF-a release in rat
microglia, Kucher and Neary reported that the P2X7R was
probably responsible for the inhibition of TNF-a release
in rat LPS-stimulated astrocytes [78]. Indeed, these
authors proposed that this could be a mechanism to sense
the severity of damage and alter the inflammatory
response appropriately. There are also some reports by
Perregaux et al [68] that show ATP alters TNF-a produc¬
tion in human monocytes. As the effects ofTNF-a in the
CNS will be dependent upon the circumstances of its
release, and may differ during the acute response to injury
versus the long-term recovery from injury [79], it is vital to
understand these effects to facilitate the development of
novel therapeutic agents.

In addition to the effects that P2X7R polymorphisms have
on IL-ip production, it has also been noted that individu¬
als harbouring such polymorphisms have reduced plasma
TNF-a levels (but higher levels of the anti-inflammatory
cytokine IL-10) relative to normal subjects [62], Results
from this study suggested that during infectious perturba¬
tions, 15% of healthy individuals exhibited anti-inflam¬
matorymediator responses, which was correlated with the
level of P2X7R pore activity. While normal pore activity
appeared to increase microbial clearance, reduced pore
activity may provide some protection from autoimmune
disorders as those with an anti-inflammatory cytokine
profile are less likely to mount an adaptive immune
response to self tissues [62]). Since the P2X7R is important
in the production ofboth TNF-a and IL-ip and as inhibi¬
tors of both are in clinical use for the treatment of rheu¬
matoid arthritis [80] and other inflammatory conditions,
such observations possibly underlie why AstraZeneca,
Pfizer and Abbot amongst others are currently developing
P2X7R antagonists.

3.1.4. The role ofP2X7R in IL-6 Production
In rheumatoid arthritis ATP is found in the synovial fluid
where a number of P2X7R-expressing cells including mac¬
rophages are present [81,82], In joint diseases such as
rheumatoid arthritis and in other conditions such as

atherosclerosis the P2X7R has also been implicated in the
secretion of the pro-inflammatory cytokine IL-6 from
fibroblasts [83]. In atherosclerosis fibroblasts are likely to
be exposed to increased concentrations ofATP because of
its secretion from platelets and at sites of chronic inflam¬
mation [84]. In a more recent study the same authors have
shown that fibroblasts from type-2 diabetic patients have
increased sensitivity to ATP, which is likely to contribute
to diabetic vascular disease [85]. Furthermore, although
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mast cells have received little attention with regard to the
P2X7R, it has been known for some time that these cells
express this unique receptor (originally described as the
P2Z receptor) along with several other P2X and P2Y recep¬
tors [86]. In addition to inducing cell death, ATP-stimula-
tion of the P2X7R on murine mast cells has been shown to
increase the expression of several pro-inflammatory
cytokines, including IL-6 andTNF-a [87]. Considering the
role of mast cells, especially in allergic inflammation, it
would appear pertinent to re-examine the role of the
P2X7R given its therapeutic potential in this area. Finally,
new in vivo evidence has been presented supporting the
use of P2X7R antagonists as anti-inflammatory and anti¬
pyretic agents (where excessive pro-inflammatory
cytokine production or high fever is harmful to the host
[88]). These authors provided important new insights
into LPS-induced febrile response in rats, and showed that
the ATP released from activated immune cells stimulated

cytokine release which then initiated the febrile response
[88]. These authors suggested that the P2X7R plays a cen¬
tral role [88], which is perhaps unsurprising given that the
cytokines IL-6, IL-ip and TNF-a all act as endogenous
pyrogens [89].

3.2. P2X7R regulation of granulocyte function and cell
death

It is well known that granulocytes play a critical role in
acute inflammation, with polymorphonuclear neu¬
trophils (PMNs; 95% of circulating granulocytes) and
eosinophils of particular interest. PMNs are phagocytic
cells that play a critical role in the host defence against
bacterial and fungal infections, whereas eosinophils are

primarily involved in the host defence against parasites,
and function in the pathogenesis of allergic and immuno¬
logical disease. In general, granulocytes are recruited to
sites of inflammation where they release inflammatory
mediators such as leukotriene B4, platelet activating factor
and IL-8. However in the event of the failed clearance of

apoptotic PMNs these inflammatory mediators can lead
to tissue destruction and are thought to underlie the
pathophysiology of diseases such as asthma, rheumatoid
arthritis and atopic dermatitis [90-92],

3.2.1. P2X7R mediated modulation of apoptosis in PMNs
The process of cell death is fundamental to many aspects
of physiology and pathophysiology, and of great impor¬
tance to the regulation of inflammation. Apoptosis is a
process of controlled cell death in which cells undergo
well characterised morphological changes, including the
classical features of chromatin condensation, cell shrink¬
age, and the formation of apoptotic bodies [93]. In con¬
trast to necrotic cell death, apoptotic cell death is a
predominantly non-inflammatory process in which the
membranes of cells remain intact. This allows the cyto¬
toxic granule contents of cells such as PMN to remain

enclosed within the cytoplasmic membrane while the cell
is phagocytosed, thereby minimising tissue damage. Fur¬
thermore, phagocytosis of apoptotic cells, unlike other
particles, has been shown to inhibit the release of pro¬
inflammatory mediators including IL-ip, IL-8 and TNF-a
[94], However, failure of rapid phagocytosis can result in
secondary necrosis of the apoptotic cell leading to tissue
damage and inflammatory infiltrate (Figure 2). Thus, reg¬
ulation of innate immune effector cell apoptosis, in par¬
ticular that of short-lived granulocytes, is critical to the
induction, maintenance and resolution of inflammatory
processes [95]. Apoptosis is regulated at a cellular level by
the expression and activation of the Bcl-2 family of pro¬
teins and the components of the caspase pathways, which
dictate the lifespan and mode of cell death in such cells
[96], Importantly, recent studies indicate that P2X7R acti¬
vation may modulate a number of cell death processes
through effects upon these key regulators of apoptosis.

As described above, the human cathelicidin LL-37 inhib¬
ited PMN apoptosis in a P2X7R-dependent manner
[40,41]. Stimulation of PMN with LL-37 was shown to
upregulate expression of the Bcl-2 family protein Mcl-1, a
key rapid response componentwhich promotes PMN sur¬
vival [97], and to inhibit the cleavage and activation of the
critical apoptotic regulator pro-caspase-3 [98,99]. Interest¬
ingly, whereas lower levels of LL-37 acted primarily as a
neutrophil survival factor, higher levels appeared to pro¬
mote necrotic cell death while inhibiting apoptosis [41].
Thus stimulation of the P2X7R has the capacity to exert a
potent effect upon neutrophil survival. These data indi¬
cate that PMN express functional P2X7R, but the cellular
localisation of these receptors in this cell type remains
unclear. P2X7R expression on human cells has been dem¬
onstrated on PMN, HL-60 promyelocytes and granulo¬
cytic differentiated cells, and is reported to increase with
granulocytic differentiation [100]. However, one report
has suggested that human PMN have an intracellular pool
of P2X7R, with little or no surface expression [101]. Irre¬
spective, these studies suggest that P2X7R activation might
extend the lifespan of PMN at sites of infection and
inflammation, and modulate the mechanism of cell death
in these cells.

In contrast to the effects observed in neutrophils, pro¬
longed P2X7R activation with extracellular ATP has been
shown to induce apoptosis in other cell types, including
mast cells and epithelial cells [9,102,103], In addition,
murine whole blood exposed to ATP demonstrated a near
complete loss of monocytes, and a decrease in lym¬
phocytes, but no change in PMN numbers [34], This effect
was not seen in P2X7R-deficient mice, indicating a P2X7R-
mediated induction of cell death in these cells [34]. This
induction of apoptosis has been proposed to involve the
opening of cation-selective membrane pores, and to be a
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Figure 2
Possible outcomes of an inflammatory response. Tissue damage (inflammation initiation) can lead to cell death by apop-
tosis or necrosis. The balance between these two types of cell death can determine the outcome of the inflammatory response
e.g. propagation (leading to chronic inflammation) or resolution. Resolution is more common when cell death is predominantly
apoptotic, however, the phagocytosis of apoptotic or necrotic cells is also an important determinant of the outcome of inflam¬
mation. As can be seen, the P2X7R may be critical to determining the outcome of an inflammatory response.

calcium-independent, ROCK-1-dependent pathway [9],
Whereas prolonged or excessive P2X7R activation with
ATP induces apoptosis, transient activation induces a state
of pseudoapoptosis in epithelial cells [9]. Under these
conditions, P2X7R activation results in a series of very
rapid and reversible effects, including calcium-dependent
translocation of plasma membrane phosphatidylserine,
loss ofmitochondrial membrane potential (without cyto¬
chrome c release), disruption of the actin filament/micro-
tubule network and membrane blebbing. These data
suggest that the P2X7R can be associated with two differ¬
ent pathways, inducing pseudoapoptosis or apoptosis in
epithelial cells. These effects on cell death, assuming the
physiological ligand is ATP, are most likely to occur at
sites of tissue damage where ATP is released in considera¬
ble quantities [ 104]. Interestingly, LL-37 has also been
shown to induce eukaryotic membrane permeability [38]
and been implicated in the induction of apoptosis in epi¬
thelial cells [105]. Thus, although the possible role for
P2X7R in mediating these latter effects remains to be
determined, it is tempting to speculate that alternative
agonists such as LL-37 could induce P2X7R-dependent
apoptosis, and the safe removal of infected cells in an

inflammatory environment, even in the absence of high
concentrations ofATP.

Thus, an intriguing contrast exists between the effects of
P2X7R stimulation on cell death pathways in different
host innate immune effector cells. Nevertheless, the con¬

sequences in each case may enhance the inflammatory
response and the clearance of infection in acute infection,
but have potentially deleterious effects in chronic inflam¬
matory conditions. Indeed, Chen and Brosnan have
shown P2X7R knockout mice to be more susceptible to
autoimmune encephalomyelitis (a model for multiple
sclerosis), attributing this susceptibility to reduced apop¬
totic activity in lymphocytes [ 64 ]. A further understanding
of these processes is anticipated to facilitate the develop¬
ment of novel therapeutic agents capable of modulating
inflammation via P2X7R-mediated effects on cell death
pathways.

3.2.2. P2X7R and cytokine production in eosinophils
Ferrari et al [106] were the first to show that the P2X7Rwas
present on eosinophils, with Mohanty et al [ 107] showing
one year later that this expression was dependent upon
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stimulation by interferon-y (IFN-y). This stimulation-
dependent expression contrasts with a more recent study
which showed functional P2X7R were expressed endog-
enously on eosinophils and that inhibition of the P2X7R,
abrogated agonist (BzATP) induced IL-8 release from eosi¬
nophils [108]. This is interesting in light of the observa¬
tion that asthmatics secrete more IL-8 from their

peripheral blood eosinophils than normal individuals
[109], Furthermore, as IL-8 is chemotatic for neutrophils
[110] and CD16+ natural killer cells [111] this suggests a
role for IL-8 in the initiation and propagation of the
inflammatory response [108], As ATP can be released
upon tissue damage [104] and in response to inflamma¬
tory stimuli [49] (both of which may be present in
asthma) it is possible that the P2X7R would be activated,
resulting in IL-8 production and propagation of the
immune response (Figure 3). This simplified description
of part of the interplay between inflammatory cells and
the mediators released, again suggests that the P2X7R may
be a potential target for therapeutic intervention: how¬
ever, these complex interactions are not yet fully under¬
stood. A better understanding of the basic
pathophysiology of the initiation of inflammation will
allow us to determine whether more specific therapies
such as P2X7R regulation would prevent excessive inflam¬
matory reactions, suppress acute inflammatory reactions
and possibly augment the healing process following tissue
damage [112].

4. Therapies directed at influencing the P2X7R
To date the majority of studies have focused on inhibiting
the P2X7R to abrogate its downstream production of pro¬
inflammatory cytokines, with a number of reports now
highlighting the potential benefit of P2X7R antagonists.
Inhibiting the production of the undesirable excess of
pro-inflammatory mediators such as IL-ip and TNF-a
which cause the inflammatory state in many immune dis¬
orders is likely to be advantageous. In other circum¬
stances, such as M. tuberculosis infection, activating the
P2X7R may prove beneficial in bacilli eradication by
encouraging infected macrophages to die by apoptosis
rather than necrosis. This could introduce a number of

problems, most notably being a systemic increase in
inflammatory mediators and increased apoptosis in all
cells expressing the P2X7R. A contrasting problem could
exist for P2X7R antagonists, as the suppression of any nat¬
ural P2X7R-dependent apoptosis could result in an
increased susceptibility to autoimmune disease and car¬
cinogenesis (vide infra). Flowever, P2X7R-deficient mice
have been described as having generally suppressed
immune responses, without being immunocompromised
[34], Only when selective agonists and antagonists are
widely available can any such assertions be addressed,
although it is important to consider them as part of the

broader recognition of the P2X7R as a potential therapeu¬
tic target.

4.1. The P2XjR, multinucleated giant cells and tuberculosis
In granulomatous disorders, monocytes or macrophages
often fuse to form multinucleated giant cells (MGCs)
[113], which results in increased cytokine production,
non-phagocytic antigen internalisation, and disposal of
infected or damaged monocytes. The antimicrobial activ¬
ity of monocytes actually decreases with maturation to
macrophages [114], whereas it is enhanced upon MGC
formation [115]. An early study showed that the P2X7R
may be important in the formation of MGCs [116], with
Falzoni et al 1117] speculating later that the P2X7R is
involved in the final step ofMGC formation (membrane
fusion), as the receptorwas found to cluster at sites ofcell-
to-cell interactions. They also showed that the P2X7R does
not affect chemotaxis, cell aggregation or the expression of
adhesion molecules and indicated that other factors may
play an important role in the earlier stages ofMGC forma¬
tion [117]. However, there is new evidence to suggest that
ICAM-1, in association with the P2X7R, may be important
in this process [ 118-120].

Tuberculosis is a granulomatous disease caused by infec¬
tion with Mycobacterium tuberculosis (M. tuberculosis), with
the pathogen residing and replicating within macro¬
phages. It still represents a major health burden, as a con¬
sequence of the emergence of antibiotic-resistant strains
and co-infection with the human immunodeficiency vims
(HIV) [121]. Following infection, part of the host
immune response involves the initiation of a T-helper cell
response against M. tuberculosis, with the subsequent acti¬
vation of macrophages enabling them to become myco-
bactericidal [122,123], This T-helper response also
stimulates the formation of granulomas, which, as noted
above, are characterised by P2X7R-expressing MGCs. In
1994 Molloy et al observed that apoptosis of an infected
macrophage, but not necrosis, resulted in decreased
mycobacterial viability [114] and that M. Tuberculosis-
infected macrophages undergo apoptosis by a TNF-a-
dependent mechanism [124,125], However, pathogenic
strains have been shown to reduce this TNF-a effect by
increasing IL-10 production [126]. This anti-inflamma¬
tory cytokine then induces the release of soluble TNF-a
receptor 2 (sTNFR2) from alveolar macrophages which
inactivates TNF-a, thus inhibiting TNF-a-dependent
apoptosis and ultimately favouring mycobacterial growth
[126]. Interfering with this mechanism could therefore
lead to the development of a new therapeutic strategy
aimed at treating tuberculosis.

With P2X7R activation known to be associated with cell
death, Lammas et al [127] suggested that the P2X7R may
play a role in the apoptosis of infected macrophages and
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Figure 3
Diagrammatic representation of the interplay between inflammatory mediators and cells. Tissue damage or
inflammatory stimuli results in ATP release which activates the P2X7R causing eosinophils to release IL-8 which amplifies the
initial inflammatory response.

the accompanying mycobacterial death. The authors
clearly showed that ATP-induced mycobacterial death was
not a consequence of reactive oxygen or nitrogen species
production, membrane dismption, or via any direct toxic
effect [127]. The finding that apoptosis of infected macro¬
phages is TNF-a dependent may provide an explanation
as to why P2X7R are involved in mycobacterial death,
however, to date, P2X7R-dependent TNF-a production
has not been investigated in alveolar macrophages. Fur¬
ther evidence for involvement of the P2X7R in apoptosis
of infected macrophages was provided in a study utilising
P2X7R knockout mice [128], However, again it was noted
in this study that there are likely to be additional puriner-
gic receptors that contribute to loss ofmycobacterial via¬
bility, confirming an earlier observation by Sikora et al
[129], In 2000, it was found that extracellular ATP pro¬
moted the killing of virulent M. Tuberculosis in a phos-
pholipase D (PLD) dependent manner [130], with further
research suggesting that the mycobactericidal activity was
due to M. tuberculosis-containing phagosomes fusing with
lysosomes. ATP appeared to act through both P2X7R-
dependent and independent mechanisms, with this proc¬
ess dependent upon increased cytosolic calcium and PLD
1131 ]. More recently it has been shown that infectionwith
the attenuated strain M. tuberculosis H37Ra inhibited

P2X7R signalling [132] and in the same study cyclosporin
A (an inhibitor of mitochondrial permeability transition
(MPT), which is associated with increased mitochondrial

cytochrome c release, necrotic macrophage death with
resultant uncontrolled mycobacterial replication) was
shown to re-establish P2X7R function in infected macro¬
phages, and restore the antimycobacterial mechanisms
associated with apoptosis [132].

Further evidence highlighting the potential importance of
the P2X7R in tuberculosis has been provided by looking at
receptor polymorphisms. Loss-of-function P2X7R poly¬
morphisms have been shown to contribute to the variabil¬
ity in susceptibility to mycobacterial infections [133],
perhaps through abolition of ATP-mediated killing of
mycobacteria [134], It appears that infected macrophages
from individuals with polymorphisms in the P2X7R gene
were resistant to apoptosis, which, as noted above, is
important in the killing of intracellular mycobacteria
[135,136]. It is therefore clear that the P2X7R should be
investigated as a potential new therapy for treating tuber¬
culosis.

4.2. The role of the P2X7R in cancer
The connection between inflammation and cancer was

first described by Rudolf Virchow in 1863 (see reference
[137] and references therein), with the interplay having
been studied extensively since. For example, it has now
been shown that there is an increased likelihood of a can¬

cer developing at a site of chronic inflammation [138]. A
polymorphism in the TNF-a promoter resulting in
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enhanced plasma TNF-a has been associated with an
increased incidence of prostate cancer [139], while a pol¬
ymorphism increasing IL-1(5 production conferred a
greater susceptibility to gastric cancer [140,141], Given
the importance of the P2X7R in regulating cell death and
cytokine production it is perhaps unsurprising it may play
a role in cancer. Therefore, the development of either
P2X7R agonists or antagonists may be useful anti-cancer
agents, as agonists could kill cells, whereas antagonists
would perhaps stop proliferation.

In 1996, T lymphocytes were found to express a purinergic
receptor (suggested to be the P2X7R) which when inhib¬
ited, severely decreased cell proliferation [142], Three
years later these authors extended their findings by report¬
ing that P2X7R transfection into lymphoid cells (lacking
endogenous receptor expression), sustained their growth
in serum-free medium [143]. They suggested that an ATP-
based autocrine/paracrine loop existed which supported
lymphoid cell proliferation in the absence of growth fac¬
tors normally present in serum [143]. In isolation this was
an important finding because one of the six alterations
(the 'Hallmarks of cancer') thought to be essential in the
transformation of a normal cell into a cancerous cell is

'self-sufficiency' in growth signals [144], Recently it was
shown that P2X7R transfection increased cellular energy
stores (i.e. ATP) and the resting mitochondrial potential
of transfected cells both ofwhich gave the cells a growth
advantage [145], As mitochondrial dysfunction is impor¬
tant in apoptosis [146], any increase in resting mitochon¬
drial potential would be expected to make cells resistant
to apoptosis, thus providing them with a growth advan¬
tage [145] a further alteration thought to be essential in
carcinogenesis - 'evasion ofapoptosis' [144], These obser¬
vations are of clear importance given the earlier observa¬
tion that the P2X7R is over expressed in several cancers
[147],

In addition, the Glu496Ala P2X7R polymorphism dis¬
cussed earlier produced a lack of agonist-mediated apop¬
tosis in some patients with chronic lymphoblastic
leukaemia [60], In contrast, another report found that this
polymorphism did not cause an increased risk of chronic
lymphoblastic leukaemia [148], however the situation is
clearly complex with different P2X7R polymorphisms
found to contribute to the clinical outcome of chronic
lymphoblastic leukaemia [149]. It is important that
P2X7R polymorphisms and their associations with cancer
be clarified, so that their potential as a prognostic tool can
be determined. A new paper by Carta et al [150] has sug¬
gested that histone deacetylase (HDAC) inhibitors (novel
agents currently being developed as pleiotropic anti-can¬
cer agents) may have potential for development as anti¬
inflammatory agents as they reduced ATP-stimulated IL-
1|3 production via the P2X7R. The potential role of P2X7R

ligands in the treatment of cancer appears exciting and
will undoubtedly be the subject ofmany future investiga¬
tions.

5. Conclusion
In the 10 years since the purinergic P2X7R was cloned it is
now clear that this receptor plays a number of important
functions in the immune system. The importance of the
P2X7R on macrophages is best understood, with the
P2X7R playing an important role in the formation of
MGCs and in macrophage intracellular killing of myco¬
bacteria, such as M. tuberculosis. Moreover, the P2X7R is
clearly involved in secretion of cytokines by macrophages
(and other cells such as monocytes and microglia), partic¬
ularly IL-ip, IL-18, TNF-a and IL-6, all of which play an
important role in mediating inflammatory responses. The
P2X7R has been shown to regulate the release of IL-8 from
eosinophils and may be expressed on PMNs, potentially
influencing their function. Although there is currently less
evidence that the P2X7R regulates cytokine production in
granulocytes, it appears to play a pivotal role in regulating
apoptosis and cell death. Therefore, the P2X7R represents
an exciting target for regulating peripheral and central
inflammation and given the appropriate disease state,
P2X7R antagonists may serve as a new class of anti-inflam¬
matory compounds, capable of not only inhibiting the
initiation of inflammation, but also potentially enhanc¬
ing resolution.

Abbreviations
ATP Adenosine 5'-triphosphate

BzATP 2', 3'-0-(benzoyl-4-benzoyl)-ATP

COX-2 Cyclooxygenase type 2

ICE Interleukin-converting enzyme

IL Interleukin

IL-1RA Interleukin 1 receptor antagonist

INF-y Interferon-y

LPS Lipopolysaccharide

MGC Multinucleated giant cell

oATP Oxidised adenosine 5'-triphosphate

P2X7R P2X7 receptor

PMN Polymorphonuclear neutrophil

TBI Traumatic brain injury
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TNF-a Tumour necrosis factor-a
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Abstract
Apoptosis of granulocytes and the subsequent clearance of apoptotic cells are important processes for the
successful resolution of inflammation. Signalling pathways, including those involving NF-/cB (nuclear factor
kB), MAPK (mitogen-activated protein kinase) and PI3K (phosphoinositide 3-kinase) have been shown to
be key regulators of inflammatory cell survival and apoptosis in vitro. In addition, manipulation of such
pathways in vivo has indicated that they also play a role in the resolution of inflammation. Furthermore,
manipulation of proteins directly involved in the control of apoptosis, such as Bd-2 family members and
caspases, can be targeted in vivo to influence inflammatory resolution. Recently, it has been shown that CDK
(cydin-dependent kinase) inhibitor drugs induce caspase-dependent human neutrophil apoptosis possibly
by altering levels of the anti-apoptotic Bd-2 family member, Md-1. Importantly, CDK inhibitor drugs augment
the resolution of established 'neutrophil-dominant' inflammation by promoting apoptosis of neutrophils.
Thus manipulation of apoptotic pathways, together with ensuring macrophage clearance of apoptotic cells,
appears to be a viable pharmacological target for reducing established inflammation.

Introduction
Granulocytic neutrophils and eosinophils play a prominent
role in defence against invading organisms and are likely to
contribute to tissue destruction in many inflammatory dis¬
eases. Apoptosis of granulocytes and their subsequent clear¬
ance by phagocytes [1,2] have been suggested to be key
processes that are involved in the resolution of beneficial
inflammation and their dysregulation probably contributes
to inflammatory disease pathogenesis and progression [3-5].
For example, delayed apoptosis resulting in enhanced func¬
tional activity of granulocytes and/or failed clearance of apop¬
totic cells will result in further pro-inflammatory responses
and augmented tissue damage associated with diseases such
as rheumatoid arthritis and chronic obstructive pulmonary
disease [3,4,6]. Like macrophage clearance [6-13], apoptosis
of granulocytes is highly regulated, with many diverse stimuli
controlling rates of cell longevity [3,14], There is increasing
evidence that apoptosis-modulating pharmacological agents
administered in vivo, which have the capacity to promote
apoptosis of inflammatory cells, enhance the resolution of
established inflammation [15,16]. The converse has also been
demonstrated, whereby preventing apoptosis using pharma¬
cological inhibitors in vivo results in delayed resolution of
inflammation [15,16], Thus modulation of pathways asso-

Key words: apoplosis, eosinophil, inflamrnalion, neutrophil, resolution ol inflammatory response.
Abbreviations used: CDK, cydin-dependent kinase; ERK, extracellular-signal-regulated kinase;
GM-CSF, granulocyte/macrophage colony-stimulating factor; kB, inhibitory *8; IKK, l*B kinase,-
IL, interleukin,- JNK, c-jun N-terminal kinase; LPS, lipopolysaccharide; MAPK, mitogen-activated
protein kinase,- NEMO, nuclear factor *-B essential modifier; NF-*B, nuclear factor kB; PI3K,
phosphoinositide 3-kinase; TNFor, tumour necrosis factor a.
'To whom correspondence should be addressed (email a.g.rossi@ed.ac.uk).

dated with apoptosis (discussed below) provides possible
novel therapeutic targets for the treatment of inflammatory
diseases.

NF-kB (nuclear factor kB) as a critical
regulator of granulocyte apoptosis
The ubiquitous transcription factor NF-frB regulates the
synthesis of many pro-inflammatory mediators [e.g. TNFa
(tumour necrosis factor a), IL-8 (interleukin 8)] that are in¬
volved in the immune response and its selective inhibition is
therefore a major target for pharmacological intervention.
However, NF-kB also controls the expression of many pro-
survival products such as Bcl-2 family members [e.g. BcI-Xl,
XIAP (X-linked inhibitor of apoptosis), A1 ] and activation or
inhibition of NF-/cB has been shown generally to enhance
or inhibit survival of inflammatory cells respectively. There
is now considerable evidence that NF-kB plays an important
role in the regulation of granulocyte apoptosis [17]. Much
of the evidence is derived from experimental inhibition of
NF-kB using pharmacological inhibitors. The first demon¬
stration by Ward et al. in 1999 [18] showed that a panel of
NF-kB inhibitors including the fungal metabolite gliotoxin
increased the rate of apoptosis in human neutrophils and
eosinophils in a caspase-dependent manner. Importantly,
inhibition of NF-xB also augmented dramatically the early
pro-apoptotic effects of TNFa in neutrophils and rendered
TNFa a powerful inducer of eosinophil apoptosis [18,19].
In addition, inhibition of protein synthesis by cycloheximide
also augmented TNFct-induced neutrophil apoptosis, indi¬
cating that NF-kB controls the synthesis of protein(s) which
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protect granulocytes from the pro-apoptotic effects ofTNFu
[18]. It was also demonstrated that the pro-resolution cyclo-
pentenone prostaglandins [e.g. 15-dPGj2 (15-deoxy-A12'14-
prostaglandin J/)] [20] induced caspase-dependent granulo¬
cyte apoptosis via inhibition of NF-/rB [21] by a mechanism
that does not involve the peroxisome-proliferator-activated
receptor-)/ [21], but is likely to involve direct inhibition
of IKK [IicB (inhibitory kB) kinase] [22]. The importance of
the NF-ktB pathway in the regulation of neutrophil apoptosis
was confirmed by delivery of biologically active peptides into
granulocytes using HIV-tat tagged protein transduction tech¬
niques [23]. Using a tat-NEMO (NF-xB essential modifier)-
binding domain that selectively inhibits the IKKy (NEMO)-
IKK/i interaction in neutrophils [24], and an FIIV-tat-UBo'
(S32A, S36A) superrepressor in eosinophils [25] to inhibit
NF-kB activation augmented apoptosis and suppressed NF-
/cB-mediated survival. Many other studies have reinforced the
importance of NF-xB in the regulation of granulocyte apop¬
tosis. Although the precise role of NF-atB in inflammation
in vivo is undoubtedly complex and critically dependent on
the stage of the inflammatory response [26,27], it is possible
that targeting of the NF-/cB pathway in specific inflammatory
cells would influence apoptosis and consequent resolution
of inflammation. However, owing to the ubiquitous nature of
this signalling pathway and the possibility of overwhelming
the apoptotic cell clearance capacity, caution must be taken
into consideration when adopting this strategy.

The role of MAPK (mitogen-activated
protein kinase) pathways in granulocyte
apoptosis
TheMAPK family of signalling molecules are involved in cell
differentiation, apoptosis, stress responses and inflammation.
There are three mainMAPK homologues that are released via
MAPK kinases [MEK [MAPK/ERK (extracellular-signal-
regulated kinase) kinase] 1-7}: ERK (p42, p44, MAPK),
JNKs (c-Jun N-terminal kinases) and p38 MAPK [28]. Given
the considerable evidence for a role for the MAPK path¬
ways in many aspects of the inflammatory response (e.g.
inflammatory cell recruitment, activation and apoptosis) and,
in inflammatory diseases, this pathway is a major target that
may be exploited for therapeutic benefit. There is evidence
that ERK [29,30], p38 [31-33] and JNK [34] are all involved
in the regulation of granulocyte apoptosis. The ERK pathway
has been best examined, and it has been shown that neu¬

trophil survival factors such as LPS (lipopolysaccharide)
and GM-CSF (granulocyte/macrophage colony-stimulating
factor) triggerERK activation and pharmacological inhibitors
can prevent survival induced by these factors [29,30,35].
Recently, a role for the ERK pathway in the resolution of
a rat carrageenan-induced pleurisy model has been reported
whereby the specific ERK1/2 inhibitor PD98059 enhanced
the resolution of inflammation. Specifically, PD98059, ad¬
ministered at the peak of inflammation, significantly de¬
creased the total number of macrophages and neutrophils
in the pleural cavity, mainly by increasing the rate of

neutrophil apoptosis, as measured by annexin V labelling
and morphological analysis. Consequently, the inflammatory
response in the pleural cavity induced by carrageenan
resolved much quicker when ERK was inhibited.

Role of the PI3K (phosphoinositide
3-kinase) pathway in granulocyte
apoptosis
PI3K is a family of lipid kinases that is subdivided into
three subfamilies according to structure and substrate spe¬

cificity and has been recognized as an important signalling
system that regulates many biological processes, especially
leucocyte trafficking and activation [36,37], PI3K generates
the important signalling lipid PtdIns(3,4,5)P3, which in turns
leads to the activation of Akt. Use of specific PI3K inhibitors
has also implicated PI3K in the regulation of neutrophil
and eosinophil longevity and apoptosis [33,38-40], although
the precise subfamilies involved requires establishing further
investigation. In vivo, PI3K clearly regulates leucocyte
accumulation and it is now emerging that PI3K may also play
a role in the resolution phase of inflammation by influencing
granulocyte apoptosis. For example, Pinho et al. [41] have
evaluated the involvement of PI3K in the recruitment and
survival of eosinophils in a model of allergic pleurisy in mice.
Following induction of allergic pleurisy, it was found that
eosinophil accumulation in PI3Kj/-deficient mice was not
different at earlier time points (6 and 24 h) as compared with
wild-type mice; however, at a later time point (48 h), there
was a marked reduction in eosinophil numbers. It was shown
in experiments of adoptive transfer of bone marrow that
it was PI3Ky present in eosinophils and not in non-bone-
marrow-derived cells that was responsible for the eosinophil
accumulation. Specific, but non-PI3K subtype-selective,
PI3K inhibitors (wortmannin and LY294002) administered
systematically before antigen challenge decreased Akt phos¬
phorylation, IL-5 production and eosinophil release from the
bonemarrow and, consequently, prevented the recruitment of
eosinophils. Importantly, local (intrapleural) treatment with
the PI3K inhibitors 24 h after antigen challenge (at the peak
of inflammation) enhanced the clearance of accumulated
eosinophils, an effect associated with inhibition of Akt
phosphorylation and an increased number of apoptotic
events (assessed microscopically and by annexin V binding).
This study suggested an important role for PI3K in the
accumulation and survival of eosinophils in amodel of allergic
pleurisy. It appears thatPI3Ky may not play a prominent part
in eosinophil recruitment, but is important for maintenance
(possibly by influencing eosinophil apoptosis) of eosinophilic
inflammation in vivo, whereas other isoforms of PI3K may
be responsible for the recruitment process.

Targeting Bd-2 family members in
inflammation resolution
Bcl-2 family proteins are major regulators of apoptosis
signalling pathways and are potential therapeutic targets for
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the many diseases where apoptosis is likely to be dysregul-
ated, including inflammatory disorders [42,43], It has been
shown that the expression of Bcl-2 family members (assessed
by Western blotting of pleural inflammatory cell lysates)
changes dramatically during the resolution phase of a rat
carrageenan-induced pleurisy model [16], Specifically, ex¬

pression of the anti-apoptotic protein BcI-Xl decreases to
almost negligible levels as resolution occurs, whereas express¬
ion of pro-apoptotic Bax increases. When Bax was targeted
deliberately by locally (intrapleural) administering a specific
inhibitor of Bax (V5) at the peak of inflammation (36 h after
carrageenan), inflammatory cell numbers were increased (48 h
after carrageenan), indicating that, by preventing apoptosis in
vivo, resolution of inflammation can be delayed [16], Thus
using manipulation of apoptosis, by interfering with anti-
apoptotic and pro-apoptotic Bcl-2 family members, it may
be possible to influence inflammatory resolution.

A novel mechanism for enhancing the
resolution of inflammation
CDKs (cyclin-dependent kinases) have traditionally been
thought of as key regulators of the cell cycle allowing pro¬
liferation to progress once activated and complexed with
their associated cyclin partners [44]. For this reason, it is
thought that inhibition of CDKs by specific CDK inhibi¬
tors in cancer cells may limit or prevent tumour progression.
Indeed, CDK inhibitor drugs are currently undergoing cli¬
nical trials for the treatment for a number of different cancers

[45.46]. It has become increasingly apparent, with much ex¬
perimental evidence, that CDKs also regulate apoptosis
[46.47]. These findings were usually limited to proliferating
cells and it was generally thought that CDKs would have no
or little effect on non-proliferating or terminally differen¬
tiated cells. However, evidence indicating that CDKs also
modulate the rate of apoptosis of terminally differentiated
neurons has emerged [48]. In a recent study, we have demon¬
strated that different CDK inhibitor drugs (i.e. R-roscovitine,
NG75 and hymenialdisine) induce time-, concentration- and
caspase-dependent apoptosis of isolated (terminally differ¬
entiated) human neutrophils [15]. Importantly, the CDK
inhibitor drugs overcame the delayed apoptosis induced by
powerful survival factors (e.g. GM-CSF, dibutyryl-cAMP
and LPS) [15]. Furthermore, possible targets for the inhibitor
drugs (e.g. CDK1, CDK2 and CDK5) have been found to
be present and functionally active in human neutrophils
[15,49], The precise molecular mechanism of action of the
CDK inhibitor drug-mediated induction of apoptosis has
not been fully elucidated, but may involve a reduction in the
expression of the Bcl-2 family member and anti-apoptotic
protein, Mcl-1. Importantly, R-roscovitine markedly pro¬
moted the resolution of established neutrophil-dependent
inflammation in a carrageenan-elicited acute pleurisy; an
effect that was blocked by the caspase inhibitor zVAD-fmk
(benzyloxycarbonyl-Val-Ala-DL-Asp-fluoromethylketone).
These data indicate that R-roscovitine augments resolution by
inducing inflammatory cell apoptosis in vivo. Furthermore,

Figure 1 [ Modulation of inflammatory resolution by influencing
granulocyte apoptosis
During a resolving inflammatory response (solid arrow and box),
administration of pharmacological agents at the peak of established
inflammation that enhance granulocyte apoptosis (e.g. inhibitors of
CDK, ERK1/2, PI3K) (dotted arrows and box) or delay apoptosis [e.g.
zVAD-fmk, Bax inhibitory peptide (V5)] (dashed arrows and box),
resolution can be promoted or inhibited respectively.

| Agent* that «,!■», epegtott* {e.g., AAA',. I
I

Time

it was demonstrated that R-roscovitine similarly enhanced
resolution in two other different experimental models in
mice (bleomycin-induced lung injury and passively induced
arthritis) [15]. It was therefore concluded that CDK inhibitor
drugs enhance the resolution of established neutrophil-
dominant inflammation by promoting inflammatory cell
apoptosis, and that these drugs may exhibit a hitherto
unrecognized potential for the treatment of inflammatory
diseases.

Conclusions
Clearly, the rate of neutrophil or eosinophil apoptosis can be
increased or reduced in vitro by a number of agents. There
is now good evidence emerging that inhibition or promotion
of granulocyte apoptosis by pharmacological agents in vivo
can delay or enhance the resolution of acute inflammation
respectively (Figure 1). Consequently, it is possible that
apoptosis, provided of course that clearance of the apoptotic
cells is matched, may be targeted as a strategy for the deve¬
lopment of novel anti-inflammatory agents.
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Abstract

Phagocytic clearance of apoptotic cells is an important physiologic homeostatic mechanism that is associated with non¬
inflammatory or anti-inflammatory sequalae. Disruption of the process of apoptotic cell clearance may contribute to
development of a number of inflammatory and autoimmune diseases. In this review, we summarize the molecular pathways
that have been suggested to account for phagocytic clearance of apoptotic cells. We discuss potential mechanisms for
regulation of phagocytosis and the implications for development of autoimmunity.

Keywords: Phagocytosis, apoptosis, macrophage, inflammation, autoimmunity

Introduction

Apoptosis, in contrast to necrosis (cell disintegration),
does not provoke pro-inflammatory responses and
plays a fundamental role in almost all physiological
processes [1,2]. Apoptotic cells are characterised by
rapid shrinkage of the cytoplasm, nuclear coalescence,
membrane budding and formation of one or more

apoptotic bodies. Importantly, membrane integrity
during apoptosis is maintained preventing liberation
of intracellular histotoxic contents thereby limiting the
potential for propagation and exaggeration of inflam¬
matory processes. To avoid cell disintegration (sec¬
ondary necrosis), apoptotic cells must be efficiently
and rapidly removed by macrophages [3], dendritic
cells (DC) [4] or in certain circumstances other cell
types such as endothelial cells [5], vascular smooth
muscle cells [6], and fibroblasts [7], Moreover,
clearance of apoptotic cells results in diminished
pro-inflammatory mediator release and an augmented
secretion of anti-inflammatory cytokines TGF-p, IL-
10, [8], whereas uptake of necrotic cells including
secondarily necrotic cells derived from nonengulfed
apoptotic cells, stimulates release ofpro-inflammatory
mediators (TNFa, IL-1J3 and NO) [9]. It is now

widely accepted that failed clearance of apoptotic cells
and consequent secondary necrosis may lead to the
development of diseases that have an autoimmune
component such as systemic lupus erythematosus
(SLE) [10], type II diabetes [11], cystic fibrosis
[12] and chronic obstructive pulmonary disease
(COPD) [13],

Recognition of apoptotic cells by phagocytes

Removal of apoptotic cells usually involves three
central elements: (1) attraction of phagocytes via
soluble "find me" signals, (2) recognition and
phagocytosis via displayed "eat me" and absence of
"don't eat me" signals, and (3) altered production of
pro- and anti-inflammatory cytokines. In higher
organisms secretion of specialised chemotactic signals
by apoptotic prey appears to be an important factor in
recruiting phagocytic populations and preventing
secondary necrosis. Although "find me" signals are
so far poorly characterised, recent studies demon¬
strated that apoptotic bodies secrete the phospholipid
lysophosphatidylcholine (LPC) attracting phagocytic
cells to apoptotic cells in a caspase-3-dependent
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fashion [14]. Other examples of recruitment signals
include S19 (ribosomal protein dimer) [15], split
human tyrosyl-tRNA synthetase [16] and thrombo-
spondin-1 (TSP-1) [17]. Recognition and engulfment
of apoptotic particles involves multiple ligand-
receptor interactions including "eat me" signals
(molecules enabling recognition of apoptotic cells by
phagocytes), bridging molecules and phagocytic
receptors. One of the most extensively studied "eat
me" signal is loss of phospholipid asymmetry and
translocation of phosphatidylserine (PS) to the outer
leaflet of the plasma membrane during apoptosis [18].
Inhibition of the flippase that normally confines PS to
the inner leaflet together with activation of a
bidirectional non-specific phospholipid scramblase
may lead to loss of lipid asymmetry [19]. In addition
the ATP binding cassette transporter ABC1 has also
been reported to have a role in phospholipid
redistribution [20]. Masking of external PS on the
apoptotic cell surface with annexin V usually blocks
phagocytosis [21]. However, some viable cells, such as
CD45RB low T lymphocytes [22], neutrophils in
Barth syndrome [23] or activated B cells [24] also
expose PS on the outer leaflet of the cell membrane
and these cells fail to be ingested by either amateur or
professional phagocytes.
Attempts to identify a phagocyte receptor that

recognises PS using phage display and monoclonal
antibody 217 (mAb 217) that inhibited binding of PS
liposomes and engulfment of apoptotic cells by
macrophages lead to cloning of this putative phospha¬
tidylserine receptor (PSR) [25]. Although interaction of
PS and this putative PSR promoted engulfment of
apoptotic targets by phagocytes [26] Bose et al. showed
that the ablation of putative PSR function resulted in
developmental abnormalities during embryogenesis but
failed to affectmacrophage capacity to remove apoptotic
cells both in vitro and in vivo. Furthermore, no
differences in expression of the antigen recognised by
mAb217 was found between wild-type and knockout
mice whilst blotting with commercially generated
antibody against PSR showed that this protein did
disappear from knockout mice [27]. In addition, Cui
et al. demonstrated nuclear localisation of GFT-tagged
putative PSR which was consistent with the presence of
five nuclear localisation signals [28]. One conclusion is
that a phage display approach has the potential to identify
weak cross-reacting epitopes present on the nuclear
protein belonging to iron-oxidase family [29] and that
the real PS receptor remains to be identified [30].

• Recently it has been shown that PS interacts with a
number of bridging molecules including annexin I
(Anx I or lipocortin) [31], milk-fat-globule-EGF-
factor 8 (MFG-E8), growth-arrest-specific 6 (Gas 6)
and p2-glycoprotein-I (P2-GPI) [32]. These inter¬
actions may facilitate PS interaction with other

phagocyte receptors, e.g. avp3-integrin, the recep-
tor-tyrosine kinase Mer, and the (32-GPI receptor
by acting as a bridge between the apoptotic cell and
the phagocyte [33]. Interestingly, a recentmanuscript
has demonstrated that the macrophage class B
scavenger receptor CD36 interacts with membrane
associated oxidised PS (oxPS) on the surface of
apoptotic cells [34].

Apart from translocation of PS (or oxPS), apoptotic
cells are characterised by surface exposure of oxidised
low-density lipoproteins (oxLDL) [35] recognised by
diverse scavenger receptors: SR-A (class A macro¬

phage scavenger receptor) [36], lectin-like oxLDL-
receptor-1 (LOX-1) [37], CD-68 [38] and CD36
[39]. Another class of rather poorly characterised "eat
me" signals are sites binding TSP-1 [40], complement
proteins Clq or C3b/bi [41] or collectins like mannose
binding lectin (MBL) or lung surfactant proteins-A
and -D (SP-A and SP-D) [42]. CD36 and integrin
avp3 bind apoptotic cells to the phagocyte via TSP-1
[43,44], integrins amp2 and axp2 (complement
receptors: CR3, CR4) recognise complement protein
C3b/bi [45], whereas scavenger complex calreticulin
(CRT)-CD91 interacts with lung surfactant pro¬
teins-A and -D (SP-A and SP-D), MBL and
collectin-like complement proteinClq [46]. Exposure
of CRT on the cell surface increases during
apoptosis and this is consistent with a potential role
in phagocytic clearance. Removal of apoptotic
CRT-deficient cells by macrophages is impaired and
this effect is reversed by addition of soluble CRT.
Moreover CRT interacts with CD91 also known as

low-density lipoprotein receptor-related protein
(LRP1) or a2 macroglobulin receptor which is a

highly effective internalisation receptor on phagocytes
[47]. Since CRT may be exposed on the apoptotic cell
or the phagocyte surface, CRT activation of LRP may
occur either in trans or cis action [48]. The differential
anti-inflammatory or pro-inflammatory outcomes of
clearance of apoptotic and late apoptotic/secondarily
necrotic cells may be a consequence of engagement
of specific receptors and adaptor molecules.
For example, CD36 triggers strong anti-inflammatory
responses from both monocytes and macrophages
including inhibition of TNFa, IL-ip, IL-12 pro¬
duction and up-regulation of IL-10 or TGF-p
[49,50]. In contrast, complement components Clq,
C3 and C4 seem to bind only to primary or secondary
necrotic cells, opsonising those cells not cleared by
other mechanisms [51]. Clq cooperates with serum
DNase 1 in the degradation of chromatin from
necrotic cells, enabling uptake of chromatin fragments
by monocyte-derived phagocytes [52] and C-reactive
protein (CRP) fails to bind to early apoptotic
neutrophils but binds to late apoptotic cells, membra¬
ne-permeable cells [53], Some receptors including
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TSP-CD36-av[33 complex, CD14 and putative PSR
may also be involved in uptake of both apoptotic and
necrotic cells [54,55].
The presence of"eat me" signals on viable cells raises

the possibility that inhibitory signals, termed "don't eat
me" signals, prevent phagocytosis of those cells [56].
One paradigm for this might be the expression of
inhibitory receptors by NK cells, e.g. killer cell Ig-like
receptor (KIR) which binds self major histocompat¬
ibility complex (MHC) class 1 molecules and
subsequently suppress elimination of target cells by
NK cells. This effect may be due to recruitment of src-
homology 2—containing protein tyrosine phospha-
tase-1 (SHP-1) and SHP-2 to two immunoreceptor
tyrosine-based inhibitory motifs (ITIMs) [57].
A similar mechanism may also be operative in
macrophage activation and viable cells may express
surface molecules that bind to macrophage inhibitory
receptors such as signal regulatory protein a (SIRPa)
display markers of "self" in form of ubiquitously
expressed surface molecules that bind to macrophage
inhibitory receptors such as signal regulatory protein a

(SIRPa) [58],
-Brown et al. demonstrated that homophilic inter¬

action of CD31 promotes detachment of viable cells
from phagocytes, whereas apoptotic cells are unable to
detach and become internalised by macrophages. In
addition CD31 expressed by apoptotic cells failed to
associate with the cytoplasmic signalling molecules
SHP-1 and SHP-2 indicating disruption in CD31-
mediated signalling in apoptotic cells [59]. CD47 may
also suppress removal of "self" viable cells when
binding to extracellular domain of SIRPa on macro¬

phages [60]. CD47 acts as a "don't eat me" signal on
normal red blood cells (RBC) [61] and is also highly
express on the surface of some cancer cells (i.e. ovarian
cancer cells) and virally-infected cells leading to
impaired immune defence [62].

Engulfment pathways

Studies in the nematode Caenorhabditis elegans, fruit
fly Drosophila melanogaster and mammalian cells
revealed conservation of the engulfment machinery
[63,64] involving two signalling pathways influencing
the balance ofmembrane Rho family GTPases activity
[65]. RhoA and Rac-1 regulate phagocytosis of
apoptotic cells in opposite manner—RhoA inhibits
this process while Rac-1 is obligatorily required for
engulfment [66]. Assembly of a trimolecular complex
trimolecular complex of ELMO, Crkll and
DOCK180 in mammals (known respectively as

CED-12, CED-2 and CED-5 in the worm) [67]
activates the guanine nucleotide guanine nucleotide
exchange activity of DOCK180 for Rac (CED-10),
which in turn promotes cytoskeletal rearrangements
crucial for the uptake of target particles [68], The
upstream components required for Rac activation are

different. One pathway identified in both mammalian
cells and worms involves RhoG/MIG-2 and the

guanine nucleotide exchange factor TRIO/UNC-73
[69], although the surface receptor remains unknown.
The second pathway involves the cell surface receptor
proteins ABC1/CED-7 and CD-91/CED1 and the
adaptor protein GULP/CED-6. ABC1/CED-7 down¬
stream ligands have not been identified yet [70],

Pharmacological modulation of phagocytosis

Our group and others have shown that macrophage
phagocytic capacity is modulated by pharmacological
or immunological intervention. For example, anti¬
inflammatory glucocorticoids augment the ability of
macrophages to phagocytose apoptotic cells in a
concentration—and time-dependent manner via
the glucocorticoid receptor [71]. Glucocorticoid
treatment was suggested to reprogram macrophage
differentiation towards a highly phagocytic phenotype
with high levels of active Rac, increased formation of
lamellipodia and cellular extensions as assessed by time
lapse video microscopy and decreased cellular
adhesion [72,73]. Furthermore, one important
mediator of glucocorticoid action, the anti-inflamma¬
tory protein Anx-1, has been suggested to be essential
for phagocytosis. Macrophages from Anx-1 null mice
have reduced phagocytic capacities in vitro and in vivo
associated with decreased expression of CD lib
receptor protein [74].
Extracellular matrix (ECM) proteins such as

fibronectin and collagen may also influence macro¬
phage phagocytic abilities. Their interaction with
macrophages through p 1 integrin receptor was shown
to upregulate phagocytosis [75]. However, exposure
to cigarette smoke causes post-translational carbonyl
modification of ECM proteins as well as lipid
peroxidation resulting in increased macrophage
adherence but decreased macrophage uptake of
apoptotic neutrophils [76].
CD44 has been demonstrated to act as an adhesion

receptor for ECMmolecules and mediates a number of
cellular functions such as adhesion and proliferation of
lymphocytes, cytocidal activity ofNK cells and tumor
metastasis [77]. Cross linking of human monocyte-
derived macrophage CD44 with bivalent antibodies
rapidly and specifically augmented uptake of apoptotic
neutrophils in vitro [78] suggesting the possibility that
ligation of CD44 in vivo may selectively promote
clearance of apoptotic neutrophils and subsequently
resolution of inflammation. Studies on CD44 deficient
mice administrated with bleomycin to induce inflam¬
mation in alveolar interstitium, confirmed this sugges¬
tion. A 13-fold increase in the number ofapoptotic cells
was detected in lung tissue ofCD44 deficient animals
in comparison to control, indicating impaired clear¬
ance ofapoptotic cells resulting in development of lung
injury in these mice [79].
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The close relationship between cell adhesion and
phagocytosis is further revealed in studies with agents
that elevate intracellular cAMP levels such as

prostaglandins (PG). Pretreatment of macrophages
with PGE2 or PGD2 or cAMP stable analogues such as

dibutyryl-cAMP and 8-bromo-cAMP significantly
reduced the proportion ofmacrophages that phagocy-
tosed apoptotic cells and caused alterations in
macrophage adhesion, loss in membrane activity and
cell locomotion [80]. It has been reported that variety
of inflammatory mediators, including PG, that
stimulate activity of adenylate cyclase and PKA are

likely to inhibit clearance of apoptotic cells [81].
Furthermore, PKA is able to phosphorylate Rho, a key
negative regulator of cytoskeletal organisation, indi¬
cating that cAMP may play a pivotal role in regulation
ofthe phagocytic process [82]. All Rho family GTPases
require prenylation (covalent attachment of lipid
adducts) and subsequent membrane insertion for
activity. Since the cholesterol lowering drugs (statins)
inhibit activity of HMG-CoA reductase they also
reduce production of prenylation substrates and it has
been recently reported that lovastatin may enhance
phagocytosis of apoptotic cells via suppression of
prenylation and membrane localization of RhoA,
altering the RhoA-Rac-1 membrane balance towards
Rac-1—a positive regulator of phagocytosis [83].
The lipoxins represent further arachidonic acid

metabolites that play an important role in resolution of
inflammation. Their strong inhibitory effects on

neutrophil chemotaxis and adhesion is well documen¬
ted, but more recent data show that LXA4 and its
stable synthetic analogues augmented clearance of
apoptotic neutrophils in a concentration-dependent
manner [84], It has been also demonstrated that
Anx-1 and LXA4 converge onto the same specific
membrane lipoxin A4 receptor [85]. In addition the
stable cAMP analogue 8-bromo-cAMP attenuated
and the PKA inhibitor, Rp-cAMP, mimicked LXA4
effects indicating that lipoxin may inhibit PKA activity.
The lack of additive effects of Rp-cAMP and LXA4
suggested they act through the same pathway.
Interestingly, LXA4 was shown to inhibit PKA activity
induced by PGE2, consistent with an important role
for PKA in regulation of phagocytosis. One potential
substrate for PKA is scavenger receptor CD36 [86]
and loss of CD36 phosphorylation in platelets
results in increased cytoadhesion [87]. Monoclonal
antibodies against CD36 blocked macrophage
phagocytosis of apoptotic neutrophils induced by
LXA4 raising the possibility that LXA4-mediated
dephosphorylation of CD36 may promote phagocyte-
apoptotic cell recognition [88].

Clearance deficiency and autoimmunity

Impairment of apoptotic cell clearance may result in
exacerbation of inflammation and tissue injury,

together with loss of production of cytokines (i.e. IL-
10) that maintain an anti-inflammatory environment
[89]. On the contrary, enhancement of phagocyte
clearance capacity by IL-10 [90] may further promote
an environment of tissue repair and resolution of
inflammation. There is now a wealth of evidence that

support the hypothesis that defects in clearance of
apoptotic cells have a role in pathogenesis of human
autoimmune diseases. For an instance in SLE patients
phagocytic activity is impaired [91], including
clearance of autologous apoptotic material [92,93],
Apoptotic cells undergoing secondary necrosiswithin

tissue represent a source of pro-inflammatory stimuli
and potentially immunogenic autoantigens. As shown
at Figure 1 presentation of autoantigens by DC and
macrophages may drive production of autoantibodies
[94], Nucleosomal proteins released from DNA as a
result of internucleosomal cleavage during apoptosis
represent one of the most abundant class of autoanti¬
gens found in patients with autoimmune disorders [95].
Antibodies against nucleosomes are a serological
hallmark of SLE but also other autoimmune diseases.

Additionally, delayed uptake of apoptotic cells may

generate caspase-derived neoantigenic peptides that are
capable of triggering autoimmune responses, inducing
loss of tolerance by B cells and formation of immune
complexes (IC) [96], Autoantibodies opsonising apop¬
totic corpses may further alter phagocytic clearance
pathways. It has been demonstrated that anti-phospho-
lipid antibodies may bind to externalised PS on

apoptotic cell surfaces and promote Fc receptor-
dependent phagocytosis which may have pro-inflam¬
matory sequelae [97]. It could be postulated that whilst
low number of apoptotic cells are disposed of in a non¬

inflammatory manner, problems may arise when tissue
phagocytes are faced with an overwhelming load of
apoptotic cells following infection or serious tissue
injury. We have recently demonstrated that IC bind to
"enabled" FcyRIIA on apoptotic human neutrophils
[98], Surprisingly, opsonisation of apoptotic neutro¬
phils with IgG-containing IC allowed their rapid
clearance by macrophages without production of pro¬
inflammatory cytokines, thus providing a mechanism
for preventing release of intracellular antigens (particu¬
larly nuclear constituents) even in the face of a heavy
apoptotic cell load. Paradoxically, therefore, IC may
have beneficial effects, acting to limit development of
autoimmunity in some circumstances.
Impairment of apoptotic cell removal by macro¬

phages in peripheral or lymphoid tissues may result in
late apoptotic cells become accessible to tissue or
follicular DC. The capacity ofDC to induce tolerance
or immune activation is strongly related to the levels of
"maturation" and expression of co-stimulatory mol¬
ecules. Thus, cross-presentation of self or foreign
antigens to CD8+ cytotoxicT lymphocytes (CTL) and
stimulation ofproduction of antibodies by B cells may
depend on local micro-environmental conditions that
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A. Efficient clearance of apoptotic cells

early apoptotic celLs

B. Impaired clearance of apoptotic cells

- N>a late apoptotic
(necrotic) cells

macrophages immature dendritic cells

Anti-inflammatory signalling
11.-10, TGF-B

Non-inflammatory uptake
Lack of helper T-cell activation

macrophages

Production of autoantigens
Pro-inflammatory environment

T cell - B cell interaction

Activated B cells (plasma cells)
produce autoantibodies

Figure 1. Diagram illustrating cascade of events resulting from efficient (A) or impaired (B) clearance of apoptotic cells. Efficient clearance
of apoptotic cells prevents cell necrosis and stimulates production of anti-inflammatory mediators by phagocytes. In anti-inflammatory
environment maturation of antigen presenting cells (i.e. DC) and immune response is inhibited. On the contrary, when clearance ofapoptotic
cells is affected, accumulated apoptotic cells undergo secondary necrosis resulting in production of autoantigens and pro-inflammatory
mediators. In the presence of pro-inflammatory mediators maturation of DC is induced. Mature DC, after gaining access to autoantigens,
present them to T helper cells followed by subsequent B cell production of autoantibodies and development of autoimmunity.

regulate levels of DC maturation [99]. Pro-inflamma¬
tory signals such as LPS, TNFa, IL-ip or IFN-a as
well as viral or bacterial proteins, high antigen load or

uptake of necrotic cells appear to be very powerful
inductors ofDC maturation and activators of immune

response [100]. On the other hand, anti-inflammatory
cytokines such as TGF-f! or IL-10 or more importantly
uptake of apoptotic cells strongly suppress maturation
ofDC and promotes peripheral tolerance [100]. It has
been shown that engulfment of apoptotic material by
DCmay inhibit even such strongpro-maturation signal
as LPS, indirectly reducing DC capacity to stimulate
T cells [101]. Furthermore, uptake of apoptotic cells
by DC fails to stimulate effective antigen presentation
to lymphocytes. In contrast, uptake of necrotic cells
induces maturation of DC and a break in peripheral
tolerance [102,103]. Therefore, the current model for
the development of autoimmunity involves two
important factors: (i) production of autoantigens, and
(ii) a strongly pro-inflammatory environment, both of
which are closely linked to deficiency in clearance of
apoptotic cells.
However, although this association is supported by

some studies using mice lacking apoptotic cell
recognition molecules, e.g. Clq, in some cases
defective clearance of apoptotic cells may have no

consequences in terms of development of autoanti¬
bodies and autoimmunity, for example, CD-14
deficient animals show a defect in the clearance of

apoptotic cells in the absence of an overt autoimmune
phenotype [104]. There is convincing evidence linking
complement protein Clq deficiency with development
of SLE. It has been reported that lack of complement
pathway proteins results in accumulation of apoptotic
material and elevated levels ofself-antigens and IC, and
consequently in direct induction of tissue inflam¬
mation, maturation of DC and production of auto¬
antibodies. Complement fragments also deliver
regulatory signals to Tand B lymphocytes maintaining
peripheral tolerance to self-antigens and absence of
stimulation results in decrease thresholds of activation
for Tand B cells [100,105],
Another example of condition with an autoimmune

component and clearance deficiency is cystic fibrosis
characterised by massive recruitment of inflamma¬
tory cells and release of intracellular sources into the
lung. Patients are also characterised by increased
number of apoptotic cells in airways and it is highly
probable that impaired clearance may result from
elastase-mediated inhibition of phagocytosis causing
chronic inflammation and progressive lung tissue
damage [106].
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The glucocorticoid (GC) drugs are one of the most commonly prescribed and effective
anti-inflammatory agents used for the treatment of many inflammatory disorders through
their ability to attenuate phlogistic responses. The glucocorticoid receptor (GCR)
primarily mediates GC actions via activation or repression of gene expression. GCs
directly induce the expression of proteins displaying anti-inflammatory activities.
However, the likely predominant effect of GCs is the repression of multiple inflammatory
genes that invariably are overexpressed during nonresolving chronic inflammation.
Although most GC actions are mediated through regulation of transcription, rapid
nongenomic actions have also been reported. In addition, GCs modulate inflammatory
cell survival, inducing apoptosis in immature thymocytes and eosinophils, while delaying
constitutive neutrophil apoptosis. Importantly, GCs promote noninflammatory
phagocytosis of apoptotic cell targets, a process important for the successful resolution
of inflammation. Here, the effects and mechanisms of action of GC on inflammatory cell
apoptosis and phagocytosis will be discussed.

KEYWORDS: glucocorticoids, apoptosis, inflammation, macrophage phagocytosis

INTRODUCTION

Inflammation is an important physiological host defence mechanism against infection and injury.
Granulocytes, such as neutrophils and eosinophils, are crucial in innate immune defence against bacterial
and parasitic infections, respectively[l]. However, the persistent recruitment and/or enhanced survival of
granulocytes at inflamed sites may result from dysregulated expression of proinflammatory genes, such as

cytokines (IL-1, TNFa, GM-CSF, etc.), chemokines (IL-8, IL-5, MlP-la), and adhesion molecules
(ICAM-1 and E-selectin)[2], Uncontrolled leukocyte responsiveness will lead to release of inflammatory
mediators, such as eicosanoids (prostaglandins, leukotrienes, and thromboxanes), cytokines (IL-8, etc.),
reactive oxygen/nitrogen species (02~, NO), and granular enzymes (e.g., elastase)[3], resulting in damage
to the surrounding tissue and propagation of the inflammatory response. This likely contributes to
persistent dysregulated inflammation, resulting in the pathogenesis of disorders such as chronic
obstructive pulmonary disease (COPD) and bronchial asthma[4].
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Apoptosis is a programmed form of cell death[5] that regulates the number and fate of leukocytes at
inflamed sites and, in contrast to necrosis, is associated with maintenance of cell membrane integrity and
damage limitation[6]. Granulocytes are terminally differentiated cells and undergo constitutive apoptosis
during in vitro culture[6,7], which is amenable to lineage-specific modulation by intrinsic and extrinsic
factors including cAMP[8], IL-5[7], GM-CSF[9], prostaglandins[10], and TNFa[ll]. Synthetic
glucocorticoids (GCs), such as dexamethasone, initially demonstrated to induce apoptosis of immature
thymocytes[12], also accelerate apoptosis in eosinophils while, surprisingly, prolong neutrophil
survival[13,14]. This observation has led to speculation that GCs may be exerting part of their beneficial
effect in eosinophil-dominant diseases (e.g., asthma) by inducing apoptosis of lymphocytes and
eosinophils while maintaining beneficial neutrophil-dependent antimicrobial responses. Consequently, it
is possible that direct pharmacological triggering of cell-specific apoptosis may be a novel therapeutic
strategy in the treatment of inflammatory disorders[15,16]. However, for this to be considered as a
successful tactic, efficient removal of the apoptotic leukocytes is also required. Failure to do so may lead
to apoptotic cells undergoing secondary necrosis with deleterious consequences in terms of tissue damage
and the outcome of the inflammatory response. An additional anti-inflammatory effect of GCs is the
profound potentiation of phagocytic clearance of intact apoptotic leukocytes described in vztro[17,18] and
possibly in vivo[19]. These recently described effects of GCs, together with limiting inflammatory cell
recruitment and activation, may prevent further injury through the release of noxious intracellular
contents and may be important for promoting the resolution of inflammation. However, there are potential
limitations to the application of GCs in disease, particularly as a consequence of the undesirable side
effects associated with long-term treatment. Delineating the precise mechanisms of GC action would
provide a significant insight into the anti-inflammatory role of GCs and allow the development of novel
strategies that are more selective in their action.

THE GLUCOCORTICOID RECEPTOR

GCs mediate most of their effects by binding to glucocorticoid receptors (GCRs). The GCR is a member
of the nuclear receptor superfamily, which includes receptors for mineralocorticoids and sex
hormones [20], Alternative splicing of the gcr gene generates two or more GCR isoforms with distinct
functions. Although GCRa is the predominant isoform and is responsible for GC binding, GCR[3 is a c-
terminally truncated variant that cannot bind GC or regulate transcription, but can form heterodimers with
GCRa to modulate GCRa functional,22], Inactive GCR resides in the cytoplasm as part of a

multiprotein complex, being bound to chaperone molecules including heat shock proteins (HSP90) and
immunophilin[23]. HSP90 forms interactions with GCR in the c-terminal domain essential for
maintaining the correct configuration of GCR and also masks a nuclear localisation signal to prevent
translocation of the unoccupied GCR to the nucleus[24]. Upon binding of GC to GCR, these chaperone
proteins dissociate from the GCR, unmasking the nuclear localisation signal required for the activated
GC-GCR complex to translocate to the nucleus[24]. Here, GCR can directly or indirectly modulate the
transcription ofmultiple target genes.

MECHANISMS OF GC ANTI-INFLAMMATORY ACTION

Transactivation: Induction of Anti-Inflammatory Gene Expression

One mechanism whereby GCs can mediate their action is via direct binding of GCRs to DNA to increase
the transcription of anti-inflammatory genes, a process known as transactivation (Table 1). Ligand-
activated GCRs translocate to the nucleus and bind specifically to palindromic glucocorticoid-responsive
elements (GREs) found in the promoter region of GC-responsive genes[25,26]. The central domain of the
GCR contains two zinc fingers essential for GCR dimerisation and binding to GRE sequences[26,27],
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with a point mutation in the D-loop of the central domain abolishing transactivation[28]. Thus,
transcription of GC-responsive genes requires GCRs to be in the homodimeric form. GCR "switching on"
of gene transcription also requires the recruitment of specific transcriptional coactivator proteins, which
are important for localised chromatin remodelling and stabilisation of the basal transcriptional
machinery[29].

This mechanism directly modulates the expression of secretory leukocyte proteinase inhibitor
(SLPI)[30], IL-1 receptor antagonist[29], and Clq [31]. Annexin I (or Lipocortin 1) is an additional GC-
inducible protein thought to mediate many of the anti-inflammatory actions of GCs. This is confirmed by
studies in deficient mice, which have altered expression of annexins, COX-2, and cPLA2; exaggerated
responses to carrageenin- or zymosan-induced inflammation; and partial resistance to the anti¬
inflammatory effects of GCs[32]. Administration of exogenous annexin I confers anti-inflammatory
activity in some models of inflammatory disease[33]. Conversely, infusion of annexin I antibodies
neutralises the effect of annexin I and abrogates the anti-inflammatory activities of GCs[33]. It has been
suggested that autoantibodies to annexin I may contribute to GC resistance and the pathogenesis found in
inflammatory diseases where GCs may be used as a treatment, such as rheumatoid arthritis and systemic
lupus erythematosus (SLE)[34]. Additionally, annexin I-derived peptides have been shown to mimic
some of the anti-inflammatory effects of endogenous annexin I, including a role in phagocytic clearance
of apoptotic cells[35]. GCs also enhance the expression of other anti-inflammatory proteins that may be
important in switching off signalling pathways engaged during persistant inflammation. Mitogen-
activated protein kinase (MAPK) phosphatase 1 (MKP-1) dephosphorylates and inactivates MAPKs, such
as p38 MAPK and c-Jun terminal kinase (JNK), which contribute to enhanced expression of
proinflammatory mediators[36]. The suppressive effect of GCs on MAPK signalling is impaired in MKP-
1 knockout mice, which show enhanced expression of proinflammatory genes, including COX2, TNFa
and IL-1 [3 6]. Thus, the anti-inflammatory action of GCs via transactivation may be important in aiding
the resolution of inflammation and in boosting innate immune defence through the induction of protective
proteins. Nevertheless, it is doubtful that all the effects mediated by pleiotropic GCs could be explained
by enhanced production of a small number of proteins with anti-inflammatory properties.

Transrepression: Inhibition of Proinflammatory Gene Expression

Although a small number of genes can be regulated directly, many more genes are regulated indirectly by
the GCR via suppression of gene expression, a process known as transrepression (Table 1). Originally,
this repression was thought to result from homodimeric GCRs binding to putative negative GRE sites in
the promoter regions of proinflammatory genes to switch off their transcription[37]. However, the
majority of genes repressed by GCs do not contain negative GRE sequences; therefore, alternative
mechanisms to DNA binding must be engaged.

Ligand-activated GCRs can "switch off' inflammatory gene expression by a DNA-independent
mechanism through direct protein-protein interactions with activated NFkB and AP-1 transcription
factors[38,39]. Since NFkB and AP-1 induce the transcription of multiple inflammatory and immune
genes characteristic of various inflammatory disorders[40,41], this mechanism of GC action is extremely
important and probably accounts for most of the inhibitory effects of GCs on inflammation. Although
cytoplasmic interaction of ligand-activated GCR with transcriptional regulators has been reported, more
recent data indicate that GCR may interfere with NFkB and AP-1 at a later stage after they have bound to
DNA to influence transcription[39,42], Reichardt and colleagues introduced a point mutation A458T into
the GCR gene by a gene-targeting technique involving Cre/loxP recombination[28,42,43]. Specifically,
the mutation was "knocked in" to the D-loop of the central domain of the GCR, preventing DNA binding,
GCR dimerisation (GCRdim), and transactivation. However, transrepression ofNFkB- and AP-l-mediated
gene expression remained intact, indicating that this process is mediated by monomeric GCR. Application
of the GCRdim mouse model would allow investigation into the process of transrepression in the absence
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of transactivation and allow elucidation of GC mechanism of action in various processes during
inflammation in vivo. Interestingly, higher concentrations of GCs are required for induction of anti¬
inflammatory gene expression, while gene repression by the GCR can occur at much lower, more
clinically relevant concentrations of GC[24], Indeed, it has been questioned whether DNA binding is
required at all for physiological GCR function[44]. Thus, although GCs can induce anti-inflammatory
gene expression, the repression of activated proinflammatory transcription factors appears to be the
dominant mechanism of GC action. Moreover, these modes of GC effect may even occur concurrently,
where the induction of ItcBa and glucocorticoid-inducible leucine zipper (GILZ) may contribute to later
onset inhibition ofNFkB and AP-1, respectively[20].

Table 1.

Mechanisms of Glucocorticoid Anti-Inflammatory Action

Mechanism of GC Action Genes Affected

Transactivation: Induction of anti-inflammatory SLPI, IL-1 receptor antagonist, C1q, annexin I, MKP-1,
gene expression GILZ, IxBa

Transrepression: Suppression of proinflammatory Cytokines (IL-1, TNFa, GM-CSF), chemokines (IL-8,
gene expression MIP-1a), adhesion molecules (ICAM-1, E-selectin)

Chromatin Remodelling, HATs, and HDACs

It is now apparent that an additional DNA binding-independent mechanism of GC action may involve
reversible alterations in chromatin structure and histone acetylation. Gene expression and repression are
associated with alterations in chromatin structure through modification of core histones[45] (Fig. 1). In a
resting cell, the DNA is tightly coiled around core histone proteins and is inaccessible to transcriptional
regulators, a configuration referred to as "closed" and is associated with gene silencing[46]. Initiation of
transcription by NFkB and AP-1 requires slackening of chromatin and unwinding of DNA for
transcriptional cofactors and RNA polymerase II to gain access to genes. Upon binding to DNA, NFkB
and AP-1 recruit and activate coactivator proteins, such as cAMP response element binding (CREB)
binding protein (CBP) and p300/CBP-associated factor, which have intrinsic histone acetyltransferase
(HAT) activity[46], Acetylation of key lysine residues in histones by coactivator proteins initiates
chromatin remodelling required for gene transcription[45]. Reversal of histone acetylation results in
tightening of chromatin around DNA and hinders binding ofNFkB and AP-1. Deacetylation is controlled
by corepressor proteins, such as histone deacetylases (HDACs) and nuclear receptor corepressor (NcoR),
and is associated with gene repression[29]. This process may be important for "switching off' genes once
the stimulus is removed and inflammation is no longer required, and failure to do so could contribute to
the development of persistent or chronic inflammation.

GCR Interacts with HATs and HDACs to Regulate Their Function

GCR can directly interact with NFkB and AP-1 to suppress the expression of proinflammatory genes, a
process that may involve reversal of histone acetylation[39] (Fig. 1). The exact mechanism involved here
is uncertain, although a competitive role between GCR, NFkB, and AP-1 for binding to coactivators
remains controversial[47]. GCRs may carry out their repressive function by directly suppressing the HAT
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activity of coactivators[2]. Alternatively, activated GCRs may recruit corepressors, such as HDAC2, to
the transcriptional complex to reverse histone acetylation[48].

COACTIVATORS
HATs: CBP, p300

Histone acetylation
Transcriptional activation

Transcriptional repression
Histone deacetylation

COREPRESSORS

HDACs, NcoR

FIGURE 1. Effect ofGCR on chromatin remodelling, HA Is, and HDACs. Gene expression and repression are regulated by modification of core
histones. In the resting state, DNA is tightly coiled around histones and is inaccessible to transcriptional cofactors and RNA polymerase II. Upon
binding to DNA, NFkB and AP-1 recruit and activate coactivator proteins, such as CBP and p300/CBP-associated factor, which have intrinsic
HAT activity. Histone acetylation results in slackening of chromatin and unwinding of DNA, allowing the transcriptional machinery to gain
access to genes and initiate transcription. Deacetylation is controlled by compressor proteins, such as HDACs and NcoR, and is associated with
gene repression. Activated GCRs may interact with HATs and HDACs to regulate their function. Suggested mechanisms of GR transrepression
include (1) GCR competes with NFkB and AP-1 for binding to coactivators, (2) direct suppression of HAT activity of coactivators by GCR, (3)
recruitment of corepressors by GCR to reverse histone acetylation.

Nongenomic Effects

The genomic effects of GCs have a lag period of around 30 min to a few hours/days[20], result from GC
binding to cytoplasmic GCR, and are blocked by inhibitors of transcription and translation, such as
cycloheximide[49]. Some data indicate that GCs may exert more rapid actions (seconds to minutes) that
are most likely transcriptional independent[50]. Furthermore, it has been suggested that some immediate
GC effects may be GCR independent, for instance, inhibition of superoxide production by
macrophages[51] or alteration of plasma membrane properties[50]. Other investigations have implicated
GCR-dependent nongenomic effects of GCs via post-transcriptional regulation, both at the level of
mRNA and protein[52]. This may provide an immediate inhibitory effect of GCs on the expression,
synthesis, and release of proinflammatory mediators. For this, a putative membrane-associated form of
the GCR (mGCR) may bind GC and transduce signals via MAPKs, PI-3K, and PKC, which mediate the
rapid effects[49,53]. Investigations by Croxtall and colleagues have implicated GCR-dependent effects of
dexamethasone via altered phosphorylation status of annexin I, leading to inhibition of cPLA2 activation
and arachidonic acid release [54], Whether any of these nongenomic effects described occur at
physiological concentrations of GC and have a contributory role to the anti-inflammatory effect of these
steroids remains controversial.
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GC RESISTANCE

GCs are pleiotropic steroids with the ability to attenuate many phlogistic responses, making them the
most effective clinical treatment for various inflammatory disorders, e.g., asthma. However, a small
proportion of asthmatic patients do not respond well to GC treatment and may require high doses of
GC[55]. Several mechanisms have been postulated to contribute to GC resistance. Increased expression of
GCR(3 has been suggested to interfere with GCRa functional,22], Interestingly, the level of GCRp is
increased by proinflammatory cytokines[56] and in peripheral blood mononuclear cells from patients with
GC-resistant rheumatoid arthritis[57]. The level of intracellular GC is much lower than the extracellular
concentration due to expulsion of GC from the cell by members of the ABC family of transporter
molecules[52]. Overexpression of these proteins may contribute to the development of GC resistance.
COPD is an inflammatory disorder where GCs are not usually a beneficial treatment and patients are
relatively resistant to these steroids even when given high doses[24]. This ineffectiveness has been linked
to factors such as smoking and oxidative stress[58],

GC SIDE EFFECTS

Despite being the mainstay therapy for treatment of inflammatory disease, long-term GC use is associated
with many undesirable side effects, the molecular mechanisms of which are extremely complex and are
not entirely understood. Endocrine and metabolic side effects leading to diabetes and osteoporosis have
been linked to transactivation of genes by the ligand-activated GCR[59]. For example, GCs may increase
glucose synthesis through transactivation of enzymes involved in gluconeogenesis[59]. GCRdira mutants,
which are transactivation deficient, retain many of their beneficial anti-inflammatory effects through
transrepression of NFkB- and AP-l-mediated gene expression[28,42,43]. Hence, identification of
"dissociated steroids" that can mediate transrepression of proinflammatory genes without induction of
transactivation would represent an attractive therapeutic strategy. Such compounds may provide a safer
approach to treatment of inflammatory diseases through this ability to convey the beneficial actions of
GCs with reduced adverse effects[60]. However, some side effects, such as skin atrophy and suppression
of the hypothalamic-pituitary-adrenal axis, may be mediated by the transrepressive function of the
GCR[59] or may even involve a combination of both GCR mechanisms that would complicate the use of
dissociated steroids in therapy. It is imperative, therefore, that the specific molecular mechanisms
involved in GC-induced side effects are delineated to allow the development ofmore selective therapies.

GCS AS A THERAPY FOR INFLAMMATORY DISEASE

Inflammation is Normally Self-Resolving

Under normal circumstances, inflammation is beneficial to the host and is self-resolving, requiring
controlled clearance of granulocytes from inflamed sites[6]. Apoptosis of granulocytes, in contrast to
necrosis, is associated with maintenance of membrane integrity[6] and down-regulation of potentially
injurious secretory responses[61]. For granulocytes, functional attenuation is also achieved by surface
changes during the apoptotic process, including down-regulation of FcyRIII (CD16)[62] and L-selectin
expression[63], and uncoupling (32 integrins[63]. Cells undergoing apoptosis display specific surface
alterations important for signalling rapid recognition and intemalisation by phagocytes[64,65,66]. Many
receptor mechanisms have been acknowledged in the direct recognition and engulfment of apoptotic cells
by phagocytes[67,68,69], including the vitronectin receptor[70], scavenger receptors[71], CD31[72],
putative phosphatidylserine receptor (PSR)[73], Clq receptor calreticulin[74], and the tyrosine kinase
receptor, MER[75]. Blocking individual receptors on phagocytes only partially inhibits phagocytosis of
apoptotic cells, suggesting redundancy in the engulfment pathways and underlining the importance of
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phagocytic clearance of apoptotic cells. During resolving inflammation, macrophages (or other cells with
phagocytic capacity) are required to remove the potentially histotoxic apoptotic cells rapidly and
efficiently[76], Phagocytic removal of apoptotic cells normally occurs early on in the death process when
the dying cell is still intact[6] and, in contrast to phagocytosis of necrotic cells, fails to induce the release
of proinflammatory mediators, such as eicosanoids, GM-CSF, or IL-8, and MCP-1 chemoattractants from
the phagocytic cell[77,78,79], Engulfment of apoptotic cells also actively induces anti-inflammatory and
immunosuppressive effects in the phagocyte by, for example, inducing the production of IL-10, TGFP,
PGE2, and platelet-activating factor[80,81]. Thus, rapid recognition, ingestion, and degradation of dying
cells by phagocytes are nonphlogistic and equally as vital as the process of apoptosis itself. Both
apoptosis and subsequent phagocytic clearance are prerequisites for efficient clearance of granulocytes
and other inflammatory cells from tissues and, ultimately, for the resolution of inflammation.

Disease: Failure of Natural Resolution Process?

Neutrophils and eosinophils have been implicated in the pathogenesis ofmany inflammatory and allergic
disorders, such as COPD and bronchial asthma. Accumulation of leukocytes reflects a mismatch between
their infiltration into the inflamed site in response to cytokines, chemokines, and adhesion molecules,
which are overexpressed during chronic inflammation and the mechanisms required for their clearance.
Defective apoptosis or failure to remove intact apoptotic cells efficiently before lysis may play a
contributory role in the disease pathogenesis through release of histotoxic granulocyte contents that have
the capacity to damage the surrounding tissue and by stimulating proinflammatory macrophage secretory
responses. Indeed, impaired phagocytosis of apoptotic cell material may contribute to the severity of
disease in human SLE[82,83]. Mouse models of Clq deficiency develop spontaneous/persistant
inflammation that resembles an SLE-like disease and may be due to defective clearance of apoptotic
cells[84,85]. In both cases, a systemic autoimmunity is developed against autoantigens that may be
displayed on or released by the noningested apoptotic cells. This underlines the importance for "safe" and
efficient removal of these potentially harmful cells and the therapeutic value of agents that promote this.
Our laboratory and others have identified GCs as important regulators of both apoptosis and phagocytic
removal of apoptotic cells in diseases where these processes may be inefficient or dysregulated. Indeed, it
has recently been demonstrated that manipulation of apoptosis in vivo may result in enhanced resolution
of inflammation[86,87], thereby highlighting the potential to manipulate processes involved in the
resolution of inflammation for therapeutic gain[15,16]. Consequently, the effects of glucorticoids on the
resolution process, in our opinion, are highly clinically relevant.

GLUCOCORTICOID REGULATION OF APOPTOSIS IN INFLAMMATORY CELLS

Internal Controls of Apoptosis

Apoptosis plays a cmcial role in regulation of the inflammatory response. Neutrophils have a short life
span with a circulating half-life of 6-10 h, which is delayed by redundant mediators present at inflamed
sites (24^18 h)[88]. Eosinophil apoptosis occurs at a much slower rate than in neutrophils[7]. Despite
their derivation from a common precursor cell, apoptosis in these granulocytes is controlled quite
differently. Many of the inflammatory mediators present at an inflamed site can exert either anti- or
proapoptotic influences. For example, G-CSF, GM-CSF, C5a, and LPS profoundly inhibit neutrophil
apoptosis[14,89,90], as does increased cAMP[8] or a hypoxic environmental]. Eosinophil survival is
promoted in response to GM-CSF, IL-3, and IL-5[92], and PGD2[10].

T cells are an essential component of the adaptive immune system, and apoptosis is important for
their development and maintenance. Apoptosis is fundamental in regulating T-cell development in the
thymus during selection of developing thymocytes bearing a functional TCR[93]. Regulation of apoptosis
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in T cells differs from that in granulocytes. Thymocytes undergo apoptosis upon elevation of intracellular
calcium concentrations in response to calcium ionophores[94], whereas increased levels of intracellular
calcium delays eosinophil apoptosis[10]. Additionally, cycloheximide accelerates the constitutive rate of
apoptosis in both neutrophils[95] and eosinophils[13], but not T cells[4]. Apoptosis is also essential for
maintenance of mature T cells in the periphery. Upon encounter with cognate antigen, mature T cells
undergo significant clonal expansion and removal of these expanded cells once the stimulus has been
cleared is by activation-induced cell death[93], which involves activation of the extrinsic pathway of
apoptosis by ligation of death receptors such as FasL[96]. Hence, apoptosis is an indispensable process to
avoid autoimmunity.

From the knowledge gained on the internal controls of apoptosis, it may be possible to induce
apoptotic death of specific inflammatory cells involved in the pathogenesis of diverse inflammatory
diseases. In support of this suggestion, in vitro studies suggest that apoptosis in the closely related
neutrophil and eosinophil granulocytes appears to be controlled by different mechanisms.

GC Modulation of Apoptosis

Physiological concentrations of GCs can regulate the intrinsic rate of apoptosis in many leukocytes and
their efficacy depends upon a number of modulatory factors, including the GC type and concentration.
GC regulation of granulocyte survival is dose dependent and occurs through the GCR (blocked by
mifepristone)[13,14]. The GCs dexamethasone, methylprednisolone, and hydrocortisone all prolonged
neutrophil viability from 12 to 48 h, however non-GC progesterone failed to inhibit development of
apoptosis[14,97], indicating this is not due to nonspecific effects of high dose GCs. Endogenous cortisone
also mediates these effects on granulocyte survival, albeit to a lesser extent[13]. Differential effects of
GCs on granulocyte apoptosis have also been shown in a rat peritoneal model[98], where various GCs
induce eosinophil apoptosis, but delay neutrophil apoptosis with most significant effects observed at GC
concentrations of 10 6 and 10 8 A/, respectively. Thus, GCs used at optimal concentrations for eosinophil
apoptosis prolong neutrophil survival, indicating that the beneficial effects of GC treatment for asthma
may involve suppressing eosinophilic airway inflammation while maintaining antimicrobial responses.
This is a more specific therapeutic approach to treatment of inflammatory diseases compared to general
nonspecific immunosuppressive agents, such as cyclosporine. However, the anti-inflammatory action of
GCs is not reproducible for COPD, a neutrophil-dependent disease. Here, GC-mediated neutrophil
survival may contribute to tissue damage with increased potential for release of intracellular contents.
NFkB plays a vital role in the regulation of granulocyte apoptosis by inducing the expression of
prosurvival genes [99] and targeted inhibition may be an approach to induce neutrophil apoptosis in
COPD. Indeed, the NFkB inhibitor gliotoxin induces apoptosis in granulocytes alone or synergistically
with TNFa[99].

GCs can also induce apoptosis in thymocytes[12] and, hence, are used in the treatment of lymphoid
diseases. Interestingly, thymocyte sensitivity to GCs seems to be dependent upon their developmental
stage where GCs induce apoptosis in CD4+CD8+ double positive thymocytes, but not upon maturation to
single positive thymocytes[93]. In contrast, mature T cells are relatively resistant to GC-induced
apoptosis, and some investigations have even reported GCs to prevent activation-induced cell death in
these cells[100]. The effect of GCs on monocyte viability is more controversial. Although GCs have been
suggested to induce apoptosis in monocytes[101], a recent study by Ehrchen et al. showed that monocytes
were protected from staurosporine-induced apoptosis, mediated by reactive oxygen species (ROS), by
increasing the expression of antioxidant molecules upon GC treatment[102].

GC influence on cell survival is initiated by GC binding to the cytoplasmic GCR and involves
alterations in gene expression. However, there has been much controversy over the mechanism used by
the GCR, whether by transactivation of death genes, transrepression of survival genes or both.
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MECHANISMS OF GC EFFECTS ON APOPTOSIS

Evidence for Transrepression

Helmberg and colleagues[103] have suggested that interference with proinflammatory signalling through
the transrepressional activity of GCR is an important mechanism of GC-induced apoptosis. This was
derived from studies using T-cell leukaemia cell lines expressing mutant GCRs that were DNA-binding
and transactivation defective, but retained the ability to repress NFkB and AP-1 transcriptional capability.
These mutants were sufficient to induce apoptosis in these cells in response to GCs, implicating a role for
GCs in apoptosis via the transrepression of prosurvival genes. Transrepression by GCR is suggested to be
the main mechanism of suppressing the expression of cytokines and other inflammatory mediators that
modulate granulocyte survival, and this may contribute to GC-induced apoptosis. In a recent study, Novae
and colleagues provide data that support the role of GCR repression of gene expression in GC-induced
apoptosis[104]. Here, GCs transiently suppress the level of the death receptor FasL and subsequently
inhibit activation-induced T-cell apoptosis. Regulation of FasL expression was suggested to be a result of
GCR binding directly to DNA, specifically to negative GREs that overlap an NFkB site. Hence,
repression of FasL by GCR binding in cis may be due to competition for a common binding site and their
rationalisation of this mechanism is that it would slow down T-cell apoptosis so that macrophages are not
overwhelmed with a massive apoptotic cell load.

Evidence for Transactivation

Ramdas and Harmon[105] used a transactivation-defective mutant GCR that retained transrepressional
activity, but did not mediate GC-induced apoptosis in human leukaemic T cells, suggesting that DNA
binding by the GCR is important. Similarly, Reichardt and coworkers used a GCRdlm mutant to show the
requirement for transactivation in GC-induced thymocyte apoptosis[28]. New protein synthesis has been
implicated in the regulation of apoptosis and, indeed, GC-induced thymocyte apoptosis and neutrophil
survival can be abolished with cycloheximide[106]. This indicates that neutrophil survival requires
ongoing gene expression and continuous synthesis of a prosurvival factor(s), a process that requires
continued presence of GC[106], whereas GC-induced thymocyte apoptosis may be due to transactivation
of death genes. Alternatively, GC induction of IkB expression may block proinflammatory signalling and
contribute to induction of apoptosis in responsive cells[105].

Effects of GCs on the Mitochondrial Pathway-Regulated Apoptosis

Regulation of apoptosis may occur at the level of the mitochondria, an intracellular organelle with a
central role in the apoptotic process. During the early stages of apoptosis, loss of mitochondrial
membrane potential and increase in outer mitochondrial membrane permeability allow the release of
factors such as Cytochrome C[8], which initiates downstream effects culminating in caspase activation
and ultimately apoptosis[107]. Human eosinophils stimulated with dexamethasone show morphological
changes characteristic of apoptosis, including DNA fragmentation, caspase-3 activation, and loss of
mitochondrial membrane permeability[107]. Inhibition of mitochondrial permeabilisation, but not
caspase-3 activity, prevented both mitochondrial disruption and apoptosis in response to dexamethasone.
This suggests that GC-induced eosinophil apoptosis occurs through activation of the mitochondrial
pathway, possibly resulting from the release of caspase-independent apoptosis-inducing factor
(AIF)[107]. Loss of mitochondrial membrane potential and induction of eosinophil apoptosis may result
from oxidant-induced mitochondrial injury, a process enhanced by GCs through production of ROS and
sustained activation of proapoptotic JNK[3]. Ruiz and coworkers used the glucose-glucose oxidase
system to achieve a constant production of hydrogen peroxide as a source of ROS to stimulate oxidative
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stress in neutrophils and, hence, apoptosis[108]. Dexamethasone delayed ROS-induced apoptosis in a

concentration-dependent manner, with most significant inhibition at 10 M dexamethasone at 12 and 24 h
time points[108].

Although some studies described above do not implicate a role for caspases, GC-induced apoptosis in
thymocytes and lymphoma cells can be blocked by pharmacological inhibition of caspases (z-VAD-
fmk)[109], showing an additional level of apoptosis regulation, at least in these cell types, by GCs.

Involvement of Bcl-2 Family Members in GC-lnduced Apoptosis

Bcl-2 proteins play a crucial role in apoptosis by regulating mitochondrial membrane stability[88].
Neutrophils express proapoptotic (Bak and Bax) and antiapoptotic (Al and Mcl-1) members of the bcl-2
family[88], GCs may delay neutrophil apoptosis resulting from mitochondrial dysfunction by increasing
the abundance of antiapoptotic Al mRNA, while decreasing the level of proapoptotic Bak mRNA in a
GCR-dependent manner[88]. GC-induced thymocyte apoptosis may also result from mitochondrial
dysfunction[l 10] as a consequence of alterations in the levels of pro- and antiapoptotic bcl-2 factors.
Indeed, thymocyte apoptosis in response to dexamethasone is accelerated by bcl-2 deficiencyLl 11 J,
whereas bcl-2 overexpression inhibits GC-induced lymphoma cell apoptosis[112]. Furthermore,
alterations in the phosphorylation status of bcl-2 family members in response to GCs may lead to
mitochondrial injury and subsequent eosinophil apoptosis[3]. Thus, the intrinsic mitochondrial pathway
may contribute significantly to determining the fate of cells by integrating signals from pro- and
antiapoptotic members of the bcl-2 family of proteins and this may be regulated by GCs. This apoptotic
pathway is also inhibited in human neutrophils by a cell permeable analogue of cAMP, dibutyryl cAMP
(db-cAMP), resulting in neutrophil survival[8], whereas proinflammatory mediators G-CSF and GM-CSF
increase the expression of proapoptotic bcl-2 proteins and, hence, may promote apoptosis[88].

MODULATION OF PHAGOCYTIC REMOVAL OF APOPTOTIC CELLS BY
MACROPHAGES

In situations where cells are stimulated to undergo apoptosis at a high rate (for example, when there are
overwhelming proapoptotic signals), the tissue load of apoptotic cells may be in danger of exceeding the
removal capacity by phagocytes and noningested apoptotic cells may then undergo secondary necrosis
with detrimental consequences[l 13], Thus, the phagocytic clearance of cells dying by apoptosis plays a
pivotal role in determining the inflammatory outcome and may be a prerequisite for effective resolution
of inflammation. Hence, in order for deliberate induction of apoptotic cell death to be considered as a

therapeutic strategy, parallel strategies for their efficient removal will also be required.

Pharmacological Modulation

Our laboratory is interested in the way inflammation resolves and we have made attempts to modulate
macrophage phagocytic potential via pharmacological means. Increased levels of cAMP in human
monocyte-derived macrophages (MDM<|)), using db-cAMP, specifically inhibits phagocytosis of apoptotic
neutrophils[l 14], whereas ligation of macrophage surface CD44 rapidly and specifically augments
phagocytic uptake of apoptotic neutrophils, but not apoptotic lymphocytes[l 15]. Adhesion to the matrix
protein fibronectin also rapidly increases macrophage capacity for internalisation of apoptotic
neutrophils [116]. Particular focus is being made now on interpreting the influence of GCs on the
mechanisms by which acute inflammation normally resolves. We have demonstrated that GCs augment
phagocytic potential for nonphlogistic clearance of apoptotic leukocytes, a process that is essential for the
resolution of inflammation. Pretreatment of 5-day human MDM(|) for the first 24 h of culture with GCs
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methylprednisolone, dexamethasone, and hydrocortisone induced a prophagocytic phenotype displaying
augmented phagocytosis of neutrophils undergoing apoptosis[17]. GCs also enhance macrophage
capacity for uptake of other apoptotic targets, including Jurkat T cells and eosinophils, and also promote
uptake of apoptotic neutrophils by alternative phagocytes, including human glomerular mesangial cells.
GC action on phagocytosis is specific, as non-GCs aldosterone, estradiol, and progesterone did not exert
this effect and GCs did not promote ingestion of Ig-opsonised erythrocytes. These observed effects are
GCR dependent, being inhibited by the GCR antagonist mifepristone, and are reversed by cycloheximide,
indicating the requirement for new protein synthesis.

Reprogramming of Monocyte Differentiation by GCs

Freshly isolated monocytes lack the capacity to ingest apoptotic targets, an ability that is gradually
acquired during in vitro culture as adherent monocytes differentiate into macrophages[l 17], GCs
potentiate the phagocytic capacity of MDM<j) cultured for 5 days in vitro, with a greater potentiation
observed the earlier monocytes were exposed to GCs during maturation[17]. Furthermore, we have
demonstrated that long-term exposure (5 days) ofmonocytes to GCs induced differentiation ofmonocytes
into MDM<(> displaying enhanced phagocytosis of apoptotic cells (up to threefold) and, hence, represents a
proresolution phenotype[18]. Macrophages that had been treated with GC for this period were a more
homogenous population of smaller, more rounded, and less well-spread cells with a phenotype
characterised by reduced phosphorylation and, hence, recruitment of paxillin and pyk2 to sites of
adhesion, with consequential loss of actin- and paxillin-containing podosomes, and loss of pl30cas
expression, an important adaptor molecule in integrin adhesion signalling through the
DOCK180/Crk/pl30cas pathway. Despite their altered adhesion, time-lapse video microscopy revealed
that GC-treated MDMtj) remained membrane active with extension and retraction of cellular process,
probably as a result of increased levels of active Rac. GC-treated MDMij) also displayed homogeneity in
surface receptor expression, as shown by their laser scatter properties from flow cytometry, which
identified a more uniform expression of HLA-DR, CD 14, and CD44, consistent with reprogramming
during monocyte differentiation. Although GC-treated MDMij) exhibit elevated surface expression of the
haemoglobin scavenger receptor, CD 163, no single surface receptor was identified that would define a
prophagocytic macrophage phenotype. Combinatorial treatment with GC and the "classical activator"
IFNy abolished GC potentiation of macrophage phagocytic capacity for apoptotic cells[l 18]. The first 24
h of culture with GC was critical for acquisition of a prophagocytic phenotype as this was overridden by
subsequent treatment with IFNy, with less pronounced inhibition the later IFNy was added. Interestingly,
IFNy did not have an observed effect on GC-mediated morphology or surface receptor expression
indicating that GC-treated MDM<j) adhesion status can be dissociated from phagocytic capacity. This has
implications for the application of GC therapy in Thl-mediated diseases characterised by high levels of
IFNy.

Induction of an Anti-Inflammatory Macrophage Phenotype by GCs

GCs are associated with induction of an anti-inflammatory macrophage phenotype. Importantly, GC
potentiated phagocytosis of apoptotic cells did not stimulate the release of proinflammatory mediators,
including MCP-1 and IL-8 chemokines[17]. Therefore, GCs promote "safe" clearance of cells dying by
apoptosis and may directly contribute to the resolution of inflammation. The GC-inducible protein
annexin I undergoes caspase-dependent recruitment from the cytosol to the outer plasma membrane
during apoptosis to colocalise with phosphatidylserine and may be required for efficient clearance of
dying cells[33]. Alternatively, GC-induced expression of annexin I in macrophages and subsequent
release may enhance apoptotic cell up take [35]. Indeed, macrophages from annexin I knockout mice show
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defective phagocytosis of apoptotic cells acting through the FPRL1[35]. This has been furthered by a
recent study by Scanned et al., who report that annexin I is a prophagocytic factor released by apoptotic
cells and actively promotes the FPRL1-dependent clearance of apoptotic cells by macrophages[119].
Thus, transactivation of annexin I expression by the GCR may contribute to enhanced recognition and
internalisation of apoptotic cells in response to GC treatment.

Clq is an important subcomponent of complement CI, which activates the classical pathway upon
binding to immune complexes or CRP and its expression in monocytes/macrophages can be induced by
GCs or inhibited by IFNy and LPS[31,120], Clq binds to apoptotic cells[121] and may aid in their
removal by phagocytes. Interestingly, Botto and colleagues demonstrated Clq deficiency in mice to cause
an SLE-like disease with high titres of autoantibodies and accumulation of apoptotic cells in
glomeruli[85] and defective clearance of apoptotic cells is also observed in human SLE patients[82,83].
Thus, Clq may protect against development of SLE by targeting apoptotic cells for clearance. This has
been supported by in vitro studies where Clq-deficient human macrophages show impaired phagocytosis
of apoptotic cells, and this is restored with purified human Clq[84]. Flence, induction of innate proteins
by GCs may contribute to their anti-inflammatory effect by enhancing removal of dying cells.

A recent study by Ehrchen and coworkers used a microarray system to analyse the expression profile
in human monocytes treated with GCs[102]. Their data signify the multitude of GC effects, where the
expression of over 100 genes were GC regulated with a more pronounced induction of genes that are
important in monocyte/macrophage functions such as phagocytosis, apoptosis, and adhesion. Important to
the process of phagocytosis, there was induced expression of CD163, FPR1, and MER tyrosine kinase
receptors, and MFG-E8 and Clq serum proteins, however, the relevance of this in GC-potentiated
phagocytic capacity is unclear. These results indicate that GC effects on monocytes are not simply
immunosuppressive, but also immunomodulatory. GCs promote induction of an anti-inflammatory
phenotype important for the resolution of inflammation, challenging the concept that transrepression is
the dominant mechanism of GC action on monocytes.

CONCLUSION

Apoptosis is a fundamental process in cell and tissue homeostasis that, in contrast to necrosis, is
associated with maintenance of cell membrane integrity and noninflammatory clearance by phagocytes.
Failure or inefficient apoptosis and/or phagocytosis may result in necrosis with detrimental
proinflammatory consequences. GCs modulate inflammatory cell survival and promote nonphlogistic
phagocytosis of apoptotic cell targets in vitro, a situation that could be deemed proresolution with
consequent implications in the clinical setting where unresolving chronic inflammatory diseases cause
considerable morbidity and untimely death. Thus, considerable effort to elucidate the precise molecular
and cellular mechanisms of action ofGCs, as well as improve existing GCs, is being made.
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Analysis of Neutrophil Apoptosis

Emma L. Taylor, Adriano G. Rossi, Ian Dransfield, and Simon P. Hart

Summary
Neutrophil-derived granule enzymes, oxidants, and mediators have been implicated in

the pathogenesis of a variety of inflammatory diseases. Neutrophil apoptosis is associated
with the loss of expression of adhesion molecules and greatly reduced responsiveness to
external stimuli, so that these cells become functionally isolated from their environment.
Iu cuntias! with necrosis, apoptosis is associated with preservation of plasma membrane
integrity, so that release of harmful neutrophil contents is limited, and the inert neutro¬
phils are phagocytosed by local macrophages. Furthermore, phagocytosis of apoptotic
neutrophils by human macrophages in vitro suppresses release of macrophage-derived
pro-inflammatory mediators. In this way, by downregulating neutrophil functions and
triggering "silent" clearance by phagocytes, apoptosis provides a mechanism for the safe
disposal of potentially destructive inflammatory cells. Many of the molecular events
involved in the apoptosis pathway have been identified and several complementary meth¬
ods may be employed to identify and quantitate neutrophil apoptosis. This chapter will
discuss analysis of neutrophil morphology, DNA fragmentation, membrane changes,
mitochondrial alterations, caspase activation, and phagocytosis of apoptotic neutrophils
by macrophages.

Key Words: Apoptosis; caspase; necrosis; DNA fragmentation; phagocytosis,

t. Introduction

Once recruited in large numbers to a site of tissue damage, neutrophils die
locally by undergoing apoptosis, which is the process ofprogrammed cell death
in vertebrates. The removal of apoptotic neutrophils is thought to be an impor¬
tant step in preventing the release of granule contents and chemotactic factors
into the extracellular fluid, thereby halting further injury during resolution of
inflammation. The characteristic morphological features of apoptosis in human
neutrophils were first reported by Savill et al. in 1989 (1). Until that time, it
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was widely believed that neutrophils died by undergoing necrosis, the classical
mode of cell death that follows irreversible cell injury (2), but which is associ¬
ated with disruption of the plasma membrane and release of intracellular con¬
tents, which in the case of the neutrophil may promote further tissue injury.
Savill et al. demonstrated that when human neutrophils were aged in culture
for 10 h at 37°C a proportion of cells displayed densely condensed nuclei and
vacuolated cytoplasm. Electron microscopy of the same cell population re¬
vealed chromatin condensation, nucleolar prominence, vacuolated cytoplasm,
and intact cytoplasmic granules. In contrast to apoptosis in other cell lineages,
substantial cell shrinkage, membrane blebbing, and formation of apoptotic
bodies are not prominent features of apoptotic neutrophils when observed by
light microscopy. Neutrophils arc terminally differentiated cells and undergo
constitutive apoptosis, so that after culture in vitro for 20 h, typically >50% of
the cells will have undergone apoptosis. In vitro aging of neutrophils has been
successfully used to demonstrate the pro-apoptotic or anti-apoptotic effects of
numerous mediators, bacterial products, and pharmaceutical agents (3-5). Poten¬
tial apoptosis-regulating agents are incubated with a suspension of freshly iso¬
lated human neutrophils and apoptosis is assessed over time. Early time points
(e.g., 4 h) are used to look for induction of apoptosis, and later time points (e.g.,
>20 h) for assessing inhibition of apoptosis. It should be appreciated that the
methods of neutrophil isolation and culture can profoundly influence rates of
constitutive apoptosis and the response to external apoptosis-modulating re¬
agents. Human neutrophil isolation may involve multiple steps including leuko¬
cyte sedimentation (using Percoll, Hypaque-Ficoll, gelatine, etc.), many centrifu-
gation steps, temperature changes, and red cell lysis. Each step has the potential
to influence neutrophil responsiveness and apoptosis. Furthermore, contamina¬
tion of neutrophil preparations, even with low numbers ofmonocytes or eosino¬
phils, can influence rates of neutrophil apoptosis. In order to overcome this
variable, some researchers have recommended neutrophil isolation protocols
based on antibody-dependent depletion of contaminating cells (6), which in turn
requires careful quality-control steps. Other variables that must be taken into
account when investigating human neutrophil apoptosis include the pH of media,
glucose concentration, oxygen tension, and cell density during culture (7,8).

Substantial research activity has identified many of the molecular events
involved in the apoptosis pathway, which in turn have led to a variety of differ¬
ent techniques that may be used to identify and quantify apoptotic neutrophils
in the laboratory. The inevitable consequence of initiation of the apoptosis
pathway is disassembly of the intracellular machinery which is mediated prin¬
cipally by effector caspases, a family of mammalian cysteine proteases which
cleave specific aspartate-containing sites in a variety of target proteins. Caspases



Analysis of Neutrophil Apoptosis 179

exist constitutively in the cell as zymogens, and upon an initiating pro-apoptotic
stimulus they are sequentially activated in a tightly regulated, irreversible cas¬
cade. Caspases have been classified into initiators (caspases 2, 8,9,10, 12) and
effectors (caspases 3, 6, 7, 14) (9). Initiation of the biochemical pathways of
apoptotic cell death can broadly be defined as occurring via either intrinsic or
extrinsic mechanisms, although it is now recognized that a certain amount of
cross-talk occurs between the two. The intrinsic pathway is recruited in response
to cell damage or stress, and involves changes at the level of the mitochondria
including processing and activation of pro-apoptotic Bcl-2 family member pro¬
teins (e.g., Bax), release of cytochrome c from mitochondria, formation of the
apoptosome (composed of cytochrome c, APAF-1, and procaspase 9), and ac¬
tivation of caspase 9. The extrinsic pathway of apoptosis results from engage
ment of cell surface death receptors (e.g., Fas [CD95], tumor necrosis factor
[TNF] receptor) leading to formation of death-inducing signaling complex
(DISC), and involves cleavage and activation of procaspase 8 as the initiator
caspase. Both mechanisms result in downstream processing and activation of
caspase 3, which is the predominant effector caspase responsible for the cleav¬
age of cell components (10). Normal cell membranes exhibit marked phospho¬
lipid asymmetry, with phosphatidylcholine and sphingomyelin predominantly
on the external layer and most of the phosphatidylethanolamine and phos-
phatidylserine on the inner layer. Apoptosis is associated with loss of normal
asymmetrical distribution of aminophospholipids, and in particular phospha-
tidylserine becomes exposed on the exterior of the cell, where it may mediate
binding of opsonins and permit recognition of apoptotic cells by phagocytes
(11). Activation of an endonuclease during apoptosis leads to internucleosomal
digestion of DNA into monomers or oligomers or nucleosomal DNA of 200
base pairs and multiples thereof, and a regular "ladder-type" pattern of oligonu-
cleosomal DNA fragmentation on agarose gel electrophoresis is commonly con¬
sidered to define apoptosis. Apoptotic neutrophils are recognized and ingested
by macrophages (11), and it has been shown that macrophage phagocytic capac¬
ity for apoptotic neutrophils may be influenced by cytokines (12), prostaglan¬
dins (13), glucocorticoid hormones (14), and interaction of surface adhesion
molecules with neighboring cells and extracellular matrix components (15).
Furthermore, apoptotic cells may become opsonised, whereby naturally occur¬
ring soluble opsonins bind to the cell surface and initiate phagocytosis (16).
Neutrophil apoptosis may be assessed in the laboratory by analysis of cell

morphology by microscopy, assessing plasma membrane alterations, measuring
loss of mitochondrial membrane potential, looking for evidence of caspase acti¬
vation, and gel electrophoresis of genomic DNA. Methods for quantifying macro¬
phage phagocytosis of apoptotic neutrophils are also described in this chapter.
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2. Materials

2.1. Cytocentrifuge Preparations for Light Microscopy
1. Cytocentrifuge chambers, filter cards, glass slides, and coverslips.
2. Methanol, Diff-Quik™ stains (Baxter Healthcare), and distrene-80, plasticizer,

xylene.
3. Iscove's modified Dulbecco's medium (IMDM) (Invitrogen).

2.2. Plasma Membrane Alterations

1. 96-well U-bottom flexible polyvinyl chloride plate (Becton Dickinson Labware).
2. Annexin binding buffer: 140 mmol NaCl, pH 7.4, 20 mM HEPES, 4 mM CaCl2.
3. Stock solution of 1 mg/mL propidium iodide in phosphate-buffered saline (PBS)

(Sigma-Aldrich) {see Note 1).
4. Cytometry buffer: cation-free PBS containing 0.1% bovine serum albumin. Store

at 4°C.
5. For CD16 staining: 3G8 (anti-FcyRIIIB) F(ab')2 fragments (Ancell, Bayport, MN);

fluorescein isothiocyanate (FITC)-conjugated F(ab')2 goat anti-mouse immuno¬
globulin (Ig) (Dako); nonbinding murine IgGi control (Dako).

2.3. Mitochondrial Permeability
Mit-E-vP mitochondria permeability detection kit (Biomol International):

contains lyophilized Mit-E-\p reagent, to be reconstituted in 125 pL of dimeth-
ylsulfoxide (DMSO) per vial then stored at -20°C (avoid repeated freeze-
thawing), and 10X assay buffer, to be diluted before use. Once diluted, assay
buffer can be stored at 4°C for up to 7 d.

2.4. Western Blotting for Caspases
1. Tris-buffered saline (TBS): dissolve 8 g of NaCl, 0.2 g of KC1, and 3 g Trizma

base in 800 mL of distilled water. Adjust the pH to 7.4 with HC1 and add distilled
water to 1 L. Autoclave aliquots and store at room temperature.

2. Protease inhibitor buffer (see Note 2): to 0.3 mL of TBS add 0.5 mL of protease
inhibitor cocktail for use with mammalian cell and tissue extracts (1:50 dilution in
TBS) (Sigma-Aldrich), supplemented with 4-(2-aminoethyl)-benzenesulfonyl-
fluoride (AEBSF; 20 pL of 400 mM stock in H20), aprotinin (20 pL of 0.15 pM
stock in H20), leupeptin (20 pL of 20 mM stock in H20), pepstatin A (40 pL of
0.75 pM stock in methanol), sodium orthovanadate (20 pL of 1 M stock, pH 10,
boiled), benzamidine (20 pL of 0.5 M stock), levamisole (20 pL of 2 M stock) and
^-glycerophosphate (60 pL of 3.33 M stock in H20) (all from Sigma-Aldrich).

3. 10% NP-40 in TBS.
4. Sample Buffer (for 10 mL of 4X Sample Buffer): 5.5 mL of 50% glycerol, 2 mL

of 20% sodium dodecyl sulfate (SDS), 2.5 mL of 0.5 M Tris-HCl (pH 6.8), 20 pL
of 1% (w/v in ethanol) bromophenol blue. For reducing buffer, add 100 pL of |3-
mercaptoethanol in a fume hood.
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5. 12% acrylamide separating gel (see Note 3): 2.5 mL of 1.5 M Tris-HCl (pH 8.8), 4
mL of 30% acrylamide/bis-acrylamide solution (37.5:1 ratio), 3.3 mLof dH20,100
pL of 10% (w/v) SDS. Add 30 pL ofA,N,A/'W'-tetramethylethylenediamine (TEMED)
and 60 pL of 10% (w/v) ammonium persulphate to initiate polymerization.

6. dHzO-saturated butanol: mix approx 75 mL of butan-2-ol with approx 25 mL of
distilled water and shake vigorously. Allow to separate, and store at room temper¬
ature. Use the top layer.

7. 4.5% acrylamide stacking gel: 2.5 mL of 0.5 M Tris-HCl (pH 6.8), 1.5 mL of 30%
acrylamide/bis-acrylamide solution (37.5:1 ratio), 5.8 mL of dH20,100 pL of 10%
(w/v) SDS. Add 30 pL ofTEMED and 60 pL of 10% (w/v) ammonium persulphate
to initiate polymerization.

8. Running buffer: 25 mM Tris, 192 mM glycine pH 8.3, 0.1% SDS.
9. Transfer buffer: 25 mM Tris, 192 mM glycine pll 8.3, 20% methanol.
10. Hybond-P polyvinylidene difluoride (PVDF) membrane (Amersham Biosciences).
11. Benchmark™ prestained molecular weight standards (Invitrogen).
12. Blocking buffer: TBS containing 0.1 % Tween 20 (polysorbat 20)® and 5% Marvel

dried milk powder.
13. Primary antibody: anti-caspase-3 (active) polyclonal rabbit antibody (Biovision

Research Products).
14. Secondary antibody: horseradish peroxidase (HRP)-conjugated polyclonal goat anti-

rabbit Ig (Dako).
15. Enhanced chemiluminescence (ECL) reagents (Amersham Biosciences).

2.5. Fluorimetric Caspase Kit
Homogeneous Caspases Assay Kit (Roche Diagnostics) (see Note 4): con¬

tains IX incubation buffer, stock caspase substrate solution (500 pM DEVD-
R110 in DMSO), positive control (lysate from apoptotic camptothecin-treated
U937 cells), and R110 standard for calibration curve construction (1 mM in
DMSO).

2.6. Caspase Profiling Plate
1. ApoAlert™ Caspase Profiling Plate (Clontech): contains 96-well microplate with

immobilized substrates for caspase 2 (VDVAD-AMC), caspase 3 (DEVD-AMC),
caspase 8 (IETD-AMC), and caspase 9 (LEHD-AMC) in 24 wells each, lysis Buffer,
2X Reaction Buffer, 100X dithiothreitol (DTT) solution, and inhibitors of cas¬
pases 2, 3, 8, and 9.

2. 10% NP-40 in TBS.

2.7. Cel Electrophoresis for DNA Fragmentation
1. Wizard® genomic DNA purification kit (Promega).
2. 0.5X TBE running buffer: Make a 5X stock (pH 8.3) with 54 g Trizma base, 27.5

g boric acid, and 20 mL 0.5 M ethylenediamine tetraacetic acid (EDTA) (pH 8.0)
in 1 L of dH20.
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3. SeaKem LE agarose (Cambrex) for DNA electrophoresis (see Note 5).
4. 10 mg/mL ethidium bromide solution (Sigma-Aldrich).
5. 6X blue/orange loading dye (Promega).

2.8. Propidium Iodide Intercalation into DNA
1. 96-well flat-bottom flexible polyvinyl chloride plate (Becton Dickinson Labware).
2. 70% ethanol in distilled H20.
3. 0.5 mg/mL solution of RNase A (Sigma-Aldrich).
4. Solution of 0.1 mg/mL propidium iodide in PBS (Sigma-Aldrich).

2.9. Terminal Deoxynucleotidyltransferase-Mediated
dUTP Nick End Labeling Staining
1. 96-well flat-bottom flexible polyvinyl chloride plate (Becton Dickinson Labware).
2. In Situ Cell Death Detection Kit, Fluorescein (Roche Diagnostics): contains 10X

enzyme solution (terminal deoxynucleotidyltransferase [TdT]) in storage buffer
and IX labeled nucleotide mixture in reaction buffer. This protocol also requires
PBS (wash buffer), 3% H202 in methanol (blocking solution), 4% paraformalde¬
hyde in PBS at pH 7.4 (fixation buffer; freshly prepared), and 0.1% Triton X-100
in 0.1% sodium citrate (permeabilization buffer; freshly prepared).

2.10. Plate-Based Phagocytosis Assay
1. 2.5% glutaraldehyde (Sigma-Aldrich) in PBS.
2. 0.1 mg/mL dimethoxybenzidine (o-diansidine) (Sigma-Aldrich) in PBS, made up

fresh from 1 mg/mL frozen stock.
3. 30% hydrogen peroxide solution (Sigma-Aldrich).
4. Costar 48-well TC-treated microplates (Fisher Scientific).

2.11. Flow Cytometry-Based Phagocytosis Assay
1. 5-chloromethylfluorescein diacetate (CMFDA; CellTracker™ Green; Molecular

Probes).
2. 0.25% trypsin/1 mMEDTA solution (Invitrogen).

3. Methods

3.1. Analysis of Neutrophil Morphology by Light Microscopy
1. Suspend freshly-isolated peripheral blood neutrophils (at least 97% purity) at 4 x

106 cells/mL in 1MDM supplemented with 10% autologous serum (see Note 6).
2. Add 135 pL of neutrophil suspension to wells of a 96-well, flat-bottom flexible

plate. To each well, add 15 pL of apoptosis-modifying agents (10X concentration)
or buffer control, cover with a lid, and incubate at 37°C in a 5% C02 incubator for
the desired length of time.

3. Load a cytospin chamber with 100 pL of aged neutrophil suspension.
4. Cytocentrifuge at 300 rpm (30g) for 3 min.
5. Air-dry for 5 min.
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Fig. 1. A cytocentrifuge preparation of human neutrophils aged for 22 h in vitro.
Nonapoptotic neutrophils exhibit characteristic multilobed nuclei and an open pattern
of chromatin (open arrowhead). Apoptotic neutrophils show condensation of nuclear
material into one to three dark-staining nuclear bodies with prominent nucleoli, and
often demonstrate cytoplasmic vacuolation (closed arrowhead). Late apoptotic neu¬
trophils appear as "ghosts" with little or no nuclear material (closed arrow).

6. Fix in methanol for 1 min. Drain.
7. Stain in Diff Quik™ solution 1 or equivalent acid dye for 1 min. Drain.
8. Stain in Diff Quik solution 2 or equivalent basic dye for 1 min. Drain and rinse

with distilled water.

9. Allow to dry, mount with a drop of DPX, and apply a coverslip. View using a light
microscope with a x40 or xlOO objective and count >200 cells per slide. Apoptotic
neutrophils can be identified by their characteristic condensation of nuclear mate¬
rial, prominent nucleoli, and frequently vacuolation of the cytoplasm (Fig. 1) (see
Note 7).

3.2. Annexin V Staining
Apoptosis is associated with the loss of phospholipid asymmetry and the

exposure of phosphatidylserine on the outer surface of the plasma membrane.
Annexin V is a protein that binds specifically to phophatidylserine in the pres¬
ence of Ca2+, and its fluorescent derivatives can be used to identify apoptotic
cells using a simple and rapid flow cytometric method.
1. Suspend freshly isolated peripheral blood neutrophils (at least 97% purity) at 4 x

106 cells/mL in IMDM supplemented with 10% autologous serum (see Note 6).
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2. Add 135 jjL of neutrophil suspension to wells of a 96-well, flat-bottom flexible plate.
3. Add 15 pL of apoptosis-modifying agents (10X concentration) or buffer control

to each well.
4. Cover plate, and incubate at 37°C in a 5% C02 incubator for the desired length of

time.

5. Resuspend cells by gentle pipetting and transfer 100 pL of the cell suspension to
a 96-well, U-bottom flexible plate (see Note 8) and centrifuge at 200g for 2 min at
room temperature. Discard the supernatants.

6. Vortex the plate for 5 s to disrupt the cell pellet.
7. Resuspend the cells in 50 pL of recombinant human Annexin V-FITC (Caltag)

freshly diluted 1:50 in annexin binding buffer (see Note 9).
8. Incubate for 5 min at room temperature. No wash is required.
9. Co-label membrane permeable necrotic or late apoptotic cells by staining with the

membrane impermeant nuclear dye propidium iodide (PI; 5 pg/mL) 30 s prior to
running the sample.

10. Analyze by flow cytometry using FL-l/FL-2 channel analysis following appro¬
priate compensation (see Note 10).

11. Live cells are annexin V-negative and Pi-negative; apoptotic cells are annexin V-
positive and Pi-negative; necrotic cells are both annexin V-positive and Pl-posi-
tive (Fig. 2).

3.3. Loss of CD16 Expression
Neutrophil apoptosis is associated with amarked downregulation ofFcyRIII

(CD16) (21). A simple flow cytometric method using an anti-CD16 monoclo¬
nal antibody will reliably discriminate apoptotic from non-apoptotic neutrophils
in a mixed cell population.
1. Suspend freshly isolated peripheral blood neutrophils (at least 97% purity) at 4 x

106 cells/mL in IMDM supplemented with 10% autologous serum (see Note 6).
2. Add 90 pL of neutrophil suspension to wells of a 96-well, flat-bottom flexible

plate.
3. Add 10 pL of apoptosis-modifying agents (10X concentration) or buffer control to

each well.
4. Cover plate, and incubate at 37°C in a 5% C02 incubator for the desired length of

time.

5. Resuspend cells by gentle pipetting and transfer 100 pL of the cell suspension to
a 96-well U-bottom flexible plate (see Note 8) and centrifuge at 200g for 2 min at
4°C. Discard the supernatants.

6. Vortex the plate for 5 s to disrupt the cell pellet.
7. Incubate neutrophils with 20 pg/mL monoclonal murine IgG! anti-CD16 (clone

3G8) or nonbinding control lgGy in 50 pL cytometry buffer on ice for 30 min.
8. Add 75 pL of cytometry buffer. Centrifuge at 200g for 2 min at 4°C. Discard the

supernatants and vortex the plate for 5 s to disrupt the cell pellet.
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Fig. 2. Annexin V staining. An example two-colour flow cytometry dot plot of aged
human neutrophils stained with annexin V-fluorescein isothiocyanate (FL-1, x-axis)
and propidium iodide (FL-2, y-axis) is shown. The regions indicated represent (A)
nonapoptotic neutrophils, (B) apoptotic neutrophils, and (C) late apoptotic or necrotic
neutrophils.

9. Add 125 pL of cytometry buffer. Centrifuge at 200g for 2 min at 4°C. Discard the
supernatants and vortex the plate for 5 s to disrupt the cell pellet.

10. Add 50 pL of 1:40 F(ab')2 goat anti-mouse Ig-FITC in cytometry buffer on ice for
30 min.

11. Repeat steps 8 and 9. Resuspend the cells in 50 pL of cytometry buffer.
12. Analyse cells using a flow cytometer. Apoptotic neutrophils have low FL-1 channel

fluorescence; non-apoptotic neutrophils have high FL-1 fluorescence (see Note 11).

3.4. Measurement of Mitochondrial Membrane Potential Using JC-1.
Upon activation of apoptosis-promoting proteins such as Bid, Bax, and Bak,

the potential across the mitochondrial membrane (AVFM) is lost and pores are
formed which allow the passage of proteins from the mitochondria into the cyto-
sol, leading to activation of caspase 9 and subsequently caspase 3 (22). Changes

c

Annexin V-FITC
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in neutrophil mitochondrial membrane potential may be measured using JC-1
(5,5',6,6'-tetrachloro-l,l',3,3'-tetra-ethyl-benzimidazocarbo-cyaniniodide;
Molecular Probes), a cationic dye which exhibits membrane potential-dependent
accumulation in mitochondria indicated by a fluorescence emission shift from
green (525 nm) to red (590 nm). In viable cells with intact mitochondrial mem¬
brane potential, JC-1 is able to enter mitchondria and polymerise, where it fluo¬
resces in the red (FL-2) channel. However, when ATM is lost during apoptosis,
JC-1 is unable to penetrate the mitochondrial membrane and it remains in mon¬
omelic form in the cytosol and fluoresces in the green (FL-1) channel. Apoptosis-
associated mitochondrial depolarisation is indicated by a decrease in the red/
green fluorescence intensity ratio (23) (see Note 12). Although not described
here, the change in fluorescence of JC-i associated with apoptosis can also be
quantified flow cytometrically.
1. This protocol assumes the use of a Mit-E-T mitochondria permeability detection
kit (Biomol International UK, Exeter, UK)

2. Suspend freshly isolated peripheral blood neutrophils (at least 97% purity) at 2 X
106 cells/mL in IMDM supplemented with 10% autologous serum (see Note 6).

3. Dispense 1 mL of neutrophil suspension (2 x 106 cells) into 2-mL round-bottomed
polypropylene tubes and incubate ± apoptosis-modifying agents at 37°C for the
desired length of time (see Note 13).

4. Centrifuge at 220g for 5 min and discard the supernatants.
5. Gently resuspend each cell pellet in 1 mL of freshly prepared Mit-E-T (JC-1) solu¬

tion and incubate at 37°C for 10 min.
6. Add 2 mL of assay buffer added to each tube and centrifuge at 220g for 5 min. Dis¬

card the supernatants.
7. Resuspend the cell pellets in 1 mL of assay buffer and centrifuge at 220g for 5 min.

Discard the supernatanls.
8. Resuspend the cell pellets in 1 mL of assay buffer.
9. Transfer duplicate aliquots of 100 pL from each sample to a black 96-well plate.
10. Measure fluorescence using a fluorescence microtiter plate reader (excitation of 485

nm; emission of 590 nm for red fluorescence and 530 nm for green fluorescence).
11. Calculate the ratio of red:green fluorescence.

3.4. Caspase Activation
Caspase 3 is the archetypal effector caspasc which has received the most

attention in studies of apoptosis. Caspase 3 is synthesized as an inactive zymo¬

gen (32 kDa) that is cleaved in cells undergoing apoptosis into large (17 kDa)
and small (12 kDa) subunits that associate to form the active enzyme. Western
blotting can be used to observe the increase in active caspase or disappearance
of inactive procaspase on treatment with an apoptotic stimulus. For studying
caspase 3, several antibodies are appropriate for Western blot analysis; a rabbit
polyclonal antibody that detects only the large (pl7) cleaved fragment of active
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Fig. 3. Western blotting for caspase 3. Human neutrophils were incubated in Iscove's
modified Dulbecco's medium + 10% autologous serum at 37°C under the following
conditions: (A) medium only (2 h); (B) 10 ng/mL tumor necrosis factor (TNF)-y (2 h);
(C) 0.1 pg/mL gliotoxin (2 h); (D) 0.1 pg/mL gliotoxin + 10 ng/mL TNF-y (2 h); (E)
medium only (20 h). Cells were lysed and subjected to sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis and Western blotting and probed for whole caspase 3 (closed
arrow) and cleaved active caspase 3 (open arrow).

caspase 3, a mouse monoclonal antibody that detects only the procaspase (p32)
form, and a mouse monoclonal antibody and a rabbit polyclonal antibody to detect
both the p32 zymogen and the pl7 active subunit (Biovision Research Prod¬
ucts). An example of Western blotting for active caspase 3 is shown in Fig. 3.

3.4.1. Western Blotting for Caspases
1. These instructions assume the use of a minigel apparatus such as the Atto Corpo¬

ration Dual Mini Slab Chamber (GRI Ltd, Braintree, UK) or the mini-PROTEAN
electrophoresis system (BioRad Laboratories).

2. Suspend freshly-isolated peripheral blood neutrophils (at least 97% purity) at 5 x
106 cells/mL in IMDM supplemented with 10% autologous serum (see Note 6).

3. Dispense 1 mL of neutrophil suspension (5 x 106 cells) into 2-mL round-bottomed
polypropylene tubes and incubate ± apoptosis-modifying agents at 37°C for the
desired length of time (see Note 13).

4. Prepare and pour a 12% acrylamide gel. Overlay with approx 0.5 mL of dH20-satu-
rated butanol whilst polymerization occurs (allow 30 min). Rinse off butanol with
dHzO and pour a 4.5% acrylamide stacking gel on top and insert comb. Allow the
stacking gel to polymerise, then assemble the electrophoresis apparatus and remove
the comb.

5. Centrifuge the neutrophil suspensions at 220g for 5 min at 4°C. Discard the super-
natants.

6. Resuspend the cell pellets in protease inhibitor buffer (90 pL per 5 x 106 cells) and
incubate on ice for 10 min (see Note 2).

7. Add 10% NP-40 in TBS (10 pL per 5 x 106 cells), immediately vortex for 5 s, and
incubate for a further 10 min on ice.
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8. Centrifuge at 20,000# for 20 min at 4°C, and retain the detergent-soluble superna¬
tant containing the cytosolic and membrane fractions.

9. Transfer the supernatants to fresh tubes on ice and add 33 pL (per 100 pL) 4X sam¬
ple buffer. Heat at 95°C for 5 min. Samples may be stored at -20°C prior to SDS-
polyacrylamide gel electrophoresis (PAGE).

10. Load samples (20 pL per lane for a minigel) onto a 12% polyacrylamide gel along¬
side molecular weight standards and run at 80 V for approx 15 min to allow sam¬
ples to migrate through the stacking gel. Increase the voltage to 160 V through the
separating gel until the dye front reaches the bottom of the gel.

11. Transfer proteins from the gel to the PVDF membrane at 70 V for 1 h at room
temperature.

12. Wash the membrane in TBS/0.1% Tween 20 for 5 min.

13. Block the membrane in 10 mL of 5%Marvel dried milk powder in TBS/0.1% Tween
20 at room temperature on a rocking platform for 30 min.

14. Wash the membrane in TBS/0.1% Tween 20 for 5 min.
15. Incubate with the primary antibody (anti-caspase-3 [active] polyclonal rabbit anti¬

body) at 1 pg/mL in TBS/0.1 % Tween 20 containing 5% Marvel dried milk pow¬
der. Incubate in a covered hydrophobic tray (just large enough to accommodate
the blot) for 2 h at room temperature on a rocking platform. Use sufficient volume
to just cover the blot.

16. Wash membrane three times in TBS/0.1% Tween 20 each for 5 min at room tem¬

perature on a rocking platform.
17. Incubate with the secondary antibody (HRP-conjugated polyclonal goat anti-rab¬

bit Ig) diluted 1:2500 in TBS/0.1% Tween 20 containing 5% Marvel dried milk
powder. Incubate in a covered hydrophobic tray (just large enough to accommo¬
date the blot) for 2 h at room temperature on a rocking platform. Use sufficient
volume to just cover the blot.

18. Wash membrane three times in TBS/0.1% Tween 20 each for 5 min at room temper¬
ature on a rocking platform.

19. Develop using ECL according to the manufacturer's instructions.

3.4.2. Fluorometric Homogeneous Caspase Assay
Apoptosis usually occurs via caspase-dependent processes, and an increase

in caspase activity gives a general indication of the occurrence of apoptosis.
Commercial kits are available in which total caspase activity can be measured
(homogeneous caspase assay). However, these kits do not dissect out precisely
which caspases are active. They utilize cleavage of a fluorescence-conjugated,
modified nonspecific caspase substrate (e.g., VAD-fmk, DEVD) to generate a
fluorescent product (e.g., FITC, rhodamine 110), and fluorescence correlates
with the extent of total caspase activity.
1. These instructions assume the use of a Homogeneous Caspases Assay Kit (Roche

Diagnostics).



Analysis of Neutrophil Apoptosis 189

2. Suspend freshly isolated peripheral blood neutrophils (at least 97% purity) at 106
cells/mL in IMDM supplemented with 10% autologous serum (see Note 6).

3. Plate out neutrophils (105 per well; see Note 14) and incubate at 37°C ± apoptosis-
modifying agents for the required time in a black 96-well microplate (total volume
100 pL).

4. Dilute stock caspase substrate 1:10 in incubation buffer. Add 100 pL of freshly
prepared caspase substrate to each well, plus duplicate wells containing medium
alone (negative control) and duplicate wells containing positive control lysate.

5. Cover the plate and incubate at 37°C for at least 1 h.
6. Measure fluorescence with a plate reader (excitation, 470-500 nm; emission, 500-

560 nm).

3.4.3. Caspase Profiling Assay
Fluorometric assays for specific caspases work in a similar way to the homog¬

eneous caspase assays, but exploit a certain degree of specificity between the
substrates of individual caspases or groups of caspases. Fluorescence-conjugated
substrates specific for certain caspases (e.g., 2, 3, 8, and 9) are immobilized in
a 96-well plate. When cell lysates are added to the wells and incubated with the
substrates, the amount of fluorescence generated correlates with the activation
of that particular caspase. They can therefore be used to study particular path¬
ways of apoptosis by looking for activity of a caspase protease that is specific for
a particular pathway or cell type, e.g., caspase 8 in death receptor-mediated death.
1. These instructions assume the use of the ApoAlert™ Caspase Profiling Plate (see

Notes 15 and 16).
2. Suspend freshly-isolated peripheral blood neutrophils (at least 97% purity) at 2 X

10® cells/mL in IMDM supplemented with 10% autologous serum (see Note 6).
3. Dispense 1 mL of neutrophil suspension (2 x 106 cells) into 2-mL round-bottomed

polypropylene tubes and incubate ± apoptosis-modifying agents at 37°C for the
desired length of time (see Note 13).

4. Centrifuge at 220g for 5 min at 4°C. Discard the supernatants.
5. Resuspend the cells in 400 pL ice-cold IX lysis buffer and incubate for 10min on ice.
6. Meanwhile, add 10 pL of DTT per 1 mL of 2X reaction buffer, then add 50 pL to

each well of the 96-well caspase profiling plate.
7. Cover the plate with film and incubated for 5 min at 37°C.
8. Vortex the neutrophil lysates, then add 50 pL from each lysate to duplicate wells

of each caspase substrate.
9. Cover the plate with film and incubate for 2 h at 37°C.
10. Measure fluorescence using a plate reader (excitation, 380 nm; emission, 460 nm).

3.5. Gel Electrophoresis of DNA
A characteristic event of apoptosis is the endonuclease-mediated cleavage

of DNA at regular intervals along its length, thus generating single-nucleosome
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Fig. 4. Internucleosomal DNA fragmentation in neutrophils. Neutrophils were in¬
cubated for 8 h in the presence of phosphate-buffered saline (control, lane 1), 0.1 pg/m
gliotoxin (inducer of neutrophil apoptosis, lane 2), or 0.2 mM dibutyryl-cAMP (inhib¬
itor of neutrophil apoptosis, lane 3). DNA was extracted and run on a 2% agarose gel
containing ethidium bromide and the characteristic laddering pattern of apoptosis
visualised under ultraviolet light.

fragments of around 180 bp, or oligonucleosomal fragments atmultiples thereof,
following earlier large-scale (50-200 kbp) degradation (26). Such ordered frag¬
mentation produces discretely sized lengths of DNA, which produce a distinct
"laddering" pattern on electrophoresis, in contrast to necrotic cell death in
which DNA is cleaved randomly, thus producing a smear on a DNA gel.
1. Suspend freshly-isolated peripheral blood neutrophils (at least 97% purity) at 5 x

106 cells/mL in IMDM supplemented with 10% autologous serum (see Note 6).
2. Dispense 1 mL of neutrophil suspension (5 x 106 cells) into 2-mL round-bottomed

polypropylene tubes and incubate ± apoptosis-modifying agents at 37°C for the
desired length of time (see Note 13).

3. Extract the genomic DNA using a Wizard Genomic DNA Purification Kit.
4. Run the DNA (23 pL of DNA plus 7 pL of loading dye) on a 2% agarose gel con¬

taining ethidium bromide (2.5 pg/mL) in TBE buffer at 10 V/cm.
5. Visualize gel under ultraviolet illumination. DNA from apoptotic cells exhibits a

characteristic ladder pattern (Fig. 4).

3.6. Hypodiploid DNA Content
DNA fragmentation also leads to an apparent reduction in nuclear DNA

content of ethanol-pcrmeabilised cells, so that staining with a DNA-intercalat-
ing dye such as propidium iodide allows detection of a "hypodiploid" cell pop¬
ulation. This technique works particularly well with neutrophils, because they
are terminally differentiated cells which do not undergo proliferation, and con¬
sequently generate only two peaks when DNA content is measured: diploid
(viable) cells and hypodiploid (apoptotic) cells.



Analysis of Neutrophil Apoptosis 191

FL-2 LOG FL-2 LOG
Fig. 5. Propidium iodide intercalation into DNA of neutrophils. Neutrophils were

incubated at 37°C for (A) 8 h or (B) 20 h, then assessed by flow cytometry to determine
the percentage of permeabilised cells with hypodiploid DNA content. After 8 h in cul¬
ture 30.2% of the cells had undergone apoptosis associated with internucleosomal DNA
fragmentation. After 20 h in culture, 79.7% of the cells had undergone apoptosis.

1. Suspend freshly isolated peripheral blood neutrophils (at least 97% purity) at 5 x
106 cells/mL in IMDM supplemented with 10% autologous serum (see Note 6).

2. Add 90 pL of neutrophil suspension to wells of a 96-well, flat-bottom flexible
plate. To each well add 10 pL of apoptosis-modifying agents (10X concentration)
or buffer control, cover with a lid, and incubate at 37°C in a 5% C02 incubator for
the desired length of time.

3. Harvest cells by pipetting and transfer to 96-well, U-bottomed flexiwell plate (see
Note 8).

4. Centrifuge the plate at 200g for 2 min at 4°C and discard the supernatants. Vortex
the plate for 5 s to disrupt the cell pellets.

5. Resuspend the cells in 70% ethanol and incubate on ice for 10min to permeabilize
them.

6. Centrifuge the plate at 200g for 3 min at 4°C and discard the supernatants.
7. Wash the cells three times by adding 100 pL of PBS per well, centrifuging the plate

at 200g for 3 min at 4°C, and discarding the supernatants.
8. Resuspend the cells in 60 pL of RNase A (0.5 mg/mL) followed by 60 pL of pro¬

pidium iodide (0.1 mg/mL)
9. Incubate at room temperature for 25 min in the dark.
10. Transfer the cells to flow cytometry tubes, add 100 pL of PBS, and analyze by flow

cytometry (FL2 channel) to determine the percentage of cells with hypodiploid
DNA content (Fig. 5).

3.7. TdT-Mediated dUTP Nick End Labeling Staining for DNA Breaks
The presence of DNA strand breaks can be assessed by enzymatic methods,

because DNA breaks create acceptor sites for enzymes such as TdT. Addition
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of TdT together with fluorescein-12-2'deoxyuridine-5'-triphosphate is used
to reveal DNA fragmentation in the TdT-mediated dUTP nick end labeling
(TUNEL) technique.
1. These instructions assume the use of the In Situ Cell Death Detection Kit.
2. Prepare freshly-isolated peripheral blood neutrophils (at least 97% purity) resus-

pended at 2 x 107 cells/mL in IMDM supplemented with 10% autologous serum
(see Note 6).

3. Add 90 pL of neutrophil suspension to wells of a 96-well, flat-bottom flexible plate.
To each well, add 10 pL of apoptosis-modifying agents (10X concentration) or
buffer control.

4. Cover plate, and incubate at 37°C in a 5% C02 incubator for the desired length of
time.

5. Transfer 100 pL of neutrophil suspension to a 96-well, U-bottom flexible plate (see
Note 8) and centrifuge at 200g for 2 min at 4°C. Discard the supernatants.

6. Wash the cells three times by adding 100 pL of PBS per well, centrifuging the plate
at 200g for 3 min at 4°C, discarding the supernatants, and vortexing the plate for 5 s.

7. Add 100 pL of fixation solution to each well.
8. Incubate on a shaker for 60 min at room temperature.
9. Add 200 pL of PBS to each well then centrifuge the plate at 200g for 10 min at 4°C

and discard the supernatants.
10. Resuspend the cells in permeabilization solution for 2 min on ice.
11. Add 50 pL of nucleotide mixture to the two negative control wells. The TUNEL

reaction mixture is then made up by mixing the enzyme solution (50 pL) with the
remaining 450 pL of nucleotide mixture.

12. The two positive control wells are treated for 10 min at room temperature with
DNase I to introduce DNA strand breaks.

13. Wash twice in PBS (200 pL per well) then resuspend in TUNEL reaction mixture
(50 pL per well).

14. Cover the plate and incubate at 37°C for 60 min in the dark.
15. Wash twice in PBS (200 pL per well) then transfer to flow cytometry tubes for

analysis of fluorescence levels (FL-1).

3.8. Plate-Based Assay for Phagocytosis of Apoptotic Neutrophils
Macrophage phagocytosis of apoptotic neutrophils may be assessed using

minor modifications of a serum-free phagocytosis assay first described by
Newman et al. in 1982 (1,27,28). This method uses adherent human monocyte -
derived macrophages, which are most efficient at ingesting apoptotic cells, but
it has also been used successfully with murine peritoneal and bone marrow-
derived monocytes and human apoptotic neutrophils.
1. This method assumes the use of adherent macrophages in Costar 48-well TC-treated

microplates.
2. Suspend 108 freshly-isolated peripheral blood neutrophils (at least 97% purity) in

20 mL of IMDM supplemented with 10% autologous serum (see Note 6).
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3. Dispense the neutrophil suspension into a 75-cm2 cell culture flask and stand the
flask on its end in an incubator for 20 h at 37°C in a 5% C02 atmosphere.

4. Harvest the neutrophil suspension into a 50-mL conical polypropylene tube and
wash twice in warm IMDM (50 mL volume per wash) by centrifuging at 220g for
5 min and discarding the supernatant. After each wash, gently resuspend the neu¬
trophil pellet in 1 mL of warm IMDM using a plastic pipet to avoid clumping of
the cells.

5. Count the cells using a haemocytometer and finally resuspend the aged neutro¬
phils at 4 x 106 cells/mL in warm (37°C) IMDM (no serum).

6. Rinse the macrophage monolayer with warm (37°C) IMDM to remove nonadherent
cells.

7. Overlay the macrophage monolayer with 0.5 mL (2 x 106 cells) of the suspension
of aged neutrophils in IMDM (serum-free), and incubate for 60 min at 37°C in a
5% C02 atmosphere.

8. Wash each well with ice-cold PBS (without cations). Use an inverted microscope
to check that noningested neutrophils have been largely removed.

9. Repeat the wash as necessary, continually checking by microscopy to ensure that
the macrophage monolayer is not disrupted.

10. Fix in 2.5% glutaraldehyde for 30 min and rinse off with PBS.
11. Stain for myeloperoxidase (MPO) with 0.1 mg/mL dimethoxybenzidine and 0.03%

(v/v) hydrogen peroxide in PBS for about 60 min at room temperature.
12. Count the percentage of macrophages (MPO-negative) that have phagocytosed

one or more apoptotic neutrophils (MPO-positive) by examination with an inverted
microscope of at least five fields (minimum 400 cells), and record as the mean
percent phagocytosis of duplicate or triplicate wells (Fig. 6).

3.9. Flow Cytometry-Based Phagocytosis Assay
This modification of the plate-based phagocytosis assay utilizes a fluorescent

chloromethyl dye that diffuses freely through plasma membranes to label the
cytoplasm of live neutrophils. This method avoids the need for vigorous wash¬
ing of the macrophage monolayer following interaction with aged neutrophils
and eliminates potential observer bias when counting macrophages. It is less
laborious than the plate-based counting method and so is particularly suitable
for investigating a large number of conditions. However, we recommend that
new investigators validate this method against the "gold standard" plate-based
counting assay in their own laboratories (29).
1. This method assumes the use of adherent macrophages in 48-well, TC-treated micro-

plates.
2. Suspend 108 freshly isolated peripheral blood neutrophils (at least 97% purity) in

5 mL of warm IMDM in a 50-mL Falcon® conical polypropylene tube.
3. Add 10 pL of 10 mM CMFDA (20 \iM final concentration), mix gently, and incu¬

bate at 37°C for 15 min.
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Fig. 6. Phagocytosis assay with human monocyte-derived macrophages and aged
neutrophils. Following 60 min incubation at 37°C, the macrophage monolayer was
washed with cold phosphate-buffered saline, fixed with glutaraldehyde, and stained for
myeloperoxidase (MPO). Ingested neutrophils are MPO-positive (dark reaction product),
whereas macrophages are MPO-negative.

4. Dilute the labeled neutrophils by adding 15 mL of warm IMDM supplemented with
10% autologous serum (see Note 6).

5. Dispense the neutrophil suspension into a 75-cm2 cell culture flask and stand the
flask on its end in an incubator for 20 h at 37°C in a 5% CO2 atmosphere.

6. Harvest the neutrophil suspension into a 50-mL Falcon conical polypropylene tube
and wash twice in warm IMDM (50 mL per wash) by centrifuging at 220g for 5 min
and discarding the supernatant. After each wash, gently resuspend the neutrophil
pellet in 1 mL ofwarm IMDM using a plastic pipet to avoid clumping of the cells.

7. Count the cells using a hemocytometer and finally resuspend the aged neutrophils
at 4 x 106 cells/mL in warm (37°C) IMDM (no serum).

8. Rinse the macrophage monolayer with warm (37°C) IMDM to remove nonadherent
cells.

9. Overlay the macrophage monolayer with 0.5 mL (2 x 106 cells) of the suspension
of labelled aged neutrophils in IMDM (serum-free), and incubate for 60 min at
37°C in a 5% COz atmosphere.

10. After a 60 min incubation at 37°C, aspirate the neutrophil suspension from the wells.
11. Detach the macrophages by incubation with 300 pL of 0.25% trypsin/1 mMEDTA

solution (Invitrogen) for 20 min at 37°C followed by 20 min at 4°C (see Note 17).
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Fig. 7. Flow cytometry-based phagocytosis assay. Aged human neutrophils were
labeled with 5-chloromethylfluorescein diacetate (CMFDA) and incubated with mono-
cyte-derived macrophages cultured in medium alone (Untreated) or in the presence of
1 pM dexamethasone as indicated. Macrophages were detached and analysed by flow
cytometry. Macrophages were distinguished by their typical high forward-scatter (FSC)
characteristics, andmacrophages which had ingested CMFDA-labeled apoptotic neutro¬
phils were FLl-positive. Dexamethasone substantially increased the percentage ofmac¬
rophages that phagocytosed labeled apoptotic neutrophils.

12. Harvest the detached macrophages by forceful pipetting. Analyze the entire 300
pL of sample (unfixed) immediately using a FACSCalibur flow cytometer (Becton
Dickinson), aiming to collect at least 5000 events in the macrophage gate.

13. Apoptotic cells and macrophage populations are identified by their distinct laser-
scatter properties. The number of the FL-1-positive events in the macrophage gate
is divided by the total number of macrophages to obtain the proportion of macro¬
phages that have internalised apoptotic cells. (Fig. 7).

14. Treatment of monocytes for 5-7 days with 1 pM dexamethasone can be used to
increase the percentage of macrophages that phagocytose apoptotic neutrophils
(Fig. 7).
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4. Notes
1. 1 |\M T0-PR03 (Molecular Probes) may also be used to identify necrotic cells, and

has the advantage that fluorescence is measured in the FL-4 channel, which requires
minimal compensation when used alongside FL-1.

2. Neutrophil granules contain high concentrations of proteases. Extreme care must
be taken to keep all samples on ice during the preparation of neutrophil lysates in
order to prevent the protein of interest being degraded before blotting. Higher
protease inhibitor concentrations are required for neutrophils than for other cell
types. The protocol describes high protease inhibitor concentrations that we have
used successfully in our laboratory; however, some experimentation with regard
to manipulation of concentrations may be required. Recent evidence demonstrates
that pre-incubation of neutrophils with 1 mM phenylmethylsulfonylfluoride (PMSF;
Sigma-Aldrich) for up to 1 h prior to lysis may be required to prevent neutrophil
protease-mediatcd cleavage of intracellular proteins following addition of lysis
buffer (17).

3. The 12% gel recommended in this protocol is based on blotting for cleaved caspase
3 (14-21 kDa). However, gel percentages may be altered according to the size of
the protein of interest. In general, low-percentage gels are used to blot for high-
molecular-weight proteins, and high-percentage gels for low-molecular-weight
proteins. Therefore, the composition of the gel may have to be altered depending
on the size of the protein of interest. Some proteins that are important in apoptosis
are of similarly low size to cleaved caspase 3, e.g., Bax (21 kDa) and truncated
Bid (15 kDa), and therefore a similar percentage gel will probably be appropriate,
whereas other proteins such as procaspase 8 (55 kDa) and procaspase 3 (32 kDa)
are larger and may require a lower percentage gel for optimal resolution.

4. The protocol described is based on the homogeneous caspase kit available from
Roche Diagnostics, and represents the simplest method for fluorimetric detection
of total caspase activity. However, other commercial kits are available, which may
be based on either the same or slightly different protocol.

5. We have found that ScaKem LE agarose is effective for separation of DNA frag¬
ments. It forms strong gels with high electrophoretic mobility, and shows very low
background levels when stained with ethidium bromide.

6. We culture neutrophils in IMDM containing 10% serum. We routinely use autolo¬
gous platclet-rich plasma-derived serum, prepared from platelet-rich plasma (har¬
vested after centrifugation of citrate-anticoagulated blood) by recalcification with
20 mM CaCl2 for 1 h at 37°C in glass tubes. However, bovine serum may also be
used. Alternatively, neutrophils may be cultured in the absence of serum with a
small amount of added protein (e.g., 0.5% [w/v] serum albumin), but apoptosis will
proceed more rapidly. Cell-saver pipet tips should be used when pipetting neutro¬
phils to minimize cell damage.

7. Some investigators add extra serum to the cells in the cytospin chamber to avoid
artifacts caused by cell breakage during centrifugation. We have observed that add¬
ing serum reduces the effectiveness of deposition of neutrophils that have progressed
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to a late stage of apoptosis (late apoptotic or postapoptotic cells), so potentially
underestimating the true rate of neutrophil apoptosis. Late apoptotic neutrophils
appear as cell ghosts with little or no evidence of nuclear staining, having under¬
gone "nuclear evanescence" (18-20). Furthermore, late apoptotic cell ghosts in a
cell population may be overlooked because the lack of nuclear material means
that they stain very faintly with Romanowsky stains such as Diff Quik, and in the
past late apoptotic cells may have been gated out as "debris" when analyzed by
flow cytometry.

8. The flexible plate is best trimmed and mounted in a standard 96-well tissue cul¬
ture plate for support. Alternatively, for small numbers of samples, 2-mL round-
bottomed polypropylene vials may be used.

9. Dilutions prior to flow cytometry should be performed using Annexin binding
buffer, because in the absence of Ca2+ Annexin V will rapidly dissociate from PS
on the apoptotic cell surface.

10. Flow cytometers interpret the laser forward-scatter (FS) signal in different ways.
For example, the Coulter Epics XL measures integral (area) FS signals, whereas
the Becton-Dickinson FACSCalibur records height signals from the FS pulse. This
difference significantly affects how late apoptotic neutrophils appear in a stan¬
dard FS vs side-scatter dot plot. On a Coulter Epics XL, late apoptotic neutrophils
appear as a distinct low-FS population that can be gated separately from the popu¬
lation of nonapoptotic/early apoptotic neutrophils. This has the advantage that a
nuclear stain such as propidium iodide is not routinely required to identify the
membrane permeable late apoptotic cells. On a FACSCalibur cytometer, the late
apoptotic neutrophils appear within a single population along with the nonapop-
totic and early apoptotic cells. Digital cytometers such as the FACSVantage ana¬
lyze the area of the FS pulse similarly to the Coulter machine.

11. Eosinophils present in the granulocyte population also have low levels of CD 16
expression, so eosinophil counts (by analysis of cell morphology in cytocentrifuge
preparations or CD 16 expression) should be performed at baseline.

12. Another way of analyzing mitochondrial changes associated with apoptosis is
Western blotting of the Bcl-2 family proteins that are important in the control of
the intrinsic (mitochondrial) apoptotic pathway. The expression profile of Bcl-2
family proteins in peripheral blood neutrophils has been analyzed and shows expres¬
sion ofBak, Bad, Bcl-w, and Bfl-1 in these cells, but relatively little Bcl-2, Bcl-xL,
Bik, and Bax (24). Therefore, the more abundant proteins should be considered
first for analysis for roles in neutrophil apoptosis, although some proteins, such as
Bax, may be transcriptionally upregulated in response to certain apoptotic stimuli
under the control of p53, and may therefore still be important in neutrophil
apoptosis. The Western blotting protocol is identical to that described for caspases.

13. For short-term culture, tubes may be incubated in a shaking heated block set to
37°C. For longer incubation periods, a hole is made in the top of each polypropy¬
lene round-bottomed tube, and the tubes are placed in an incubator in a 5% C02
atmosphere at 37°C.
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14. The protocol for this kit recommends a cell number of 4 x 104 cells per well in a
volume of 100 pL. However, in assays involving neutrophils cell numbers may be
increased in order to amplify the signals obtained from the assay particularly as
neutrophils are so abundant. On the other hand, cell density may affect the rate of
spontaneous apoptosis of these cells during culture, with a high cell density pro¬
moting survival, especially at densities of 8 X 106 cells/mL and above (25). There¬
fore, some experimentation may be required to manipulate the cell density, volume,
and time of culture in order to gain the best results with this assay.

15. Colorimetric assays for single-caspase activity are also available. These are similar
to the fluorometric assays, and follow a similar protocol, but instead utilize cleav¬
age of a chromophore (e.g., p-nitroanalide) from caspase substrates as a measure
of caspase activation. Development of colour can be monitored using a spectro¬
photometer or microplate reader (405 nm wavelength light), and activity quanti¬
fied by comparison with a calibration curve constructed using known standards.

16. This protocol applies to any cell type, as caspase activation is a general event of
apoptosis and is not unique to neutrophils. However, differences may exist between
the expression profiles of the various caspases in different cell types, and this must
be borne in mind when selecting an assay to use in neutrophils. Caspases 1, 3, 4,
and 7-10 are expressed in neutrophils (24). In contrast, it has been reported that
caspase 2 is absent from peripheral blood neutrophils, although it is expressed in
HL-60 cells.

17. Treatment with trypsin-EDTA may lead to clumping of cells leading to blockage
of the flow cytometer's sample intake nozzle. Clumping may be minimised by add¬
ing 50 pL of bovine serum to each well following incubation with trypsin-EDTA.
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Abstract

Removal of apoptotic cells by phagocytes plays an important role in many biological processes, including embryological development
and tissue remodelling. In addition, it has become apparent that one of the key mechanisms for the successful resolution of inflammation
is the orchestrated clearance of apoptotic inflammatory cells by phagocytes (e.g., macrophages and dendritic cells) and other cells known
to have phagocytic capacity (e.g., hepatocytes, endothelial cells, epithelial cells, etc.). Furthermore, phagocytosis of apoptotic cells is an
active and highly regulated process that not only serves to remove potentially histotoxic cells from the inflammatory milieu, but also
directs the phenotype of the phagocytic cell to be anti-inflammatory. Convincing evidence has been presented that reduced or dysregu-
lated phagocytosis of apoptotic cells contributes to the development and propagation of inflammatory disorders. Conversely, enhanced
phagocytosis of apoptotic cells may be exploited for therapeutic gain. Indeed, powerful anti-inflammatory drugs such as the glucocor¬
ticoids have been shown to augment clearance of apoptotic cells which may contribute to their therapeutic effectiveness. In this chapter,
we describe methods for studying phagocytosis of apoptotic cells.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Phagocytic clearance of apoptotic cells plays a vital role
in many fundamental biological processes, including nor¬
mal tissue turnover [1], remodelling of embryological tis¬
sues [2], development of the immune system [3], and
resolution of inflammation [4], Phagocytosis of senescent
cells was first described in the late 19th century by the Rus¬
sian biologist Elie Metchnikoff who, using a simple light
microscope, observed that "microphages" (neutrophil
granulocytes) were "englobed" by macrophages in injured
tadpole fins. Macrophages are tissue cells that are highly
specialised for endocytosis and intracellular digestion,
and their traditional role as scavenger cells has been known
for over a century. Apoptotic cells are swiftly recognised
and ingested by macrophages and other mononuclear
phagocytes (dendritic cells). There is also evidence that in
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certain situations apoptotic cells may be removed by non¬
professional phagocytes such as hepatocytes [5], endothe¬
lial cells [6], epithelial cells [7], glomerular mesangial cells
[8], and fibroblasts [9],

We have studied phagocytosis of apoptotic neutrophils
as a paradigm for apoptotic cell clearance. During the
acute inflammatory response huge numbers of neutrophils
are mobilised and recruited to the tissues, where they sur¬
vive for only a short time before undergoing apoptosis.
Apoptotic neutrophils exhibit greatly reduced responsive¬
ness to external stimuli [10], but retain plasma membrane
integrity so that release of harmful cellular contents is lim¬
ited. Apoptotic neutrophils are recognised and ingested by
macrophages [11], which are thought to be important steps
in preventing the release of toxic granules and chemotactic
factors into the extracellular fluid, thereby halting further
injury and allowing resolution to occur. Apoptotic cells
when recognised and phagocytosed by macrophages, pro¬
voke an anti-inflammatory cytokine response. For example,
stimulated production and release of pro-inflammatory
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mediators such as TNF-a is suppressed [12,13] and produc¬
tion of the anti-inflammatory cytokine TGF-J3 is stimulated
[4], In this way, by down-regulating neutrophil functions
and triggering their non-inflammatory clearance by phago¬
cytes, apoptosis provides a mechanism for the safe disposal
of potentially destructive inflammatory cells. Evidence for
a role for leukocyte apoptosis and their subsequent clear¬
ance by phagocytes in the resolution of inflammation is
supported by the observation that apoptotic granulocytes
can be identified within phagocytic vacuoles in macro¬
phages from inflamed joints [11], airways, [14], and lungs
[15].
It has been assumed that macrophages and other phago¬

cytes must be able to recognise changes on the surface of
apoptotic cells that distinguish them from healthy live cells,
but intensive research has failed to identify a single domi¬
nant phagocyte receptor responsible for apoptotic cell
clearance. Inhibition studies using ligands and monoclonal
antibodies have implicated many different and often unre¬
lated phagocyte receptors for apoptotic cells, including
the integrins otv|33 [16] and avp5 [17], CD36 [18], a phos-
phatidylserine (PS) receptor [see 19], various lectins
[5,20], a scavenger receptor [21], CD 14 [22], an ATP bind¬
ing cassette transporter [23], LOX-1 [24], and CD68 [25]. It
is notable that complete inhibition of phagocytosis of
apoptotic cells has never been achieved in experimental sys¬
tems, even when inhibitory antibodies or ligands have been
used in combination. Furthermore, the molecular altera¬
tions on the surface of apoptotic cells that are responsible
for phagocyte recognition remain to be fully characterised.
We and others have shown that a number of specific alter¬
ations in the protein and carbohydrate composition of the
plasma membrane are associated with apoptosis [10,26,27].
It has also become apparent that apoptosis is associated
with membrane alterations that confer specific binding of
naturally occurring soluble opsonins that bind to the cell
surface and initiate phagocytosis. Classical serum opsonins
such as antibodies and complement proteins may bind to
apoptotic cells and mediate phagocytosis, providing a
mechanism for clearance that does not require a novel
apoptotic cell receptor [28,29].

In order that the load of apoptotic neutrophils at an

inflammatory site is matched by appropriate clearance
activity, macrophage capacity for apoptotic cell phagocy¬
tosis is likely to be closely regulated. Macrophage phago¬
cytic capacity may be influenced by soluble mediators
such as cytokines [30], prostaglandins [31], or glucocorti¬
coid hormones [32], In addition, interaction of surface
adhesion molecules with neighbouring cells and extracellu¬
lar matrix components may profoundly influence many
aspects of cellular behaviour, including phagocytosis
[33,34], If the rate of cell death by apoptosis is such that
macrophage clearance capacity is exceeded, apoptotic cells
may become necrotic, resulting in release of harmful cellu¬
lar contents and damage to the surrounding tissue. In sup¬
port of this suggestion, treatment of mice with Fas
antibody triggered a massive wave of apoptosis in the liver,

and the animals developed extensive hepatic necrosis and
died [35], Similarly, induction of apoptosis in the rat lung
led to pulmonary fibrosis [36]. In these situations, we
believe the local macrophages were unable to clear the load
of apoptotic cells with which they were faced. However,
careful, specific and timed induction of granulocyte apop¬
tosis at the peak of inflammatory cell influx has demon¬
strated that, providing the clearance capacity of
phagocytes is not overwhelmed, enhanced resolution of
inflammation can be achieved [37-39]. Potential future
therapeutic approaches may need to specifically augment
of the clearance efficiency of local macrophages in parallel
with apoptosis induction. Here, we describe some of the
main techniques that may be used to observe and quantify
phagocytic ingestion of apoptotic cells, using macrophage
phagocytosis of apoptotic neutrophils as a model.

2. Description of method

2.1. Plate-based assay for phagocytosis of apoptotic
neutrophils

Macrophage phagocytosis of apoptotic cells may be
assessed in vitro using minor modifications of a serum-free
phagocytosis assay first described by Newman et al. [40].
This method uses adherent human monocyte-derived mac¬
rophages which are most efficient at ingesting apoptotic
cells, but it has also been used successfully with murine per¬
itoneal and bone marrow-derived monocytes and human
apoptotic neutrophils. In practice, any cells adherent to tis¬
sue culture plastic may be used in the phagocytosis assay,

including non-professional phagocytes such as fibroblasts
or epithelial cells.

In serum-free phagocytosis assays such as this, macro¬
phages specifically recognise and ingest neutrophils that
have undergone spontaneous apoptosis during culture in
10% serum [11,40]. In vitro serum-free assays have been
the cornerstone ofmost subsequent studies of the phagocy¬
tosis of apoptotic neutrophils and other apoptotic cells,
and it has been naturally assumed that serum is not
required for apoptotic cell clearance. On the other hand,
several studies have reported a requirement for serum for
phagocytosis of apoptotic cells in vitro [41-43], Although
we have found that serum present during an in vitro phago¬
cytosis assay has no significant effect on macrophage
phagocytosis of apoptotic neutrophils (our unpublished
observations), it is possible that apoptotic cells might
become opsonised during culture in the presence of serum,
prior to their use in phagocytosis assays. Even when apop¬
totic cells are cultured in the absence of serum, macro-

phage-derived opsonins such as complement protein iC3b
[44], Clq, and MFG-E8 [45] may be important [46]. When
investigating ways of modulating phagocytosis of apopto¬
tic cells, specificity may be demonstrated by comparison
of the capacity for phagocytosis of another particle, such
as immunoglobulin G-opsonized erythrocytes (EIgG) or
serum-opsonized zymosan.
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Specifically, mononuclear cells are isolated from human
peripheral blood by dextran sedimentation and discontinu¬
ous Percoll gradient centrifugation [47,48], Monocytes are
then enriched by selective adherence to Costar® 48 well
TC-treated microplates (Fisher Scientific, Loughborough,
UK) during incubation at 37 °C for 1 h. Adherent cells
(>90% CD14-positive monocytes) are washed twice in
PBS, and monocyte-derived macrophages differentiated
by culture (at 37 °C; 5% C02) for 5-7 days in Iscove's med¬
ium (Invitrogen, Paisley, UK) containing 10% (v/v) autol¬
ogous serum in the presence or absence of reagents of
interest. Similarly, adherent monolayers of murine macro¬
phages or other phagocytes may be used.

To prepare apoptotic neutrophils as an apoptotic cell
target, human peripheral blood neutrophils are isolated
by dextran sedimentation and discontinuous Percoll gradi¬
ent centrifugation using Dransfield's modification of the
method described by Haslett et al. [26,49], Purity should
be assessed by examining stained cytocentrifuge prepara¬
tions, or by flow cytometric analysis of laser scatter prop¬
erties and CD 16 staining to exclude significant
contamination by mononuclear cells, erythrocytes, or
eosinophils. Neutrophils should ideally be cultured
in vitro at a final cell concentration of 4 x 106/rnl in Iscove's
medium containing 10% (v/v) autologous serum or bovine
serum for 20 h at 37 °C, 5% C02, during which time 40-
60% of the cells will undergo spontaneous apoptosis. Other
apoptotic cell targets commonly used included dexametha-
sone-treated murine thymocytes, or y-irradiated lympho¬
cytes. The percentage of apoptotic cells within the cell
population is best assessed by flow cytometry following
staining with FITC-conjugated annexin V and propidium
iodide to identify apoptotic and necrotic cells respectively;
especially important as the mechanisms for phagocytosis of
apoptotic and necrotics cells are likely to be different.

Prior to the phagocytosis assay, harvest the neutrophil
suspension into a 50 ml Falcon® conical polypropylene
tube (Becton-Dickinson Labware, Franklin Lakes, NJ,
USA) and wash twice in warm (37 °C) Iscove's medium
(50 ml volume per wash) by centrifuging at 220g for
5 min and discarding the supernatant. After each wash,
gently resuspend the neutrophil pellet in 1 ml of warm
(37 °C) Iscove's medium using a plastic pipette to avoid
clumping of the cells. Count the cells using a haemocytom-
eter and finally resuspend the aged neutrophils at 4x 10''
cells/ml in warm (37 °C) Iscove's medium (no serum).
Rinse the macrophage monolayer with warm (37 °C) med¬
ium to remove non-adherent cells, and then overlay the
macrophages with 0.5 ml (2 x 106 cells) of the suspension
of aged neutrophils, and incubate for 60 min at 37 °C in
a 5% C02 atmosphere. Wash each well in an identical fash¬
ion with cold PBS (without cations) and use an inverted
microscope to check that non-ingested neutrophils have
been largely removed, and repeat the wash as necessary,
continually checking by microscopy to ensure that the mac¬
rophage monolayer is not disrupted. Fix in 2.5% glutaral-
dehyde for 30 min and rinse off with PBS, and stain for

myeloperoxidase (MPO) by covering the base of each well
with PBS containing 0.1 mg/ml dinrethoxybenzidine (o-
diansidine) (Sigma-Aldrich Company Ltd., Gillingham,
UK) and 0.03% (v/v) hydrogen peroxide. Leave for about
60 min at room temperature and monitor for development
of a brown colour. Rinse with PBS. Count the percentage
of macrophages (MPO-negative) that have phagocytosed
one or more apoptotic neutrophils (MPO-positive) by
examination with an inverted microscope of at least five
fields (minimum 400 cells), and record as the mean percent
phagocytosis of duplicate or triplicate wells (Fig. 1). The
phagocytic index may also be recorded, which is the num¬
ber of apoptotic neutrophils ingested per 100 macrophages.
Plates may be stored dry at 4 °C for a number of weeks to
several months.

The phagocytic nature of the interaction may be con¬
firmed by examining cytocentrifuge preparations of unfixed
macrophages detached with 0.05% trypsin/0.02% ethylene-
diaminetetraacetic acid (EDTA) solution, or by transmis¬
sion electron microscopy. Macrophages are detached by
incubation with 0.05% trypsin/0.02% EDTA for 10 min
at 37 °C, and 100 (il the cell suspension from each well
cytocentrifuged at 30g onto a glass slide. Examination by
light microscopy of slides fixed in methanol and stained
with Diff-Quik™ permits identification of apoptotic cells
within macrophage phagocytic vacuoles (Fig. 2). This
method is also appropriate for assessing phagocytosis of
apoptotic lymphocytes of other target cells that cannot
be stained specifically for MPO.
To prepare erythrocytes coated with IgG (EIgG) as a

control particle, wash erythrocytes from human blood
and incubate them with a polyclonal rabbit anti-human
erythrocyte antibody for 1 h using a concentration of anti¬
body that does not result in erythrocyte aggregation. In
order to maximise the chance of observing any augmenta¬
tion or inhibition of phagocytosis, a concentration of opso¬
nizing antibody should be chosen that, in preliminary
experiments, results in phagocytosis of EIgG by 40-50%
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Fig. 1. Plate-based phagocytosis assay. Phagocytosis of apoptotic human
neutrophils (arrowheads; stained brown for MPO) by adherent human
monocyte-derived macrophages (unstained).



S.P. Hart el al. I Methods 44 (2008) 280-285 283

Fig. 2. Cytocentrifuge preparation of an apoptotic human neutrophil
within the phagocytic vacuole (arrow) of a monocyte-derived macrophage.

of macrophages. The EIgG are washed twice in PBS and
suspended in Iscove's medium at 4 x 106/ml. Assessment
of phagocytosis of EIgG is performed as described for aged
neutrophils. After incubation and washing, non-phagocy-
tosed EIgG may be lysed with a 10 s application of distilled
water before immediate fixation in 2.5% glutaraldehyde.
Ingested EIgG may be stained for MPO in the same way
as neutrophils.

2.2. Flow cytometry-based phagocytosis assay

This modification of the plate-based phagocytosis assay
utilises a fluorescent chloromethyl dye that diffuses freely
through plasma membranes to label the cytoplasm of live
cells. This method avoids the need for vigorous washing
of the macrophage monolayer following interaction with
aged neutrophils and eliminates potential observer bias
when counting macrophages. It is less laborious than the
plate-based counting method and so is particularly suitable
for high throughput experiments. It is recommended that
investigators validate this method against the plate-based
counting assay in their own laboratories [50],

This method assumes the use of adherent macrophages
in Costar® 48 well TC-treated microplates (Fisher Scien¬
tific, Loughborough, UK). To label neutrophils, suspend
108 freshly-isolated peripheral blood neutrophils (at least
97% purity) in 5 ml of warm (37 °C) Iscove's medium in
a 50 ml Falcon® conical polypropylene tube (Becton-Dick-
inson Labware, Franklin Lakes, NJ, USA). Add 10 pi of
10 mM 5-chloromethylfluorescein diacetate (CMFDA;
CellTracker™ Green, Molecular Probes, Oregon, USA;
20 pM final concentration), mix gently, and incubate at
37 °C for 15 min. Dilute the labelled neutrophils by adding
15 ml of warm (37 °C) Iscove's medium and supplemented
with 10% (v/v) autologous serum. Dispense the neutrophil
suspension into a Costar® 75 cm2 cell culture flask (Fisher

Scientific, Loughborough, UK) and stand the flask on its
end in an incubator for 20 h at 37 °C in a 5% CO2 atmo¬
sphere. Prior to the phagocytosis assay assess the degree
of apoptosis by examining Diff-Quik™-stained methanol-
fixed cytocentrifuge preparations. Harvest the neutrophil
suspension and wash twice in warm (37 °C) medium
(50 ml volume per wash) by centrifuging at 220g for
5 min and discarding the supernatant. After each wash,
gently resuspend the neutrophil pellet in I ml of warm
(37 °C) IMDM using a plastic pipette to avoid clumping
of the cells. Count the cells using a haemocytometer and
finally resuspend the aged neutrophils at 4x 106 cells/ml
in warm (37 °C) Iscove's medium without serum. Rinse
the macrophage monolayer with warm (37 °C) medium to
remove non-adherent cells.

Overlay the macrophage monolayer with 0.5 ml (2 x 106
cells) of the suspension of CMFDA-labelled aged neutro¬
phils and incubate for 60 min at 37 °C in a 5% C02 atmo¬
sphere. After 60 min of incubation at 37 °C, aspirate the
neutrophil suspension from each well. Detach the macro¬
phages by incubation with 300 pi 0.05% trypsin/0.02%
EDTA solution (Invitrogen, Paisley, UK) for 10 min at
37 °C followed by 10 min at 4 °C. Harvest the detached
macrophages by forceful pipetting. Analyse the entire
300 pi sample (unfixed) immediately using a FACSCali-
bur™ flow cytometer (Becton-Dickinson, Oxford, UK),
aiming to collect at least 5000 events in the macrophage
gate. Apoptotic cells and macrophage populations are
identified by their distinct laser scatter properties. The
number of the FL-1 -positive events in the macrophage gate
is divided by the total number of macrophages to obtain
the proportion of macrophages that have internalised
apoptotic cells (Fig. 3).

2.3. Phagocytosis of apoptotic cells in vivo

Similar methods have been used successfully to assess
apoptotic cell phagocytosis in vivo. Potter and colleagues
used a "peritoneal test tube" model to investigate clearance
of apoptotic thymocytes by resident peritoneal macro¬
phages, whereby mice received an intraperitoneal injection
of 107 murine thymocytes which had undergone apoptosis
in response to 1 pM dexamethasone for 3 h. After 30 min
peritoneal cells were recovered by lavage with ice-cold buf¬
fer, and phagocytosis was assessed on stained cytocentri¬
fuge preparations [51], Apoptotic cells may also be
labelled with CMFDA prior to injection, and lavage cells
analysed by flow cytometry in after staining with a macro¬
phage marker e.g., F4/80 mAb.

Clearance of native apoptotic cells can be assessed by
careful microscopy of stained tissue sections or lavage sam¬
ples. For example, following experimental sterile peritonitis
induced by thioglycollate, peritoneal exudate cells are har¬
vested by peritoneal lavage with ice-cold buffer and analysed
by microscopy of stained cytocentrifuged preparations [51],
In the thymus, Devitt and colleagues identified apoptotic
thymocytes in tissue sections by in situ end labelling of
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Fluorescently labelled neutrophils

Macrophages having phagocytosed
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Fig. 3. Flow cytometry-based phagocytosis assay. The dot-plot (upper panel) and histogram (lower panel) demonstrate phagocytosis of CM FDA-labelled
apoptotic human neutrophils by human macrophages. Phagocytic macrophages have high FL-1 fluorescence. In this experiment, 36% of macrophages
have phagocytosed apoptotic neutrophils (figure courtesy S. Bournazos).

DNA breaks. Detailed morphological analyses of toluidine
blue-stained, resin-embedded sections along with F4/80
co-staining allowed apoptotic cells to be defined as either
"free" or "macrophage-associated" [52].

3. Concluding remarks

Phagocytosis of apoptotic cells is clearly an important
physiological mechanism to remove effete cells before they
disgorge their contents of potential histotoxic products. We
have highlighted a number of easy, rapid and reliable tech¬
niques for measuring this phenomenon. The challenges
ahead include optimising assessment of phagocytic clear¬
ance in vivo perhaps non-invasively using state-of-the-art,
real time in vivo imaging techniques, understanding the
molecular mechanisms involved and developing pharmaco¬
logical strategies to manipulate this process for therapeutic
gain.
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Resolution of inflammation requires the effective
downregulation of key inflammatory cells such as neu¬
trophils and eosinophils, which normally undergo pro¬
grammed cell death (apoptosis) to enable their detection
and removal by phagocytes such as macrophages. Dys-
regulation of this process is thought to contribute to the
pathogenesis and progression of chronic inflammatory
disorders such as chronic obstructive pulmonary dis¬
ease, asthma, rheumatoid arthritis, allergic rhinitis and
inflammatory bowel disease. Importantly, knowledge of
the signalling pathways responsible for the induction
and execution of granulocyte apoptosis and the phago¬
cytic removal of apoptotic cells continues to increase
and, with it, the potential for incisive pharmacological
intervention. In this article, we highlight pharmacologi¬
cal strategies that could be used to drive the resolution
of inflammation by augmenting apoptosis of inflamma¬
tory cells.

Introduction
The inflammatory process is a complex series of inter¬
related, ideally tightly controlled, cellular and biochemical
events that has evolved to eliminate or contain infectious

agents and to repair damaged tissue. An ineffective or
uncontrolled inflammatory response contributes to the
cellular dysfunction, tissue damage and inadequate repair
that occurs in many chronic inflammatory diseases. Cur¬
rently, knowledge of the triggers and progression of the
inflammatory process exceeds that of the events respon¬
sible for the termination and ultimate resolution of inflam¬
mation 11,2].
A central paradigm of inflammation research has been

that the resolution of inflammation depends on apoptosis
of inflammatory cells (e.g. neutrophils and eosinophils) and
their subsequent clearance by phagocytes (especially
macrophages) 13]. This process is synchronized by an inter¬
connecting web of signalling pathways that not only down-
regulates the inflammatory response but also generates
agents capable of driving its resolution. In this review, we
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focus on the granulocyte, which we consider to be the
archetypal inflammatory cell, and discuss the pharmaco¬
logical interventions that have stemmed from a greater
understanding of its role [4].

The granulocyte life cycle
Granulocytes - the collective name given to neutrophil,
eosinophil and basophil leukocytes - have a prominent role
in immune defence [5]. As the most abundant circulating
granulocyte in human blood, neutrophils have a key role in
the defence against bacterial, fungal and viral infections.
Eosinophils account for <5% of the circulating granulo¬
cytes and confer resistance to parasitic invasion, in
addition to their involvement, with basophils (the third,
and numerically scarce, type ofgranulocyte), in the allergic
response [6].

Granulocytes are derived from pluripotent haemato¬
poietic stem cells in the bone marrow. If a cell is destined
to become a granulocyte, it must differentiate from a
common myeloid progenitor cell to become a common
granulocyte progenitor cell, which, following appropriate
stimulation, can produce any granulocyte lineage. Gra¬
nulocytes are terminally differentiated and, having effec¬
tively completed the cell cycle, they remain in the GO phase
of growth for the remainder of their relatively short lives
[7]. It is believed that, once they have discharged their
function, extravasated granulocytes in the tissues die by
apoptosis (see next section), whereas non-migratory, cir¬
culating granulocytes leave the blood and return to the
liver, spleen or bone marrow, where they meet an ill-
defined fate (possibly apoptosis) [8], The life cycle of the
granulocyte and its differentiation in particular are under
increasing scrutiny. A new pharmacological intervention -
cyclin-dependent kinase inhibition — targets the cell-cycle
machinery and drives granulocyte apoptosis [9],

Granulocyte apoptosis
Apoptosis is a complex physiological mechanism in which a
cell undergoes programmed death as a result of survival-
factor withdrawal or exposure to pro-apoptotic signals (Box
1). The alternative to granulocyte apoptosis (Figure 1)
is necrosis, which can be a primary event or which can
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Box 1. Apoptotic pathways and the role of caspases
The extrinsic pathway
The extrinsic apoptotic pathway is initiated by stimulation of the
TNF receptor (TNFR) superfamily of cell-surface 'death receptors',
which includes TNF-related apoptosis-inducing ligand receptor,
TNFR and Fas. On binding to TNFR1, TNF-a induces receptor
trimerization, which co-localizes death domains and enables further
binding to TNFR-associated death domain-containing proteins
(TRADDs). TRADD mediates clustering of procaspase-8 molecules
and their proximity to one another initiates an autocatalytic
activation cascade leading to apoptosis. (Similarly, Fas-associated
death domain protein, FADD, mediates the same reaction following
Fas-receptor ligation.) Interestingly, via binding through TNFR-
associated factor-2 and receptor-interacting protein, TRADD can
activate the transcription factors AP-1 and NF-kB, with the latter
having a pivotal role in the immune response. Caspase-8 can either
directly cleave procaspase-3 to caspase-3 (the terminal step in the
cascade preceding cleavage of DNA and chromatin) or-in an
example of cross-talk between extrinsic and intrinsic pathways-
truncate the Bcl-2 family member Bid: a step that contributes to
MOMP [73,74). CD137 is another member of the TNFR family
(despite lacking a death domain), which seems to have varying
effects on eosinophil and neutrophil survival signalling [65].

The intrinsic pathway
MOMP, which is mediated by a predominance of pro-apoptotic over
anti-apoptotic Bcl-2 family members, is the central event in the
intrinsic pathway, which is stimulated by genotoxic stress (e.g.
cytotoxic agents, UV radiation or oxidative stress). Cytochrome c,
apoptotic-protease-activating factor-1, apoptosis-inducing factor,
endonuclease G and Smac/DIABLO are released following MOMP.
Smac/DIABLO is required for the release of procaspase-9 from lAPs,
enabling formation of the apoptosome and activation of caspase-3,
which initiates apoptosis. It has been suggested that, whereas
caspase-9 is essential for neutrophil and eosinophil apoptosis,
caspase-3 and caspase-8 could have less significance in eosinophil
apoptosis - a difference that was hoped might have potential for
exploitation. It should be noted, however, that the importance of
caspases to constitutive apoptosis has not yet been satisfactorily
confirmed [21,66-68].

supersede apoptosis when phagocytosis is delayed.
Apoptosis, in contrast to necrosis, ensures that the cell
membrane retains its integrity, preventing spillage of the
inherently pro-inflammatory and, especially in the case of
neutrophils, histotoxic contents of the cell into the sur¬
rounding tissues. The release of histotoxic products [e.g.
proteases or reactive oxygen species (ROS)l from over-
recruited, inappropriately activated and/or necrotic gra¬
nulocytes probably contributes to the tissue damage
observed in chronic inflammatory and autoimmune dis¬
eases [ 2—4,10]. However, there is growing evidence that
potentially harmful neutrophil granule contents such as
ROS or cathepsin G have important pro-apoptotic roles in
the successful resolution of inflammation [10,111. Another
important component ofgranulocyte apoptosis is the prep¬
aration of the cell for recognition and removal by phago¬
cytes. During apoptosis, receptors for pro-inflammatory
signals are removed from the cell membrane, whereas
'eat me' signals [including phosphatidylserine (PS) resi¬
dues], which are recognized by phagocytes, are displayed.
A standard tool for the identification of apoptotic cells
involves annexin-V binding to PS residues. Interestingly,
a putative phagocyte receptor for PS has proved difficult to
define, and three recently identified receptors (Tim4,
stabilin2 and BAI1) indicate that the complexity of this

Trends in Pharmacological Sciences Vol.29 No.5

Figure 1. Electron micrographs of granulocytes, (a) A healthy neutrophil,
identifiable by its three-lobed nuclei and heavily granular structure (with a 2-p.m
scale bar taken at 4700x magnification), (b) An apoptotic neutrophil with dense
chromatin condensation and smooth cell membrane (with a 1-jxm scale bar taken
at 9500x magnification), (c) A healthy eosinophil with two-lobed nuclei, large
granules and Charcot-Leyden crystals (crystals comprising eosinophil
lysophospholipase: a hallmark of eosinophilic infiltration) (with a 2-ji.m scale bar
taken at 4700x magnification), (d) An apoptotic eosinophil showing chromatin
condensation, peripheral granular distribution, smooth cell membrane and
vacuolated appearance (with a 1-jxm scale bar taken at 9500x magnification).

process might have been underestimated [12-161.
Phagocytosis should be non-phlogistic, implying that a
professional phagocyte such as the macrophage - which,
in other circumstances, can propagate inflammation - on
recognizing an apoptotic cell, is programmed to upregulate
the production of anti-inflammatory mediators such as
transforming growth factor (TGF)-|3 and interleukin (IL)-
10 [17|. Developing an understanding ofgranulocyte beha¬
viour has been a research priority, and has indicated that a
therapeutically tractable approach to the modulation of
granulocyte functional responsiveness might be to influ¬
ence the longevity of these cells by inducing apoptosis 1181.
Additionally, research is generating an increasingly
detailed picture of the apoptotic machinery at a molecular
level. This information is crucial for the accurate identifi¬
cation of apoptotic cells and could provide novel opportu¬
nities for intervention.

Key signalling pathways as targets for
pharmacological intervention
Granulocyte apoptosis is a sensitive, responsive and highly
regulated process. These features are conferred by various
signalling pathways. Each pathway is responsive to
specific endogenous stimuli and mediates pro- or anti-
apoptotic effects. As such, a key area for pharmacological
intervention is the inhibition or augmentation of key gra¬
nulocyte signalling pathways (Table 1).
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Table 1. Current pharmacological agents proven to drive granulocyte apoptosis or resolution of inflammation
Drug Action Outcome Influence on granulocyte Resolution of Refs

apoptosis inflammation

Gliotoxin NF-kB inhibition Decreased NF-kB activation Yes Possible, but probably [20]
nonspecific toxicity

MG132 Proteasome inhibition Increased Mcl-1, decreased No No [36,69]
NF-kB activation

PGD2 metabolites Block IkB degradation Decreased NF-kB activation Yes Yes [22,70-72]
PD098059 Decreased ERK ERK inhibition Yes Yes [31,32]

phosphorylation
SB203580 p38 MAPK inhibition p38 MAPK inhibition No No [33-36]
Sodium salicylate p38 MAPK activation Decreased Mcl-1 Yes Yes [36]
SP600125 JNK inhibition TNF-a-mediated apoptosis Yes Yes [37-39]
Wortmannin PI3K inhibition Decreased Akt Possible Possible, but probably [441

phosphorylation and IL-5 nonspecific toxicity
Ly294002 PI3K inhibition Decreased Akt Possible Possible, but probably [44]

phosphorylation and IL-5 nonspecific toxicity
IC87114 PI3K-S inhibition Decreased chemotaxis No Possible [45]
AS605240 PI3K--/ inhibition Decreased chemotaxis No Possible [45]
CDKi ? Decreased Mcl-1-X-IAP Yes Yes [9,58-62]
Smac-DIABLO mimetics Decreased X-IAP Increased ease of apoptosis Unknown Unknown [51,52]
Glucocorticoids Decreased Mcl-1 in Eosinophil apoptosis Eosinophil apoptosis only Eosinophilic inflammation [1,3,49]

eosinophils

NF-kB: a crucial regulator of granulocyte apoptosis
The transcription factor nuclear factor-KB (NF-kB) has a

pivotal role in the inflammatory response, and a plethora of
molecules - including cytokines, chemokines, adhesion
molecules and stress response proteins - is dependent
on it for synthesis. The synthesis of several proteins under
the direct transcriptional control of NF-kB are anti-apop-
totic in nature, including B-cell lymphoma-2 [Bcl-2 (which
is less relevant in neutrophils, in which it is not
expressed)], inhibitor of apoptosis proteins (IAPs) and X-
ray-inducible immediate—early-response factor-l-long
[19|. Specific inhibition of NF-kB is an attractive pharma¬
cological target that is made viable by the ever-increasing
understanding of its activity and regulation.

Inactive NF-kB is held in the cytoplasm bound to its
inhibitor protein, inhibitor of kB (IkB). However, once
activated by pro-inflammatory stimuli such as tumour
necrosis factor (TNF)-a or lipopolysaccharide (LPS), the
IkB kinase (IKK) complex phosphorylates IkB. IkB then
dissociates from NF-kB to be ubiquitylated and targeted
for proteasomal degradation. As a result of IkB degra¬
dation, nuclear-localization sequences (NLSs) on NF-kB
are revealed and NF-kB subunits are free to translocate to
the nucleus and begin the process of protein transcription.
From a pharmacological perspective, an obvious interven¬
tion would be to augment IkB suppression of NF-kB;
however, this would be difficult because IkB is rapidly
biodegraded [18,19].

Several pharmacological inhibitors of NF-kB are avail¬
able and have been shown to enhance apoptosis when
applied to neutrophils in vitro. These inhibitors include
cell-permeable inhibitory peptide of NF-kB, SN-50, curcu-
min, pyrrolidine-dithiocarbamate and MG132 (a protea-
some inhibitor the impact of which could be considered
nonspecific). Awidely studied inhibitor is the fungal metab¬
olite gliotoxin, which induces neutrophil apoptosis in vitro
and can overcome the neutrophil survival effect conferred by
LPS. The effects of TNF-a on granulocyte apoptosis are

perplexing, although it has been shown that, in combination
with gliotoxin, it induces marked neutrophil and eosinophil
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apoptosis [20]. In addition, cycloheximide-mediated
inhibition of protein synthesis augments the effect of
TNF-a, implying the presence of a TNF-a-induced survival
protein that is under the transcriptional control ofNF-kB . In
the search forphysiological inhibitors ofNF-kB, itwas noted
that arachidonic acid metabolites and the cyclopentenone
prostaglandin (PG)D2 could inhibit NF-kB activation by
LPS or TNF-a and induce caspase-dependent granulocyte
apoptosis. This effect was independent of the peroxisome-
proliferator-activated-receptor-y and probably occurred by
direct IKK inhibition 119,21]. There is now in vivo evidence,
from a rat pleurisy model, that PGD2 can contribute to the
resolution of inflammation and could be a natural retardant
of inflammation progression 122].

An innovative and encouraging use of the HIV tat
protein transduction method has facilitated the transduc¬
tion of neutrophils with HIV-tat-linked NF-kB essential
modulator domain (NEMO), which is a specific inhibitor of
the IKKy-IKKp interaction [23]. A similar approach was
used to transduce eosinophils with an HIV-tat-lKBa
super-repressor that is resistant to phosphorylation and
proteasomal degradation [241. This highly specific inhi¬
bition resulted in the augmentation of apoptosis and the
suppression ofNF-KB-mediated survival, lending credence
to the pursuit of NF-kB as a pharmacological target.

However, an apparent contradiction is emerging in the
literature because NF-kB has been shown to have an anti¬

inflammatory and pro-resolution role in acute inflam¬
mation. The contradiction revolves around detailed

analysis of IKKa inhibition of NF-kB activity, in which
induction of the NF-kB subunits RelA and c-Rel using a

super-repressor IkBo fused to a membrane-transducing
domain of HIV tat protein suppressed NF-kB interaction
with pro-inflammatory gene promoters in vivo. It is now
recognized that there are two phases of NF-kB activation.
The first phase, which occurs within 6 h of the onset of
inflammation, is coincident with the formation of com-
plexed inducible nitric oxide synthase (iNOS) and cRel-
p50 heterodimer; these bind to and regulate the mouse
iNOS promoter, and macrophages from knockout mice
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show increased iNOS expression in response to NF-kB
during the induction of inflammation in vivo. During the
resolution phase, however, there is no expression of iNOS
or cRel-p50 heterodimers despite substantial NF-kB acti¬
vation, which indicates a switch to a second, pro-resolution
phase 125-27],
It seems that the dominant impact of NF-kB inhibition

is to drive granulocyte apoptosis and the resolution of
inflammation, but a note of caution is warranted because
it is conceivable that inhibition of the later, pro-resolution
phase of NF-kB activation might prolong and/or prevent
the successful resolution of inflammation.

The role of MAPK pathways in granulocyte apoptosis
There is considerable evidence of the involvement of the
mitogen-activated protein kinase (MAPK) signalling cas¬
cade in diverse aspects of the inflammatory response,

including cell recruitment, activation and apoptosis. The
three main MAPK subtypes activated by MAPK kinases
(MEKs) 1-7 are extracellular-signal-related kinase [ERK
(which includes p42/p44 MAPK)], c-Jun N-terminal
kinases (JNKs) and p38 MAPK. All have been implicated
in the regulation of granulocyte apoptosis [28-30].

The ERK pathway is involved in negotiating survival
conferred by inflammatory mediators such as granulocyte
macrophage-colony stimulating factor (GM-CSF), IL-8, IL-
15, C5a and LPS but it is non-essential for the regulation of
constitutive apoptosis. PD098059 (2'-amino-3'-methoxyfla-
vone) is a specific pharmacological ERK inhibitor that
mediates its effect by binding to the ERK-specific MAP-
kinase, thereby preventing the phosphorylation ofERK1/2
(p44/p42 MAPK) by MEK1. PD098059 has been used in
vitro to reverse GM-CSF-mediated and LPS-mediated neu¬

trophil survival, and its in vivo efficacy has been demon¬
strated in a rat carrageenan-induced pleurisy model, in
which it enhanced the resolution of inflammation by pro¬
moting neutrophil apoptosis within the pleural cavity. It is
likely that the pro-apoptotic effects of this compound are
conferred by inhibition of survival-factor-induced anti-
apoptotic effects because it seems to have no direct effect
on constitutive neutrophil apoptosis in non-inflammatory
conditions [31,32|.

The p38 MAPK and JNK cascades are involved in the
cellular response to stresses, including heat shock, hyper-
osmolarity, UV radiation, protein-synthesis inhibitor
drugs and inflammatory cytokines. p38 MAPK might also
have a role in superoxide anion production and chemotaxis
[33]. There is indirect evidence ofa pro-survival role for p38
MAPKbecause it has been shown to inhibit, by phosphoryl¬
ation, caspase-3 and -8 and it is specifically cleaved in
mature neutrophils undergoing apoptosis [34]. However,
it is unclear whether it is sufficiently influential to be
considered a pharmacological target in inflammatory
states because its inhibition (by the pyridinyl imidazole
inhibitor SB203580) fails to overcome cell-survival signals
from GM-CSF. It has been suggested that this controver¬
sial pathway could generate a neutrophil death signal
through the reduction ofMcl-1, as observed when apoptosis
is triggered by sodium salicylate. Perhaps there are further
opportunities for the pharmacological augmentation ofp38
MAPK to promote neutrophil apoptosis. There is certainly
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an opportunity for further study of this pathway, which
seems to have been under-investigated compared with
other signalling systems 135,36].

The JNK pathway is also controversial and insuffi¬
ciently investigated, but researchers have demonstrated
that the activation of JNK signalling is a component of
LPS- and TNF-a-mediated neutrophil apoptosis. Addition¬
ally, an in vivo rat model of smoke inhalation injury
responded favourably to JNK inhibition by SP600125
(anthra [l,9-cd]pyrazol-6(2H)-one], with decreased airway
inflammation and increased rates of survival [37-39].

PI3K pathway as a regulator of granulocyte apoptosis
The phosphoinositide-3-kinase (PI3K) pathway is an

important cell-surface-receptor-controlled signal-trans-
duction pathway that catalyses phosphorylation of the
3'-OH position of the inositol ring of phosphoinositides,
resulting in the formation of the 3'-phosphatidylinositol
(Ptdlns) lipids. PI3K is involved in the regulation of all
major leukocyte events, including growth, proliferation,
recruitment, activation and survival [40]. From the
perspective of granulocyte survival, PI3K has a role in
mediating the anti-apoptotic-pro-inflammatory signals
triggered by LPS, GM-CSF and TNF-a. It generates the
important signalling lipid PtdIns(3,4,5)P3, which activates
Akt and influences NF-kB and cAMP-response-element-
binding protein (CREB); these produce anti-apoptotic sig¬
nals in granulocytes [41—43].

Pharmacological inhibition was initially achieved with
the use of wortmannin and LY294002, which are general
PI3K family inhibitors. Work is in progress to determine
which isoforms of PI3K are responsible for its diversity of
function and to delineate their mechanisms of action. To
this end, PI3K-isoform-specific knockout mice have been
developed alongside new pharmacological inhibitors. For
example, the involvement of PI3K in the recruitment and
survival of eosinophils in a model of allergic pleurisy in
PI3Ky-deficient mice with the use of wortmannin and
LY294002 has been evaluated [44], They found that, fol¬
lowing the induction of allergic pleurisy, eosinophil
accumulation was not different from that in wild-type mice
at earlier time-points (6 and 24 h). However, there was a
marked reduction in eosinophil numbers at a later time-
point (48 h). Wortmannin and LY294002 administered
systematically before antigen challenge led to a decrease
in Akt phosphorylation, IL-5 production and eosinophil
release from the bone marrow and, consequently, pre¬
vented the recruitment of eosinophils. Importantly, local
(intrapleural) treatment with the PI3K inhibitors 24 h
after antigen challenge (at the peak of inflammation)
enhanced the clearance of accumulated eosinophils - an
effect associated with the inhibition ofAkt phosphorylation
and an increased number of apoptotic events (assessed
microscopically and using annexin-V binding). This study
highlights an important role for the PI3K family in the
accumulation and survival of eosinophils and implies a

specific role in the maintenance (possibly by influencing
eosinophil apoptosis) of eosinophilic inflammation in vivo.
The same group has now used the specific PI3K-8 inhibitor
IC87114 and the PI3K-y inhibitor AS605240 to demon¬
strate that, whereas chemokine receptor (CXCR)2 requires
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both isoforms to recruit neutrophils to the alveolar space,
C5a and formyl-methionyl-leucyl-phenylalanine (fMLP)
require only PI3Ky [45].

Pharmacological inhibitors of specific PI3K isoforms
and the development of knockout mice have demonstrated
the importance of this signalling pathway to the granulo¬
cyte and the wider inflammatory response.

The Bcl-2 family
The Bcl-2 family, which contains >20 members, comprises
a series of cell-death-receptor proteins. These are further
classified into three subgroups depending on their function
and the number of Bcl-2 homology domains that they
contain: the multidomain pro-apoptotic members, the
Bcl-2 homology 3 (BH3)-only domain pro-apoptotic mem¬
bers and the anti-apoptotic family. Neutrophils and eosi¬
nophils express the multidomain pro-apoptotic family
members Bcl-2-associated X protein (Bax) and Bcl-2 hom¬
ologous antagonist/killer (Bak), and the BH3-only domain
pro-apoptotic members BH3-interacting domain death
agonist (Bid) and Bcl-2-associated death promoter (Bad),
which are essential components of the apoptotic machin¬
ery. Neutrophils also express the pro-apoptotic BH3-only
domain proteins Bim and p53 upregulated modulator of
apoptosis (PUMA). These pro-apoptotic Bcl-2 family
proteins are thought to function either by translocation
to the mitochondria, where they can influence mitochon¬
drial outer-membrane permeabilization (MOMP), or by
binding to and downregulating pro-survival proteins. In
fact, the role of mitochondria in neutrophils and eosino¬
phils seems to be geared predominantly towards the induc¬
tion of apoptosis rather than cellular respiration [46].
Anti-apoptotic members of the Bcl-2 family are also

present in granulocytes. Neutrophils express the Bcl-2
homologue A1 and the anti-apoptotic proteins myeloid cell
leukaemia-1 (Mcl-1), Bcl-XL and X-linked mammalian IAP
(X-IAP). Survival signals, in the form of cytokines and
other mediators found at sites of inflammation, induce
de novo synthesis of these anti-apoptotic proteins [47,48].

Mcl-1 was initially isolated from a human myeloblastic
leukaemia cell line and it is increasingly recognized as a

key regulator of immune-cell proliferation and longevity.
In human neutrophils, Mcl-1 is thought to be important for
cytokine-regulated survival but does not seem to be tran¬
scribed by NF-kB, which (as discussed) is one of the most
important inflammatory transcription factors. Levels of
Mcl-1 in human neutrophils correlate closely with neutro¬
phil survival kinetics. Mcl-1 levels are elevated in viable
cells and decrease before the induction of apoptosis. This
protein also has the fastest turnover rate and, therefore,
the shortest half-life of the anti-apoptotic members of the
Bcl-2 family: a feature that is compatible with the necess¬
arily short half-life of the neutrophil. Mcl-1 is targeted for
degradation in the proteasome following ubiquitylation
and undergoes significant post-translational modification,
providing further opportunities for pharmacological inter¬
vention. Glucocorticoids are well-established anti-inflam¬

matory agents that promote eosinophil apoptosis but
extend neutrophil longevity. They are important in the
management of eosinophil-dominant diseases such as
asthma but are less effective in neutrophil-dominant
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diseases such as chronic obstructive pulmonary disease.
Partial efficacy in neutrophil-dominant disease is probably
achieved by effects on the downregulation of inflammatory
cytokines and the enhancement of macrophage phagocy¬
tosis of apoptotic neutrophils [75]. The glucocorticoid
dexamethasone has recently been shown to stabilize
Mcl-1 levels in neutrophils but to reduce levels in eosino¬
phils, which might account for this dichotomous effect on
granulocytes [50]. An important development in Mcl-1
research has been the advent of a myeloid-specific
Mcl-1 -knockout mouse, which has a normal, functional
macrophage population but which lacks neutrophils -
demonstrating the pivotal survival role of Mcl-1 in neu¬

trophils [51]. A putative inhibitor should induce neutrophil
apoptosis but enable the effective clearance of apoptotic
cells by macrophages. As such, Mcl-1 could be a key
pharmacological target. Our experience with the cyclin-
dependent kinase (CDK) inhibitor R-roscovitine indicates
that it adequately fulfils the criteria [9],

Members of the IAP family of proteins, of which X-IAP
seems to be the most potent, inhibit both caspase-9 (an
initiator caspase) and the effector caspases-3 and -7,
thereby promoting cell survival. In addition, overexpres-
sion of X-LAP protects cells from apoptosis (see Refs [51-
54]). X-LAP is negatively regulated by X-IAP-associated
factor 1, which is found predominantly in the nucleus, and
by Smac/DIABLO (second-mitochondria-derived-activator
of caspase/direct inhibitor of apoptosis-binding protein
with low pi), which is located in the mitochondria
[52,53], Using NMR and X-ray crystallography, recent
characterization of the Smac-IAP interaction has enabled
the design and testing of Smac/DIABLO mimetics that
have in vitro and in vivo activity [52,53]. The implications
for granulocyte apoptosis have not yet been established.
Interestingly, stabilization ofX-LAP by the ERK pathway
has been described, and this effect could be reversed by
oxidant-induced p38 MAPK [54]. This provides an import¬
ant insight into the signalling pathway cross-talk that is
present at inflammatory loci [54].

Bcl-XL is a Bcl-2 homologue that conserves all four BH
domains. Experiments using in vivo rat carrageenan-
induced pleurisy models have shown that, during the onset
of inflammation, increased expression of Bcl-XL is accom¬

panied by significantly decreased levels of Bax expression.
Conversely, during resolution of inflammation, Bax expres¬
sion was increased and negligible levels of Bcl-XL were
found. In the same experiment, the inhibition of Bax by
V5 (a Bax inhibitory peptide) resulted in prolonged inflam¬
mation, supporting the hypothesis that Bax has a crucial
role in the induction of neutrophil apoptosis, and thereby
facilitates the resolution of inflammation [31]. There is
clearly a delicate balance between the influence of pro-
survival and anti-apoptotic proteinswithin the granulocyte,
whereby processes that mediate the effective clearance of
inflammatory stimuli compete with those that result in a
counter-productive prolongation of inflammation.

Lipoxins, resolvins and protectins: pro-resolution lipid
mediators

Polyunsaturated fatty acids can be metabolized to arachi-
donic acid, eicosapentaenoic acid and docosahexaenoic
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acid, which can be processed to lipoxins, resolvins and
protectins, respectively. These lipid mediators are increas¬
ingly recognized for their potent anti-inflammatory and pro-
resolution roles andmight have amodulatory role in several
inflammatory conditions such as atherosclerosis, chronic
liver disease, inflammatory bowel disease, glomerulone¬
phritis and asthma [1]. Lipoxins have diverse actions, in¬
cluding the inhibition of neutrophil chemotaxis, adhesion
and transmigration. Additionally, they mediate normaliza¬
tion ofvascular permeability, non-phlogistic recruitment of
mononuclear cells and stimulation ofmacrophage phagocy¬
tosis of apoptotic neutrophils. Aspirin-triggered lipoxins
seem to target the same seven-transmembrane G-protein-
coupled receptor as does glucocorticoid-induced annexin-1.
Annexin-1 induces granulocyte apoptosis but is also
released by both neutrophils and macrophages to enhance
the phagocytosis of apoptotic cells. This is interesting
because it implies that lipoxins might participate in an
interconnected anti-inflammatory network and pro-resol¬
ution cascade [55,56]. Resolvins and protectins share some
of the actions of lipoxins and have protective roles in many

organ systems. Importantly, the resolution of inflammation
has been reported in vitro and in a mouse peritonitis model
with resolvin El and protectin D1 [57]. The anti-inflamma¬
tory and pro-resolution effects of this family of mediators
have been demonstrated in vitro and, latterly, in vivo,
indicating that it will be an important target for novel
anti-inflammatory pharmacotherapeutics [49],

CDK inhibition as a novel anti-inflammatory approach
CDK inhibitors have been used for the selective induction
of apoptosis in actively proliferating cells for several
years. Several CDK inhibitors, including R-roscovitine,
flavopiridol and SU9516, can induce apoptosis in cancer
cell lines. R-roscovitine alone reduces the proliferation
index of 19 distinct cancer cell lines in vitro [58], The
induction of apoptosis by CDK inhibitors seems to be
mediated by the modulation of Bcl-2 family members
and to be executed in a caspase-dependent manner. A
wealth of research has meant that confidence in CDK
inhibitor safety and efficacy has increased to the extent
that clinical trials are underway for conditions such as B-
cell malignancy, non-small-cell lung cancer and breast
cancer. So far, the side-effect profile ofCDK inhibitors has
been promising but it includes tolerable gastrointestinal
disturbance, minor hepatic dysfunction and hypokalae-
mia [59-61],

Logically, in terminally differentiated cells such as gra¬
nulocytes, CDK inhibitors should have no effect because
the cell-cycle machinery ought to be redundant. In fact, in
post-proliferation neurons, CDK inhibitors have been
shown to have a protective effect against apoptosis [62].
Nonetheless, we recently demonstrated in vitro that a

panel of CDK inhibitors induces neutrophil apoptosis in
a time- and concentration-dependentmanner and that this
effect is sufficient to overcome the anti-apoptotic effects of
survival factors such as GM-CSF, dibutyryl-cAMP and
LPS [91. When neutrophils were treated with R-roscovitine
and the caspase inhibitor zVAD-fmk (7V-benzyloxyearbo-
nyl-Val-Ala-Asp-fluoromethylketone) cells failed to enter
apoptosis, indicating that R-roscovitine functions in a

caspase-dependentmanner. Furthermore, in vitro studies
have demonstrated the presence of CDK1 and CDK2 in
human neutrophils and have shown that levels of both
remain constant throughout ageing, treatment with GM-
CSF or gliotoxin, which indicates that these kinases are
not targeted for degradation during apoptosis [9]. In
addition, a reduction in Mcl-1 levels after treatment of
neutrophils with R-roscovitine was noted, offering a tan¬
talizing insight into its mechanism of action [9]. The same

study [9] assessed the impact ofR-roscovitine on models of
neutrophil-dominant inflammation, including carragee-
nan-induced pleurisy, bleomycin lung injury and arthritis
in mice. The results indicated a resolution of inflammation
- as assessed by several parameters, including cytokine
levels, inflammatory cell numbers, histology and arthritis
scores. Caspase inhibition in vivo with zVAD-fmk, which
reversed the pro-resolution effect, confirmed the integral
role of granulocyte apoptosis in resolution. In addition,
recent studies have identified a role for CDK5 in neutro¬

phils, and CDK inhibition has been shown to influence
inflammatory cell recruitment [63,64]. Further elucidation
of the mechanism of action ofCDK inhibitors could enable
this therapy to be refined and might highlight further
targets for pharmacological intervention.

Concluding remarks
Research into granulocyte apoptosis and its role in the
resolution of inflammation has revealed a complex web of
signal-transduetion pathways. Work has begun on the
pharmacological manipulation of these pathways to pro¬
vide novel treatments for inflammatory disorders. Clearly,
the rate of neutrophil or eosinophil apoptosis can be
increased or reduced in vitro by several agents. Impor¬
tantly, this rate can be matched by appropriate clearance
of apoptotic cells. There is now conclusive evidence that
inhibition or promotion of granulocyte apoptosis by
pharmacological agents in vivo can delay or enhance the
resolution of acute inflammation, respectively. Ways to
limit the toxicity of some of these agents must be found
but we can be confident of the transition of others, in the
near future, to clinical trials.
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of inflammation at the respiratory mucosa"
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The respiratory mucosa is responsible for gas exchange and is therefore, of necessity, exposed to airborne pathogens,
allergens, and foreign particles. It has evolved a multi-faceted, physical and immune defense system to ensure that in
the majority of instances, potentially injurious invaders are repelled. Inflammation, predominantly mediated by effector
cells of the granulocyte lineage including neutrophils and eosinophils, is a form of immune defense. Where inflammation
proves unable to remove an inciting stimulus, chronic inflammatory disease may supervene because of the potential for
tissue damage conferred by the presence of large numbers of frustrated, activated granulocytes. Successful recovery
from inflammatory disease and resolution of inflammation rely on the clearance of these cells. Ideally, they should
undergo apoptosis prior to phagocytosis by macrophage, dendritic, or epithelial cells. The outcome of inflammation
can have serious sequelae for the integrity of the respiratorymucosa leading to disease. Therapeutic strategies to
drive resolution of inflammation may be directed at the induction of granulocyte apoptosis and the enhancement of
granulocyte clearance.

RESPIRATORY SYSTEM AND GRANULOCYTE-MEDIATED

MUCOSAL INFLAMMATION

The respiratory mucosa is the largest body surface area to be
exposed to, and require defense from, the external environment.
It is not surprising, therefore, that a robust, vigorous, and rapidly
responsive immune defense system has evolved over millennia
of exposure to diverse and increasingly sophisticated microbes.
In addition, air-borne irritant particulate matter such as aller¬
gens, biopersistent fibers such as asbestos and combustion-
derived nanoparticles (e.g., diesel exhaust particles) must be
overcome to maintain a high level of function. The architecture
of the respiratory system provides a first layer of defense against
air-borne microorganisms and particulate matter, effectively
blocking the lower airways from anything greater than 5 |im in
diameter. Inhaled air is warmed and filtered through the nasal
hair and nasopharyngeal passages before negotiating the larynx
(which ordinarily prevents any intrusion from matter destined
for the gastrointestinal system and allows phonation) down the
large tubular trachea and into the upper bronchi. The initially
large bronchial airways repeatedly bifurcate until they reach an
extremely narrow gauge and form alveoli at which point gas
exchange with the capillary network that lines the alveolar wall
becomes possible. Pseudostratified columnar-ciliated epithelium
predominates in the trachea and bronchi forming the muco¬

ciliary escalator. Any intruding microorganism or misplaced
particulate matter slipping out of the air stream in the
upper airways is trapped in the muco-ciliary escalator
and forced up and out by the regular beating motion of the
respiratory cilia.
Should these initial defenses be breached then an intruder

must encounter an uninviting but nonspecific chemical milieu
including lysozyme, endogenous antimicrobial agents, adverse
pH, IgA, and surfactants.1 Should this fail then a more goal-
directed system is brought on line. The respiratorymucosa has
developed a sensitive and specific recognition strategy that allows
it to identifymicrobe-specific protein patterns such as lipopoly-
saccharide, lipotechoic acid, formylated peptides, flagellin, and
non-methylated DNA. Once detected, these galvanize resident
alveolar macrophages and initiate a variety ofproinflammatory
pathways that instigate the classical elements of inflammation
(calor (heat), rubor (redness), dolor (pain), tumor (swelling),
and loss of function as described by Celsus and (debatably)
Virchow)2 driven by increased vascular permeability leading to
a proteinaceous infiltrate and leucocyte recruitment. The Toll¬
like receptors (TLRs) mediate most of this form of recognition
and though they each have a specific role, TLRs can function in
unison to expand their powers of recognition.3 Resident alveolar
macrophages deal with the majority of insults that trigger this
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alert system but if they are overwhelmed recruited leucocytes
including granulocytes lend assistance.
The invading microbes are rendered highly visual to

recruited granulocytes by comprehensive opsonization medi¬
ated by both complement-dependent and -independent means.
They are then ingested (phagocytosed) by neutrophils or, if
they should prove resistant to this because of size or learned
subversion, are subjected to a chemical onslaught (exocytosis)
as neutrophils forcibly externalize toxic granule substances such
as lactoferrin and myeloperoxidase as well as reactive oxygen
species (ROS).4'5 A subset of neutrophils (and other leucocytes
potentially6) employs web-like neutrophil extracellular traps to
ensnare and kill resistant organisms but must themselves die
in the process.7 In beneficial neutrophil-dominant inflamma¬
tion, the organisms or foreign particles are detected and phago¬
cytosed by neutrophils, which then undergo an organized, non-
provocative programmed cell death (apoptosis) that promotes
their own recognition and removal by macrophages or dendritic
cells. At this point, the interface between the innate and adaptive
immune systems occurs as macrophages, which migrate to the
lympho-reticular system following ingestion of apoptotic neu¬
trophils, act as antigen-presenting cells allowing the lymphocyte
population to complete the resolution and remembrance proc¬
ess. The next time this particular organism is encountered a

preprepared, specific response should be available to ensure it
has less opportunity to make an impact.8
The lungs are the arena for another type ofgranulocyte-driven

inflammatory response. Eosinophils are present in larger num¬
bers within the lungs of asthma sufferers and are recruited
in greater numbers in response to sensitizing allergens such as
pollen, house dust mite, and animal dander. This response has
no obvious beneficial effects and it is still unclear why it should
occur. The eosinophil is a useful and active defender against
parasitic infection and has an armament specific to that end.
It has been noted that as parasitic infections have been largely
eradicated in Western society, the incidence of this abnormal
eosinophil response (termed allergy or atopy) has increased
and it seems that eosinophilic inflammation occurs almost as
an outlet for redundancy.1
Inflammation does not always resolve neatly and, unfortu¬

nately, for diverse reasons, pulmonary inflammatory disease is
one of the biggest drains on health resources in this and many
other countries (respiratory disease cost in the United Kingdom
was £6.6 billion in 2004).9,10 Non-resolving or chronic inflam¬
mation is established when an acute inflammatory response fails
to counter an instigating stimulus. In pulmonary infection, this
may occur because a microorganism can subvert host defense
by surviving either within inflammatory cells (Mycobacterium
tuberculosis) or inside a protective micro-environment
(Pseudomonas aeruginosa).11,12 Persistent inflammation may
occur because of a recurrent stimulus like tobacco smoke

(chronic obstructive pulmonary disease (COPD)), allergens
(asthma), or long (>20 pm) biopersistent fibers (asbestosis).13
Inflammation is also chronic where the host immune system
malfunctions and becomes under- or overactive or misdirected
as occurs in autoimmune disease (rheumatoid arthritis, systemic
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sclerosis), immune deficiency syndromes (chronic granuloma¬
tous disease, severe combined immunodeficiency syndrome),
cystic fibrosis (CF), or adult respiratory distress syndrome/acute
lung injury (ARDS/ALI). In some cases, the etiology is unknown
and subject to debate (idiopathic pulmonary fibrosis (IPF)).
Regardless of the cause, it is apparent that the over-recruitment,
ineffective clearance, and hence accumulation and misdirected
or frustrated activation of neutrophils and eosinophils lead to
tissue damage and an inciting feedback loop of inflammation
that perpetuates chronicity13 (Figure 1).
It is evident that granulocytes play an important role in

the pathogenesis of pulmonary inflammation but other cell
types such as macrophages, dendritic cells, mast cells, and
lymphocytes are equally and potentially more influential in
subsets of inflammatory respiratory disease. In this review, our
focus will be on granulocyte research as expert reviewers have
addressed the role of other cell types across the spectrum of
respiratory disease and the interplay ofdifferent cell types within
single diseases. Our aim will be to address current understanding
of granulocyte biology in relation to respiratory inflammatory
diseases and prospects for driving resolution of inflammation
at the respiratory mucosa to develop effective treatments for
lung-based disease.

GRANULOCYTES

Pluripotent hematopoietic stem cells in the bone marrow gene¬
rate the common myeloid progenitor cell. This cell differen¬
tiates into a common granulocyte progenitor cell, which when
given appropriate stimulation can produce any granulocyte
lineage. Potential granulocyte lineages include neutrophils,
eosinophils, and basophils. Basophils are the least well studied
and least numerous of the granulocytes, and their physiological
function seems to overlap somewhat with that of eosinophils.
They are probably meant to counter parasites but their relevance
to Western society is in the production of numerous medi¬
ators necessary for the incitement of the asthmatic response.
Neutrophils and eosinophils are discussed in greater detail below.
Granulocytes are terminally differentiated and having therefore
exited the cell cycle, they remain in the GQ phase ofgrowth for
the duration of their lives. However, a recent report suggests
that postmitotic neutrophils are capable of radical pheno-
typic switching to take on major characteristics ofmacrophages
when stimulated with growth factors, whereas another study
shows that mouse neutrophils can be switched to a dendritic
cell phenotype following in vitro incubation with colony-stimu¬
lating factor-1.14,15 Extravasated granulocytes recruited to the
tissues ought to die by apoptosis whilst non-migratory, cir¬
culating granulocytes are removed by the combined efforts
of the bone marrow, liver, and spleen. There is renewed
interest in granulocyte life cycle and differentiation as pharmaco¬
logical inhibitors of the cell-cycle machinery have been shown
to promote granulocyte apoptosis.16,17

NEUTROPHILS

Neutrophils are 12-15 pm in diameter and account for 70%
of the circulating leucocyte population, which corresponds
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Figure 1 Diagram showing both resolution and failure of resolution of eosinophil- and neutrophil-dominant inflammatory processes. Neutrophilia
at the respiratory mucosa is resolved by apoptosis of infiltrating neutrophils and phagocytic clearance by macrophages. It fails to resolve where
neutrophils are in great excess or are not efficiently cleared and undergo secondary necrosis following apoptosis. This leads to alveolar damage and
destruction followed by fibrotic healing. Histology on the right-hand side of the diagram shows neutrophil-dominant inflammation. Eosinophil-dominant
inflammation is resolved by the same mechanisms and fails to resolve for the same reasons.The effects of eosinophil-dominant inflammation in the
asthmatic airway are depicted and an example of the histology demonstrated on the left-hand side of the diagram. Histology was kindly provided by
William Wallace (Pathology Department, Edinburgh Royal Infirmary).
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to approximately 2.5-7.5xl09/l neutrophils. They survive in
the circulation for approximately 7-10 h but if compelled by
inflammatory circumstance or chemical persuasion can extend
their life span up to 48 h and beyond. This population turnover
requires efficient production by the bone marrow and prompt
clearance by that same organ with help from the spleen and
liver. Neutrophils possess at least four different types of granules
termed: primary (azurophilic), secondary (specific), gelatinase,
and secretory; each carries a specific arsenal of toxic chemicals
that the neutrophil uses against non-host elements. The neutro¬
phil is a key effector cell at the front line of immune defense
and is efficacious (and lifesaving) in the majority of instances
because of its versatility. Neutrophils prove to be effective
phagocytes because on accomplishment of this task they are

programmed to die a prompt, quiet and importantly, contained,
apoptotic death. This limits the time available to internalized
microorganisms and prevents hijacking of cellular controls to
enable subversion (as is thought to occur when M. tuberculosis
is internalized by macrophages18). This timely death also signals
larger scale phagocytes such as macrophages, dendritic cells,
and epithelial cells to initiate a phagocytic response. If a neutro¬
phil is unable to phagocytose an invader then it will disgorge

granule contents into the surrounding environment causing
tissue damage and amplifying the inflammatory response. This
should not be construed as a purely detrimental response as
it serves to block potential routes of entry for invading orga¬
nisms as tissue damage causes capillary shutdown and collapses
lymphatics, sends a strong signal of imperiled defense, and
allows time for an alternative immune strategy to be adopted.8
Neutrophils may also employ extracellular traps to ensnare

and kill resistant organisms. Neutrophil extracellular trap for¬
mation involves the extrusion of fine chromatin and granule-
coated tendrils that are microbicidal and fungicidal. This effort
proves fatal to the neutrophil.19 Finally, neutrophils are not
just blunt effectors but also smooth operators responsible for
negotiating the recruitment and education of other arms of the
immune system. It is becoming appreciated that there is a false
division between the innate and adaptive immune response

systems and that a more realistic model involves a continual
interplay between constituents of these systems. Neutrophils not
only alert antigen-presenting cells and lymphocytes to danger
but regulate their response to it and in return receive counter
regulation. Appropriate resolution of an inflammatory immune
response is finely balanced.5,8
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It is not surprising, given the constant exposure of the vast
respiratory mucosa to threat, the fine balance of the immune
response and the pivotal inflammatory role played by neutro¬
phils, that neutrophil-dominant inflammation has been impli¬
cated in the pathophysiology of numerous inflammatory
respiratory diseases including pneumonia, COPD, IPF, CF,
and ARDS.

EOSINOPHILS

Eosinophils are approximately 12-17 |tm in size and, under
normal circumstances, account for less than 5% of the circulat¬
ing leucocyte population. They may survive for up to 12 h in the
circulation but have the ability to extend their longevity to over
a week if required. Not only are they bigger than neutrophils
but they also wear more flamboyant colors when stained by
the Romanowsky method (methylene blue and eosin), which
accounts for their name. Eosinophils may also be distinguished
by Iheir production ofCharcot-Leyden crystals (manufactured
from lysophospholipase, an eosinophil-derived enzyme), which
are often visible in their cytoplasm. Eosinophils, like neutrophils,
are supplied with numerous granules though their constituents
differ includingmajor basic protein, eosinophil cationic protein,
eosinophil peroxidase, and eosinophil-derived neurotoxin. This
array is certainly capable of tissue damage and probably evolved
to combat helminthic infection. Increasingly, new roles for eosi¬
nophils are being identified and it seems likely that they have a
role in combating viral infection as eosinophil cationic protein
and eosinophil-derived neurotoxin have been shown to degrade
single-stranded RNA viruses. They are said to play an early role
in innate immunity by production of important cytokines such
as interleukin (IL)-4 though this is probably only physiologically
important in the gastrointestinal tract. They can also modulate
adaptive immunity by specific activation ofT cells.20
Eosinophils are implicated in a different spectrum of disease

from neutrophils, ofwhich the most common variety is allergic/
atopic disease, which includes asthma, allergic rhinitis, and
eczema. In other countries, parasitic infection is still common
including schistosomiasis, dranunculoriasis, ascariasis, filaria-
sis, and hookworm. Eosinophil numbers may be increased in
various cancers as well as in rare conditions such as Churg-
Strauss syndrome, aspergillosis, and eosinophilic pneumo¬
nia. In eosinophil-dominant disease, it has been consistently
demonstrated that eosinophil excess due to excessive recruit¬
ment, apoptosis avoidance, and failed clearance has a correlation
with disease pathology.

GRANULOCYTE APOPTOSIS

Neutrophils and to a lesser extent eosinophils are short-lived
cells, a feature that may help to limit their potential for causing
damage by ensuring that they cannot be subverted by pathogens.
They are explosively reactive cells and it is therefore surprising
that their death is a model of contained self-restraint. Apoptosis
is a physiological marvel that allows cells with an incendiary
cargo (granules) to package it efficiently and safely (in plasma
membrane) so that the cellular environment is protected. In
addition, the cell nucleus condenses and chromatin is chopped
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up and re-organized into packages termed nucleosomes.
Throughout this process, the cell membrane is retained intact
though glycoprotein and phospholipid signals are displayed
to attract macrophages and facilitate interaction and uptake
(efferocytosis). Fluorescently-tagged Annexin-V is often used
to label phosphatidylserine residues, which are characteristi¬
cally flipped to the outer membrane of apoptotic cells thereby
enabling flow cytometric identification of apoptosis. Another
member of this family, Annexin-1, has been shown to induce
granulocyte apoptosis but is also released by both neutrophils
and macrophages to enhance phagocytosis of apoptotic cells.21,22
The whole process is amplified bymany orders ofmagnitude
during inflammation whether it be neutrophil or eosinophil
dominant. Unfortunately, apoptotic cells cannot stay that way
forever, and if they are not cleared by phagocytes then they
undergo secondary necrosis and all the good work is undone.
Large-scale granulocyte recruitment must necessarily be
followed by large-scale granulocyte apoptosis and clearance
by macrophages. It is extremely important that this is taken
into account when plotting to drive granulocyte apoptosis to
promote resolution of inflammation.4,23
Neutrophil and eosinophil apoptosis are similar but not

identical processes. It is generally believed, though not univer¬
sally,24 that there are two pathways by which apoptosis proceeds,
both ofwhich are ultimately dependent on the caspase fam¬
ily (Figure 2). The intrinsic pathway occurs when the cell
faces withdrawal of growth/survival factors, genotoxic stress,
or ultraviolet irradiation. This pathway relies on proapoptotic
members of the Bcl-2 family, which escape regulation by their
antiapoptotic counterparts and translocate to the mitochondria
facilitating liberation of cytochrome c. The various components
of the apoptosome (Apaf-1, cytochrome c etc.) then assemble
to cleave the inactive zymogen, procaspase-9, to active caspase-
9, which inexorably commits the cell to caspase-3-mediated
apoptosis. The extrinsic pathway proceeds through external
cell-membrane death receptors such as the tumor necrosis fac¬
tor receptor (TNFR), the Fas receptor (FasR), and TNF-related
apoptosis-inducing ligand receptor (TRAILR). Ligand activation
of these receptors promotes clustering of receptors and asso¬
ciation with their internal adaptor proteins (TNFR-associated
death domain protein and Fas-associated death domain protein)
in the lipid-raft. Multiple procaspase-8 molecules assemble at
the adaptor proteins (formation of the death-inducing signal¬
ing complex), and their physical approximation generates an

autocatalytic reaction initiating the caspase cascade. The death
receptor CD 137 has also been implicated in neutrophil and eosi¬
nophil apoptosis but it is currently unclear what its physiologi¬
cal role is.25 In neutrophils the importance of caspase action in
death receptor-mediated apoptosis has previously been a matter
of debate but evidence of caspase-independent apoptosis has
been effectively countered by work demonstrating that culture
conditions and concentrations of caspase inhibitor had not been
optimally utilized in these studies.26
To further complicate the story, it is apparent that there is a

degree of cross talk between the intrinsic and extrinsic pathways.
Caspase-8 may alternatively cleave Bid, which can translocate
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Figure 2 Neutrophil apoptosis.The intrinsic and extrinsic pathways are shown along with some examples of pro and antiapoptotic signaling.
Proinflammatory signaling pathways may directly influence transcription of survival proteins e.g., NF-kB promotes transcription of XIAP or increase
protein stability e.g., ERK (of the MAPK family) maintains XIAP levels. TNF-a may have both early proapoptotic action and late antiapoptotic effects.
TNFR is theTNF receptor. DISC refers to the death-inducing signaling complex, which is composed of TNFR-associated death domain protein
(TRADD), Fas-associated death domain protein (FADD), and procaspase-8. MOMP is mitochondrial outer membrane permeabilization. ERK,
extracellular signal-regulated kinase; LMP, Lysosomal membrane permeabilisation; NF-kB, nuclear factor-xB;TNF-a, tumor necrosis factor-a;
TNFR, tumor necrosis factor receptor.

to the mitochondrial membrane and permeabilize it allow¬
ing apoptosis to proceed through intrinsic pathway apoptotic
machinery.23'25
Eosinophil apoptosis most likely occurs along approximately

the same lines; however, controversy still reigns with regard to
the caspase family. It has previously been stated that caspase-3,
-8, and -9 have no demonstrable role in eosinophil apoptosis.
Subsequently, it has been suggested that perhaps caspase-9 plays
a role and that therefore the mitochondrial pathway is of impor¬
tance. This work was confirmed by observations with regard to
the effects ofknown eosinophil apoptosis-inducing agents such
as glucocorticoids, which appear to mediate their effects through
mitochondrial permeabilization, with caspase activation merely
a downstream effect. In contrast, Fas ligation has been shown to
promote eosinophil apoptosis in a caspase-3- and -8-dependent
manner, and although mitochondrial integrity was disrupted it
proved non-essential for apoptotic progression.21,27"30
Support for the predominance ofmitochondria-driven granu¬

locyte apoptosis is provided by the increasing evidence that
survival proteins are key determinants of neutrophil longevity.
The antiapoptotic Bcl-2 familymember, Mcl-1, is present in both
neutrophils and eosinophils, but other family members show
contrasting expression. Neutrophils express Al, eosinophils
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express Bcl-xL but Bcl-2 has not been shown to be constitu-
tively present in either cell at demonstrable levels. Interestingly,
however, in eosinophils, Bcl-2 expression can be stimulated by
IL-5.31 These survival proteins mediate their effects by mar¬

shaling proapoptotic Bcl-2 family counterparts away from the
mitochondrial membrane. Proapoptotic Bcl-2 family members
are capable of causing permeabilization of the outer mitochon¬
drial membrane (MOMP) when numbers predominate over
those of their chaperones. Bax is perhaps the best-character¬
ized member of this family and appears to play a pivotal role
in neutrophil apoptosis. In eosinophils, however, Bax fails to
be downregulated by antiapoptotic survival factors weakening
its position as a key player in apoptosis.32 The role ofMcl-1 in
neutrophil apoptosis has received a great deal ofattention and it
appears that this protein is an essential component ofneutrophil
viability; a contention that is supported by the neutropenic pheno-
type of the Mcl-1 knockout mouse in comparison with the
increased apoptotic phenotype of the Al knockout mouse.33,34

Modulation of granulocyte apoptosis
Granulocyte longevity is necessarily highly regulated and conse¬
quently highly variable from a matter of hours up to several
days for neutrophils and extending to 2 weeks for eosinophils.
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Persistent markers ofbacterial infection such as lipopolysaccha-
ride, pathogen-derived molecules that act as ligands for TLR-2,
-4 and -9, and inflammatory cytokines such as IL-6, IL-8, granu¬
locyte macrophage-colony stimulating factor, and TNF can delay
neutrophil apoptosis whereas resolving infection indicated by
successful neutrophil phagocytosis ofbacteria, removal ofbacte¬
rial products, and downregulation of inflammatory cytokines
will promote apoptosis.3,35
Granulocyte longevity is also extremely dependent on intra¬

cellular signaling pathways. Perhaps the most important of
which is that controlled by the pivotal transcription factor of
inflammatory cytokines, nuclear factor (NF)-kB. NF-kB can be
activated by lipopolysaccharide, and is known to control the
survival proteins XLAP (an inhibitor of caspase-3, -8, and -9)
and Bcl-xl thus enhancing neutrophil and eosinophil longevity
by tangible means. Pharmacological inhibitors ofNF-kB such
as gliotoxin promote neutrophil apoptosis and, in combina¬
tion with TNF-ot, cause dramatically enhanced apoptosis. This
feature may partially explain why TNF-a has opposing effects
on neutrophils at early and late time points.36,37 Other impor¬
tant signaling pathways include the phosphoinositide 3-kinase
pathway, which can be stimulated by granulocyte macrophage-
colony stimulating factor to promote longevity by upregula-
tion ofMcl-1 in neutrophils and which has an emerging role in
the maintenance of eosinophilic inflammation.38,39 Similarly,
the extracellular signal-regulated kinase pathway is likely to
be important for survival factor-mediated antiapoptotic
effects at sites of inflammation. However, direct inhibition of
either of these pathways will not promote granulocyte apoptosis
per se.4,40
Perhaps the most interesting and clinically relevant modula¬

tion ofgranulocyte apoptosis is that achieved with the use ofglu-
cocorticosteroids. These drugs extend neutrophil life span but
promote eosinophil apoptosis. This effect seems to correlate with
their ability to upregulate Mcl-1 in neutrophils but downregulate
the same protein in eosinophils.41 Dexamethasone has also been
shown to promote macrophage phagocytosis of apoptotic neu¬
trophils.42 The impact of putative inflammation-resolving agents
on clearance of apoptotic neutrophils is ofparamount impor¬
tance as prompt removal is essential to avoid secondary necrosis
and loss of toxic contents. This is perhaps why the discovery of
a new class of endogenous lipid-derived proresolution agents
has been so exciting. The lipoxin family produced by neutro¬
phils and macrophages limits the recruitment of neutrophils to
inflammatory sites and enhances macrophage phagocytosis of
apoptotic neutrophils. This occurs as part of a natural brake on
progression of inflammation and there is hope that enhance¬
ment of this pathway may provide a novel therapeutic strategy
to counter inflammatory disease, a hypothesis that has already
shown promise in several animal models.43 Another exciting
prospect for therapeutic modulation of granulocyte apoptosis
has emerged with the discovery of active cell-cycle machinery
in neutrophils, which can be inhibited to promote apoptosis.
Cyclin-dependent kinase inhibitor drugs promote neutro¬
phil apoptosis and drive resolution of inflammation in ani¬
mal models. Given that these drugs are already in use for the
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treatment of cancer, it is possible that they could make the
transition from bench to bedside for the management of
inflammatory disease in the near future.17,44

ALVEOLAR MACROPHAGES AND PHAGOCYTOSIS OF

APOPTOTIC GRANULOCYTES

In normal healthy lungs, the predominant alveolar leucocyte
is the macrophage, a cell that becomes resident following
differentiation from a bone marrow-produced circulating pre¬
cursor monocyte. Alveolar macrophages occupy a unique posi¬
tion at the interface between inhaled air (and hence the external
environment) and the circulation (in the form of the alveolar
capillary network, which is closely juxtaposed to the alveolus to
promote efficient gaseous exchange) and because key macro¬
phage functions include chemotaxis, phagocytosis, and cytotoxi¬
city they are lynch pins of immune defense. Importantly, during
pulmonary infective or inflammatory disease, a key role in reso¬
lution of inflammation falls to both alveolar and recruited circu¬

lating macrophages. These cells are responsible for the removal
of apoptotic neutrophils and to some extent eosinophils (though
epithelial cells may be equally important for eosinophil removal)
by efferocytosis. In order for an apoptotic cell to be recognized
by a macrophage it must display specific signals. The most obvi¬
ous change in the apoptotic granulocyte's plasma membrane is
the externalization of phosphatidylserine residues but this in
itself is not sufficient to expedite phagocytosis. The search for a
macrophage-docking receptor on granulocytes has been exhaus¬
tive but inconclusive and currently a combination of various
glycoproteins and phospholipids is of postulated importance.
These putative receptors include the recently identified Tim,5,45
stabilin-2,46 and BAI1.47 The process of efferocytosis, literally
meaning "burying the dead", is a proresolution strategy in itself.
Macrophages that consume apoptotic neutrophils switch to a
resolution phenotype that allows them to secrete TGF-p and
IL-1048 as opposed to proinflammatory cytokines such as II.-6,
IL-8, and TNF-ot. This is in contrast to macrophages that have
consumed necrotic neutrophils where the opposite is true and
inflammation is actively propagated. In addition, the proresolu¬
tion phenotype includes the production and enhanced respon¬
siveness to lipoxins, protectins, and resolvins. These mediators
enhance macrophage phagocytosis and promote proresolution
cytokine production.43

DYSREGULATION OF GRANULOCYTE APOPTOSIS/

PHAGOCYTOSIS AND INFLAMMATORY DISEASES IN THE

RESPIRATORY TRACT

There has been a tendency, certainly in clinical circles, to ques¬
tion the validity of inflammation-based hypotheses for various
diseases based on the efficacy or lack of efficacy of gluco-
corticosteroid medications. Given the complexity of the inflam¬
matory response and the relative bluntness of this therapeutic
tool, it is overly simplistic to make such assumptions. Steroid
medications have certainly been a paradigmatic therapy in
the treatment of inflammatory disease but they do not and
will not drive resolution of inflammation in all settings. With
increased understanding of the mechanisms of the inflammatory
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response and a new focus on its resolution, it is hoped that novel
incisive or pleiotropic therapy combinations may be developed
to address the inflammatory lung diseases discussed below.

COPD

In most cases ofCOPD (a-l-antitrypsin-deficient patients are
a notable exception), the respiratory mucosa is damaged by
repeated exposure to inhaled toxic chemicals leading to chronic
inflammation, reduced immunity, and susceptibility to respira¬
tory infections. COPD is a prevalent, largely smoking-related
(though there is an increasingly recognized occupational con¬
tribution) disease in this country (in others it is related to the
burning ofbio-fuels), which presents with increasing breathless-
ness and a productive cough. It is an obstructive airways disease
but unlike asthma this obstruction is irreversible with inhaled

therapies. The mainstay of current treatment is with inhaled
or oral corticosteroids and antibiotics when exacerbations are

judged infective. (For interested readers, the refs.1,73,49-51 give
an overview ofCOPD pathophysiology.)
Neutrophils are likely to play an important role in this condi¬

tion and they are found in increased numbers throughout the
respiratory tract. The highest concentrations of neutrophils are
found in sputum and bronchoalveolar lavage fluid (BAL) (which
is perhaps representative of rapid airway-directed migration)
but numbers of neutrophils are also increased in lung paren¬
chyma and airway smooth muscle. Neutrophilic inflammation is
characteristic ofCOPD exacerbations and there is a correlation
between the resting burden of lung-based neutrophils and seve¬
rity of disease phenotype. Neutrophilic inflammation appears
to be driven by the irritant force as smoking drives alveolar
macrophages and epithelial cells to express increased levels of
IL-8, a potent neutrophil chemoattractant. IL-8 also stimulates
neutrophils to release myeloperoxidase whereas TNF-a and
leukotriene B4 (also produced by epithelial cells, mast cells,
and T lymphocytes) cause neutrophil activation (degranula-
tion, reactive oxygen species production). Meanwhile, macro¬
phage phagocytic function is impaired by cigarette smoking and
cannot keep pace with the increased neutrophil burden.52
Enhanced neutrophil recruitment and activity combined with
decreased macrophage phagocytosis weigh the scales heavily
toward neutrophil-mediated tissue damage. COPD lungs are
subjected to high levels of toxic neutrophil products includ¬
ing reactive oxygen species, elastase, and proteinases. These
toxic substances overload the capacity ofnative antiproteinases
and antioxidants to neutralize them, which leads to dam¬
aged epithelial cilia and decreased mucociliary clearance.
Damage to the respiratory mucosa means that alveolar cells
are replaced by goblet cells that increase mucous production.
Furthermore, airways are progressively remodeled by the
reparative process so that they become thicker, less-efficient
conductors of air. There is some controversy with regard to the
longevity of neutrophils isolated from the airways of COPD
patients. Studies have shown both enhanced longevity and no
enhancement of longevity whereas peripheral blood neutrophils
appear to have an increased life span in keeping with systemic
inflammation.
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Chronic obstructive pulmonary disease is notoriously resis¬
tant to glucocorticoid therapy perhaps because these drugs pro¬
mote neutrophil longevity by upregulating the survival protein
Mcl-1.41 It is also known that smoking promotes dysfunction
of histone deacetylase-2, an enzyme that is usually recruited by
glucocorticoid receptors to switch off the transcription of pro¬
inflammatory genes. The small benefits attributable to steroid
therapy in COPD may stem from enhancement ofmacrophage
phagocytosis of apoptotic cells. Of other therapies currently
in use, theophylline (a nonspecific adenosine antagonist and
phosphodiesterase inhibitor) is known to restore histone
deacetylase-2 function, reversing corticosteroid resistance and
reducing IL-8 concentrations and sputum neutrophilia. Long-
acting P2 agonists (originally employed to relax smooth muscle
in peripheral airways) have now been shown to inhibit neutro¬
philic inflammation as measured by sputum or BAL analysis,
and they are reported to drive neutrophil apoptosis though the
circumstances of this are difficult to ascertain. It is clear that

potential therapies must consider targeting neutrophil recruit¬
ment as well as striving to drive neutrophil apoptosis and
removal.49,50'53,54

Asthma

In asthma, the respiratory mucosa is hypersensitive to expo¬
sures that are comfortably processed under normal conditions
and a characteristic inflammatory response ensues. It is part of
a spectrum of atopic or allergic disorders, where an enhanced
sensitivity to particular antigens or environmental conditions
results in a disease flare. Exacerbations of asthma are charac¬
terized by narrowing of the airways (bronchoconstriction),
which leads to shortness of breath, wheezing, and cough. (For
interested readers, these refs.1,55-60 give an overview of asthma
pathophysiology.)
Recent work has suggested that there may be many subtle

mucosal abnormalities that contribute to the pathogenesis of
asthma. For example, it appears that exacerbations of asthma
caused by rhinovirus may be facilitated by a defect in interferon
X induction, which increases susceptibility to invasive disease
whereas viral exacerbations or damage caused by chronic
inflammatory disease facilitate epidermal growth factor receptor
signaling (a wound repair response), which enhances neutrophil
function and chemotaxis.61,62
The allergy arm of this disease is mediated by IgE, which is

produced by B cells in response to an initial exposure to a given
antigen. IgE attaches to mast cells and basophils priming them
to release histamine, leukotrienes, and ILs at subsequent expo¬
sures. Traditionally, asthma is an eosinophil-dominant disease
and eosinophils are heavily recruited by the same TH2 cell type
signaling (IL-4, IL-5, IL-6) responsible for the production of IgE.
This process was thought to be under the direct control of IL-5
but as anti-IL-5 therapy has proved ineffective, it is suspected
that there is a greater redundancy in the system. Anti-IL-5
therapy failed to significantly reduce eosinophil numbers in
the asthmatic airway but did decrease deposition of extra¬
cellular matrix proteins suggesting a role for 11-5 in airway
remodeling.63,64 Interestingly, an IL-4 analog (pitrakinra), which
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prevents binding of IL-4 and IL-13 to IL-4a receptor complex,
attenuated the late-phase response (bronchoconstriction meas¬
ured by reduction in Forced Expiratory Volume in 1 s) to aller¬
gen challenge. It is as yet unclear whether this success was due to
inhibition of IL-4 alone, IL-13 alone, or due to combined inhi¬
bition.65 In addition, a role for TH17 cells has been postulated
particularly in forms of asthma where neutrophil recruitment
contributes to pathogenesis.66
Regardless of the super-intending mechanism, it is clear

that a heavy burden of apoptosis-resistant eosinophils
concomitantly resistant to macrophage phagocytosis, yet
capable ofdisgorging their formidable armament onto the respi¬
ratory mucosa, have significant potential to cause tissue
damage and airway remodeling. Thankfully, asthma is usually
responsive to glucocorticoid therapy partly because steroids
are effective at promoting eosinophil apoptosis.67 This apop-
tosis may, in direct contrast to experience in neutrophils, be
mediated by downregulation ofMcl-1. Rarely, asthma may
be steroid resistant and there are different theories as to how
resistance might arise.
First, it is clear that smokers with asthma respond poorly to

steroids because of the defective action of histone deacetylase-
2 (discussed earlier with regard to COPD patients). Second, it
is apparent that a subset of asthmatics as well as end-stage or
severe asthmatics manifests a neutrophil-dominant inflam¬
mation for reasons that are unknown. It has been postulated
that these patients may represent a different disease or disease
phenotype.68 Third, it is known that airway epithelial dam¬
age results in smooth muscle hypertrophy causing significant
luminal narrowing without a requirement for a significant bron-
choconstrictor stimulus and finally, it is postulated that resis¬
tant asthmatics might express gene polymorphisms encoding
defective caspase machinery.60
Regardless ofefficacy, the side effect profile (adrenal suppres¬

sion, osteoporosis, peptic ulcer disease) ofhigher dose steroid
therapy in the subset of resistant patients makes it less than ideal
as they potentially require prolonged or maintenance treatment.
It should be emphasized, however, that maintenance therapy
with routine doses of inhaled steroids has established symptom
control and reducedmortality in the majority of patients with¬
out these side effects becoming a problem. Anti-IgE therapy is
showing promise in a subset of patients, and increased eosino¬
phil apoptosis and downregulation of inflammatory cytokines
have been demonstrated in peripheral blood samples taken from
asthmatics treated with omalizumab (a recombinant human¬
ized monoclonal antibody that selectively binds IgE). Future
developments will probably include anti-IL-4, anti-IL-13,
and potentially anti-Thl7-based therapies, now that there
is a rationale for their development. However, it is not
always best practice to attempt a one-hit, magic-bullet cure
especially in inflammatory disease where there is consid¬
erable redundancy in the cytokine system. If an agent was
developed that could promote eosinophil apoptosis without det¬
riment to macrophage phagocytosis and with a negligible side
effect profile, it would be an extremely useful addition to the
pharmacopoeia.
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Idiopathic pulmonary fibrosis
Idiopathic pulmonary fibrosis is a condition characterized by the
devastation of the respiratory mucosa though its pathophysiol¬
ogy is complex. There is a great deal of debate about the relative
importance of inflammation vs. aberrant wound repair in the
pathogenesis of IPF. There is not sufficient space to address that
debate in this article, suffice to say that there is enough evidence
to justify an argument in support of a significant neutrophil-
derived component to the disease model. (For interested readers,
these references give an overview of the pathophysiology of IPF
and a flavor of the debate.1,69"73)
The argument is that the initial and subsequent "exacerba-

tory" insults are acute and inflammatory even if the character¬
istic phenotype is conveyed by a disordered "healing" process.
Healing by fibrosis results in significant loss of lung architecture
and vital respiratorymucosa to scarring. Neutrophils are known
to be present in BAL from IPF patients and are also significantly
increased within lung tissue. In addition, there is evidence of the
toxic chemicals produced by neutrophils including myeloper¬
oxidase, elastase, collagenases, and proteases. The importance of
this chemical insult is supported by the elastase knockout mouse,
which is significantly protected against lung injury and also fails
to upregulate TGF-p.74 A recent clinical paper has shown that
significant neutrophilia within the BAL fluid of IPF patients
correlates with increased mortality.75 It has been argued that
the terminal scarring process of IPF occurs because of a signifi¬
cant loss of lung architecture and that where lung architecture is
preserved there is potential for reversal of the remodeling proc¬
ess and resolution.72 It has also been suggested that the fibrotic
response may in a sense be driven by a persistent but ineffective
proresolution of inflammation phenotype. This hypothesis is
drawn from the observation that TGF-P is a key proresolution
molecule but is also intimately involved in fibrogenesis. In a dis¬
ease model where non-resolving low-level inflammation results
in sustained TGF-p production, it is possible to conceive that
a fibrotic healing phenotype might evolve. Therapeutic strate¬
gies that drive neutrophils toward apoptosis will certainly have
something to add to treatment of this disease if they can pre¬
vent or ameliorate the inflammatory insult (whether it be acute,
chronic, or relapsing) that must be responsible for such extreme
distortion of lung architecture.69'70

ARDS/ALI

Adult respiratory distress syndrome/acute lung injury is the
pulmonary component of the multi-organ dysfunction syn¬
drome (MODS) and represents a global failing of lung function
in response to a specific, nonspecific, or unidentifiable stimu¬
lus. Effectively, these conditions are the result of an aggressive
mucosal inflammatory immune response. (The refs.1,76"80 cover
the wider pathophysiology ofARDS/ALI.).
Characterized by the pathological reaction termed diffuse

alveolar damage, ARDS/ALI seems to be a neutrophil dominant
disease (interestingly, diffuse alveolar damage is also seen in
the terminal stages of IPF). Analysis ofBAL fluid from patients
with early-stage ARDS demonstrates increased numbers of acti¬
vated neutrophils and their numbers correlate with severity of
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lung injury. Indeed, persistence ofBAL neutrophilia at day 7 is
associated with increased mortality. The pulmonary circulation
contains a large sequestered neutrophil population termed the
"marginated" pool that does not normally circulate but is loosely
adhered to the vessel walls. This population can be mobilized
into the circulation by steroid therapy or by exercise. Neutrophils
are subject to slow transit through the pulmonary microvascu-
lature where blood vessel diameters are smaller than their own.
The ability of neutrophils to progress depends on their consider¬
able properties of distensibility. In ARDS/ALI, neutrophils are
recruited early in large numbers, and an alteration in their rheo-
logical properties (they become less deformable) means that they
struggle to maneuver through vessels whereas cytokine excess
encourages their adhesion to vessel walls and subsequent trans¬
location into the lung parenchyma and airways. The influx of
huge numbers of neutrophils and proteinaceous inflammatory
edema fluid from permeabilized vessels impairs gas exchange
and makes adequate ventilation extremely difficult.
Neutrophil influx is driven by alveolar macrophage produc¬

tion of IL-8, and excessive levels of this cytokine have been found
to be predictive ofprogression to ARDS in susceptible patients.81
There is no effective, specific therapy for this condition and yet
some patients survive with supportive therapy alone, implying
that successful resolution is possible and can be mediated by
physiological mechanisms. Neutrophils isolated from the BAL
ofARDS patients have enhanced longevity, are activated, and
may cause insurmountable damage to the respiratory mucosa
leading to healing by fibrosis and permanent scarring with loss
of lung architecture and function. In experimental models where
neutrophils are depleted, ALI caused by endotoxin is attenu¬
ated. In other studies, enhancement of neutrophil apoptosis
also reduced inflammatory parameters and tissue damage. The
picture is complicated by apparent ARDS/ALI in neutropenic
human patients. It is also clear that given the extravagant neu¬
trophil influx associated with this condition, it would likely
require a dual strategy of enhancing both neutrophil apoptosis
and neutrophil clearance to ensure that secondary necrosis (and
tissue damage) is prevented by prompt removal.76,82

Pneumonia

Pneumonia is the term given to an infection within the lower
respiratory tract that is sufficiently significant to result in vis¬
ible changes on a chest radiograph.83 There are many potential
causative organisms including viruses and bacteria. Invading
pathogens that overcome immediate host defenses are nonethe¬
less recognized as foreign by their non-host constituents such as
lipopolysaccharide or formylated peptides in their outer mem¬
branes. TLRs, CD 14, and G-protein coupled receptors (e.g.,
FPR) found on macrophages and other respiratorymucosal cells
are responsible for this detection and subsequently stimulate an
acute inflammatory reaction by the production ofcytokines such
as TNF-a, IL-1, IL-6, and IL-8. This proinflammatory milieu
prolongs neutrophil life span and promotes neutrophil activa¬
tion to allow effective microbial phagocytosis and killing.3,35,84
If the inflammatory reaction is successful in containing the
pathogens and they are cleared by phagocytosis or killed, then
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the inflammatory reaction remains localized to a single lobe or
segment of the lung. The upregulation of anti-inflammatory,
proresolution molecules should ensure containment of inflam¬
mation. Neutrophil phagocytosis ofbacteria and the induction
ofproresolution cytokines such as IL-10 and TGF-P promote
neutrophil apoptosis and removal by macrophages.85
The alternative is non-resolution with enhanced neutrophil

longevity and local tissue damage (resulting in abscess, empyema,
or bronchiectasis) and/or loss of containment resulting in global
lung inflammation characterized by ARDS or spread through
the circulation to other organs (sepsis) with the potential for
MODS. Streptococcal pneumonia (the pathogen responsible is
Streptococcuspneumonia) is often cited as a paradigm of resolv¬
ing inflammation as despite an acute inflammatory response
characterized by a massive neutrophil influx (giving the patho¬
logical appearance referred to as "red hepatization") it is possible
for the lung to achieve complete recovery.13 There is, however, a
sub-population of severe pneumonia that behaves aggressively
or is not contained by the patient's immune system and antibiotic
therapy resulting in admission to intensive care and potentially
MODS, sepsis, terminal decline, and death.
Antibiotics are central to the treatment ofpneumonia but they

are not always sufficient and it is possible that addressing acute
inflammation associated with pneumonia may prove a successful
adjuvant therapy. In this setting, it is unclear whether the ideal
strategy is to dampen down the inflammatory response or to
augment it in the hope that a supra-physiological immune reac¬
tion will prove successful in eradicating the organism respon¬
sible. Glucocorticoid therapy has been used as an adjuvant to
antibiotics in this kind ofpatient with varying success rates in
different trials.86 The theory is that steroids should dampen
inflammation through downregulation ofNF-kB activation and
consequently the inflammatory cytokines under its direct tran¬
scriptional control. A recent study that utilized a physiological
steroid dose (supra-physiological doses had been employed in
previous studies) has shown a significant reduction in length of
hospital stay and mortality in Intensive Care Unit patients with
severe community-acquired pneumonia.87 It is possible there¬
fore that in a subgroup ofpatients with pneumonia, strategies to
aid resolution of inflammation (in combination with antibiotic
therapy) may be warranted.

Cystic fibrosis
Cystic fibrosis is the commonest inherited disease in Caucasian
populations affecting one in 2,500 births. It seems surprising
that a defect in salt transport (the genetic abnormality affects
the cystic fibrosis transmembrane regulator gene (CFTR),
which encodes a chloride channel) should be responsible for
such widespread organ pathology including pancreatic insuf¬
ficiency, bronchiectasis, liver dysfunction, infertility, and gut
defects. Mortality (on average at age 34 in Western society) is
most frequently from respiratory failure caused by aggressive
bronchiectasis.
There are competing hypotheses as to the root cause of the

repeated infective exacerbations that lead to bronchiectasis in
CF. It is postulated that a relative dehydration of the respiratory
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Table 1 Selected rodent models of inflammatory lung disease

modelled
Technique Strategy/basis

for technique
Phenotype/
cytokine
expression

Advantage Disadvantage Outcome Referer

Bleomycin Known pulmo¬ T-cell-independ- Well-known, Disease resolves Dependent 94,96,97

lung injury nary toxi¬ ent, CCL2 and characterized, in mice but not in on time point
city causing 12 required, quick (14-28 humans. Variable (inflammation
fibrosis in inflammatory days), multi¬ response between vs. fibrosis)
human cancer cell recruitment, ple routes of mouse strains.

patients TGF-p administration

FITC Direct chemi¬ T-cell-independ- Visualization as Variable efficacy Lymphocyte- 93,94

cal injury ent, inflammatory FITC deposi¬ of dose independent
cell and fibrocyte tion denoted pulmonary
recruitment, by green fibrosis by
IL-13 immuno¬ day 21

fluorescence,
persistent

Irradiation Radiation Monocyte/lym- Different Slow (24 weeks) Model of radi¬ 93,94

injury phocyte-derived susceptibil¬ ation fibrosis

lymphotactin, ity of mouse
RANTES, CCL-2 strains allows
and 7, CXCL-10, genetic study
TGF-p

Silica Resistant, Inflammatory Persistent Specialized Inflammatory 94

fibrogenic cell recruitment, aerosoliza- injury followed
particles IL-1, TNF-a, tion equipment by fibrosis
administered IL-10, TH2 required after min
intratracheally (non-essential), 30 days

lengthy (60 days)
Transgenic TGF-a TGF-a over- Incisive sin- Not representa¬ Pulmonary 96

TGF-a increased in expression. gle-cytokine tive of complexity fibrosis at 4
IPF patients' Fibrosis without system of actual disease days
BAL inflammation state

Adenovirus Overexpression Various Incisive sin- As before, Cytokine 99-102

delivery of of important gle-cytokine vigorous immune dependent
GMCSF, TNF, cytokines system response to virus,
TGF-p, IL-1 b epithelium trophic

Transgenic IL-13 elevated IL-13, CCR1.-2,- More As above plus TH2 Eosinophil- 103

IL-13 in IPF patients 5,-10, TGF-p,IL- complex- phenotype rich inflamma¬
and asthmatics 11, MMP-1.VEGF cytokine tion followed

pattern by fibrotic foci
long term

Ovalbumin/ Allergen TH2, IgE, Models TH2 High-dose, infre¬ Eosinophilic 92.104

HDM/cock- sensitization eosinophilia, inflammatory quent exposure inflammation
roach/ airway hyper- response, as opposed to
ragweed responsiveness quick low-dose frequent
sensitization allergen exposure

in human disease,
eosinophils less
likely to degranu-
late. Effective
mouse therapies
do not necessar¬

ily translate (e.g.,
anti-ll-5)

Inhalation Smoking caus¬ Mild COPD Simple design. Time-consum¬ Mild COPD 105

of smoke. ative of COPD (Gold 1,2) Relevant to ing, humans tend model
Chronic etiology of to have more

smoke disease in advanced disease

exposure humans at presentation

Neutrophil Elastase a Smoke damage Incisive Simplistic 59% protec¬ 74

elastase KO key neutrophil resistant tion from
mouse product emphysema

IPF

IPF and
asthma

Asthma

COPD

Table 1 continued on following page
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Table 1 continued

Disease
modelled

Technique Strategy/
basis for

technique

Phenotype/
cytokine
expression

Advantage Disadvantage Outcome References

Variety of
transgenic
KO mice

plus smoke
exposure
(MMP1,9,12,
TNFR 1+2)

Relevance
of MMPs in
COPD devel¬

opment

Various Examine

importance
of a single
chemokine
to COPD and
smoke-related
inflammation

Difficult

technique
requiring
expertise.

KO depend¬
ent

106,107

a1-AT "Pallid
mouse"

a1-AT defi¬

ciency
predisposes
to emphysema
in humans

CD4+ cells

significantly
increased in tis¬
sue

Has human

corollary in a1-
AT deficiency
phenotype

Small minority
human COPD
due to a1-AT

deficiency

Panlobular

emphysema

106,107

Itgb6 null
mice

Alteration
in TGF-p
responsive¬
ness

TGF-p deplete,
MMP12 over¬

activity, age-
dependent
emphysema

Chronic pro¬
gressive model

Complex Age-depend¬
ent emphy¬
sema

106,107

CF CFTR gene
knockouts

(various,
approx.11
models)

CF single-
gene disease

Failed muco¬

ciliary clearance,
inflammatory
cell recruitment,
parenchymal
interstitial thicken¬

ing, pseudomo-
nal susceptibility

Multiple
phenotypes
generated by
different CFTR
mutations

Phenotypes
not directly
applicable to
human

genotypes

Various 91

ALI /
ARDS

Hyperoxia Exposure
to 95% 02

TNF, IFN-y,
ROS.IL-12, IL-18

Quick 02 chamber
required,

Hyperoxic
lung injury

108

LPS IT Sepsis
associated
with ARDS

ROS, NF-KB,
IL-6,IL-8

Widely
used, well-
characterized

Overly simplistic Model of

sepsis-related
ARDS/ALI

109

Hemorrhage/
resus lung
injury

Venesection
to shock
+/-resus

CREB, ROS,
NF-KB, IL-6, IL-8

Models
clinical
events

Technically
difficult

Model of
traumatic
ARDS/ALI

110,111

Infective Respiratory
reovirus 1/L
induction of
diffuse alveolar

damage

Overlapping
phases of exu¬
dation includ¬

ing hyaline
membranes,
regeneration,
and healing via
resolution and
or repair with
fibrosis.

Fibro-repara-
tive phase
modeled as

well as initial
insult

Technically
difficult

Neutrophilic
inflammation

112

Abbreviations: ARDS/ALI, adult respiratory distress syndrome/acute lung injury; CF, cystic fibrosis; COPD, chronic obstructive pulmonary disease; IPF, idiopathic
pulmonary fibrosis.

mucosa means that the mucociliary escalator is compromised
by viscid mucus and that altered mucosal pH results in malfunc¬
tion ofhost antimicrobial peptides. There may also be a failure
of normal bacterial internalization processes and it has been
suggested that an intrinsic proinflammatory phenotype is con¬
ferred by CFTRmalfunction. The proinflammatory phenotype
theory postulates that an overburdened endosomal system
encumbered by the processing of faulty CFTR signals distress,
which leads to activation ofNF-kB. Production of IL-8 is stimu¬

lated resulting in enhanced neutrophil recruitment. Regardless,
the net result is a failure ofmucosal immunity, and a succession
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of bacterial infections occur (initially, Staphylococcus aureus
and/or Haemophilus influenzae but subsequently and devastat-
ingly P. aeruginosa, Burkholderia cepacia, and Stenotrophomonas
maltophilia). With bacterial colonization, innate defense is
roused and a significant neutrophil influx occurs. This is usu¬
ally thwarted, initially by microbial resistance and subsequently
by distorted lung architecture. This results in an insurmount¬
able accumulation of inflammatory cells and toxic damage from
chemicals eluted by their necrotic carcasses. Elastase, reac¬
tive oxygen species, and myeloperoxidase cause further lung
damage, and the clearance of inflammatory cells is so poor that
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the lungs literally become clogged with inflammatory cell DNA.
Eventually, there is a terminal paucity of functional gas-exchange
equipment, and respiratory failure and death supervene if lung
transplant is not possible.88
Recent work on P. aeruginosa has provided an interesting

insight into the mechanisms by which this organism thwarts
immune defense. It was known that P. aeruginosa could
effectively hide from the immune system in a protective and
impenetrable bio-film. A more subtle effect mediated by pseu-
domonas produced pyocyanin has now been recognized. This
chemical promotes neutrophil death but inhibits macrophage
clearance resulting in neutrophil death by necrosis. This leads
to the spillage of cathepsin G and elastase, which can cleave the
important chemokine receptor CXCR1 on other neutrophils.
This receptor would usually allow IL-8-mediated enhancement
ofneutrophil killing prowess, which enabling neutrophils to kill
pseudomonas. In CF patients, neutrophils have little CXCR1
for the above reason and are consequently effectively crippled
as well as out-maneuvered. Even more detrimental, fragments
of this receptor stimulate the TLR system resulting in enhanced
neutrophil recruitment and prolongation of the inflammatory
response.89
Anti-inflammatory therapy in the form of non-steroidal

anti-inflammatory drugs has been used to mild benefit in CF
but it appears that the early introduction of a potent anti-inflam¬
matory proresolution therapeutic strategymight be ofenhanced
benefit. Neutrophils in CF patients are dysfunctional and
ineffective at restraining or removing typical CF pathogens, so
driving their apoptosis and removal might be ofmore benefit
than allowing them to remain in the hope that they are contri¬
buting to defense against these microbes.88

ANIMAL MODELS OF GRANULOCYTE-MEDIATED

PULMONARY INFLAMMATORY DISEASE

There are many methods available for the production of rele¬
vant animal models of inflammatory disease. These include
direct chemical/other injury, constitutive and inducible trans¬
genics, viral vector delivery of relevant genes, adoptive cell
transfer, and direct infection strategies. The advantage of the
animal model is that it reproduces the complexity of the wider
immune/inflammatory response on an organ or system-wide
basis as opposed to cell-line strategies that can only exam¬
ine individual cellular responses. A selection of key rodent
models and their major advantages/disadvantages are shown in
Table 1. A more comprehensive discussion of this field is not
possible due to space limitations but there are excellent reviews
available in this area.9(1-95 Clearly, reliable animal models are
central to the development of efficacious and safe pharma¬
ceutical agents that drive granulocyte apoptosis and clearance
to enhance resolution of inflammation.

CONCLUSION

The respiratorymucosa is frequently threatened with microbial
invasion because it is responsible for gas exchange. Consequently,
it has developed a sophisticated, sensitive surveillance system
and a rapid-response immune policing arm to ensure that it
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usually prevails in a given interaction. In inflammatory disease,
this system is thwarted or dysfunctional with devastating results.
The respiratory mucosal immune and inflammatory response
can be volatile and damaging for lung function and architecture.
To understand respiratory inflammatory disease, it is essen¬
tial to fully appreciate the biology of archetypal inflammatory
cells such as granulocytes. To drive granulocyte apoptosis and
enhance granulocyte clearance is a research priority that will
hopefully enable amelioration or cure ofprevalent (and obscure)
respiratory inflammatory conditions.
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novel anti-inflammatory and pro-resolution agents
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The cyclin-dependent kinase inhibitor (CDKi) drugs such as R-roscovitine have emerged as potential anti-inflammatory,
pharmacological agents that can influence the resolution of inflammation. Usually, once an inciting inflammatory stimulus has
been eliminated, resolution proceeds by prompt, safe removal of dominant inflammatory cells. This is accomplished by
programmed cell death (apoptosis) of prominent effector, inflammatory cells typified by the neutrophil. Apoptosis of neutrophils
ensures that toxic neutrophil granule contents are securely packaged in apoptotic bodies and expedites phagocytosis by
professional phagocytes such as macrophages. A panel of CDKi drugs have been shown to promote neutrophil apoptosis in a
concentration- and time-dependent manner and the archetypal CDKi drug, R-roscovitine, overrides the anti-apoptotic effects
of powerful survival factors [including lipopolysaccharide (LPS) and granulocyte macrophage-colony stimulating factor (GM-
CSF)]. Inflammatory cell longevity and survival signalling is integral to the inflammatory process and any putative anti¬
inflammatory agent must unravel a complex web of redundancy in order to be effective. CDKi drugs have also been
demonstrated to have significant effects on other cell types including lymphocytes and fibroblasts indicating that they may have
pleiotropic anti-inflammatory, pro-resolution activity. In keeping with this, CDKi drugs like R-roscovitine have been reported to
be efficacious in resolving established animal models of neutrophil-dominant and lymphocyte-driven inflammation. However,
the mechanism of action behind these powerful effects has not yet been fully elucidated. CDKs play an integral role in the
regulation of the cell cycle but are also recognized as participants in processes such as apoptosis and transcriptional regulation.
Neutrophils have functional CDKs, are transcriptionally active and demonstrate augmented apoptosis in response to CDKi drugs,
while lymphocyte proliferation and secretory function are inhibited. This review will discuss current understanding of the
processes of inflammation and resolution but will focus on CDKis and their potential mechanisms of action.
British journal of Pharmacology (2009) 158, 1004-1016; doi:10.1111/j.1476-5381,2009.00402.x; published online 23
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This article is part of a themed issue on Mediators and Receptors in the Resolution of Inflammation. To view this
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Introduction

Cyclin-dependent kinase inhibitor (CDKi) drugs
CDKi drugs such as R-roscovitine have emerged as potential,
anti-inflammatory agents that augment neutrophil apoptosis
(Rossi et al., 2006) and suppress lymphocyte proliferation and
secretory function (Obligado et al., 2008). This former finding
seems counter-intuitive because the neutrophil is a terminally
differentiated cell and its cell cycle machinery ought to be
effectively vestigial. Further research is required before we

develop a functional understanding of the mechanism of
action of CDKi drugs in inflammation, but already, some
tantalizing clues are emerging. This review will provide back¬
ground material on inflammation research in general but will
focus on the CDKs, their inhibitors, the role of CDK inhibi¬
tion in inflammation and areas for further research. We antici¬

pate that CDK inhibition will provide the basis for the
development of novel therapeutic agents that drive resolution
of inflammation and counter inflammatory disease.

Inflammation

Inflammation is part of the beneficial anti-microbial, immune
defence system that has been honed and conserved by evo¬
lution over millions of years (Marchalonis et al., 2002). The
system has become increasingly sophisticated because of the
breadth of micro-organisms the human body has encoun¬
tered and because of the mechanisms these organisms have
evolved to enable evasion of its front-line defences. Ideally,
following prompt detection of a micro-organism by immune
mechanisms, an inflammatory reaction should contain and
destroy the organism before it multiplies, spreads, becomes
established or causes harm. Self-regulation and limitation are
the key, final components of the response as the system must
actively drive resolution of inflammation to restore tissue
homeostasis (Lawrence and Gilroy, 2007).
Granulocytes are the foot soldiers of the inflammatory

response and are dispatched in large numbers to overcome
many challenges to the host organism. Neutrophils and eosi¬
nophils are leucocytes of the granulocyte lineage that are key
players in the immune response to bacteria, fungi and para¬
sites. They are attracted by, and are believed to follow a
concentration gradient of, chemotactic stimuli released by
invading pathogens or tissues under challenge. They migrate
from the circulation across post-capillary venule endothelial
cells (or capillary endothelial cells in pulmonary inflamma¬
tion) (Downey et al., 1993) and employ a formidable arma¬
mentarium to overcome their adversaries. Granulocytes are
named for the numerous granules within their cytoplasm (e.g.
neutrophilic granulocytes contain at least four different types
of granules). Each of these granules contains a range of toxic
products such as proteases, lysozyme and lactoferrin. Eosino¬
phils have an armament (including major basic protein, eosi-
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nophil cationic protein and eosinophil peroxidase) more
specific to the killing and digestion of parasites but, in asthma,
respond to allergens or airway irritants in a concerted reaction
which involves IgE, mast cells, lymphocytes, basophils (the
third member of the granulocyte lineage) and smooth muscle.
Neutrophils can either phagocytose an offending organism
and then drown it in toxic chemicals (e.g. granule products
and reactive oxygen species (ROS) such as superoxide anion)
within the phagolysosome or, particularly when frustrated by
an indigestible opponent, disgorge the same array of chemicals
in the general direction of the target (exocytosis). A fascinating
recent development has been the identification of neutrophil
extracellular traps (Brinkmann and Zychlinsky, 2007; Fuchs
et al., 2007). It appears that a proportion of activated neutro¬
phils can extrude web-like fibres of granule constituents and
chromatin in order to ensnare, disarm and kill invading patho¬
gens. This appears to be a terminal event for the neutrophil
occurring coincidentally with cell membrane rupture and
death. Similarly, eosinophils can catapult (by an unidentified
but ROS-independent mechanism) mitochondrial DNA which
is also toxic to various pathogens but does not result in
eosinophil death (Yousefi et al., 2008). In this review, we will
focus on the effects of CDKi drugs on neutrophil granulocytes
and, to a lesser degree, lymphocytes.
Assuming the influx of neutrophils is successful in over¬

coming a threat, the next stage is to remove the invading
organisms, the neutrophils themselves (alive, dying and dead)
and other cellular debris from the inflammatory site. Neutro¬
phils are short-lived cells that leave the circulation within
hours but can be influenced by survival factors present at
inflammatory sites to extend their longevity to days. During
neutrophil apoptosis (Figure 1), cell membrane integrity is
maintained (ensuring toxic granule contents are secured) and
specific phospholipid or glycoprotein signals are displayed on
the outer membrane that are recognized by professional
phagocytes. Macrophages, the most common professional
phagocyte, are triggered by these signals to engulf the apop-
totic neutrophil (Savill etal., 1989; Haslett etal., 1990). Fol¬
lowing engulfment, macrophages express a pro-resolution
phenotype which allows them to switch from secretion of
pro-inflammatory stimuli such as TNF-a to tissue repair
mediators such as TGF-P and IL-10 (Fadok et al., 1998; Girkon-
taite etal., 2007). Additionally, lymphocytes of the adaptive
immune response which had previously served to focus (via
B-cell-mediated antibody opsonization of non-self antigens)
and amplify (via T-cell-mediated interferon-y secretion
leading to macrophage activation) the inflammatory reaction
now aid in resolution as interferon-y dampens down the pro¬
duction of pro-inflammatory chemokines by macrophages
(Schultz, 1987; Chung, 2001; Ozato etal., 2002). Streptococ¬
cal lobar pneumonia can be paradigmatic of a beneficial
inflammatory response as despite a massive, neutrophil-
dominant inflammatory reaction, resolution of inflammation
occurs (and did so in the majority of cases in the pre-
antibiotic era) with no pathological damage (Haslett, 1999).
The common alternative to granulocyte apoptosis is necro¬

sis where membrane integrity is lost and cell contents are free
to spill out into the tissues, initiating all the damaging
sequelae associated with chronic inflammatory and
autoimmune disease. This may occur where neutrophils are
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Figure 1 In (A), untreated neutrophils cultured for 8 h (and one eosinophil) are shown at x200 magnification displaying typical viable
neutrophil morphology including polymorphic, multilobed nuclei and pale cytoplasm. In (B), neutrophils (and one eosinophil) treated with the
CDK inhibitor R-roscovitine for 8 h are shown at 200x magnification displaying typical apoptotic morphology including condensed, rounded
nuclei, darker cytoplasm and blebbing.
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Figure 2 The effects of pro-resolution of inflammation agents on chronic inflammation.

overproduced, over-recruited, have inappropriate longevity or
are inadequately cleared. It has been a central tenet of our
research that an ideal anti-inflammatory, pro-resolution of
inflammation pharmacological agent should drive neutrophil
apoptosis without overburdening, or causing detriment to,
the ability of professional phagocytes to phagocytose and
remove apoptotic neutrophils (Figure 2). There is now abun¬
dant evidence that inflammatory cell- (especially neutrophil)
programmed cell death followed by non-phlogistic clearance
of apoptotic cells by phagocytes such as macrophages plays a
key role in ensuring efficient (and in the majority complete)
resolution of inflammation (Hallett et al., 2008; Leitch et al.,
2008). It is clear that resolution of inflammation may also be
driven by strategies that prevent excessive amplification and

prolongation of inflammation by the adaptive immune
response and allow stop signals and pro-resolution signals to
predominate.

Inflammatory disease

Inflammatory diseases arise for a number of reasons; some of
which are not fully understood. If the inflammatory system
cannot destroy organisms or foreign particles (such as asbes¬
tos fibre and silica), it malfunctions, initiating excessive or
prolonged inflammatory reactions which are likely to lead to
irreversible fibrosis and scarring. Alternatively, reactions may
be sited where none are apparently needed or self-antigens
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become recognized as foreign. In these settings, chronic
inflammatory and autoimmune disease may supervene. The
outcome of excessive or persistent (chronic) inflammation is
tissue damage caused by the secretion or loss of histotoxic
products from overactivated, under-regulated or necrotic
inflammatory cells (Rossi etal., 2007). Autoimmune disease is
thought to occur by a combination of inappropriate, exces¬
sive proliferation and activation of B and T-Iymphocytes and
the generation of autoantibodies to endogenous antigens. It is
possible that endogenous antigens externalized on apoptotic
cells that fail to be efficiently cleared contribute to this
mechanism (Munoz et al., 2005). The spectrum of inflamma¬
tory disease includes all the major organ systems and, increas¬
ingly, we are recognizing a role for inflammation in other
disease processes such as cancer (Coussens and Werb, 2002),
neurological disorders (Gilgun-Sherki etal., 2006), atheroma
(Hansson et al., 2006) and menstrual dysfunction (Critchley
etal., 2001). There are many similarities between
inflammatory diseases but also important differences which
may occur even within the same organ system. For example,
in lung-based disease, inflammation in asthma is usually eosi¬
nophil dominant (although neutrophil-dominant sub-types
exist), while in chronic obstructive pulmonary disease
(COPD) and idiopathic pulmonary fibrosis, arguably, neutro¬
phils play a major role, although a plethora of other inflam¬
matory cells have been implicated (Bianchi et al., 2006).
There are always competing hypotheses with regard to

putative key cellular determinants of given diseases and it is,
perhaps, therefore important (therapeutically, if less helpful
scientifically) that novel pro-resolution of inflammation
therapies should have pleiotropic actions across the different
inflammatory cell populations. Work with CDKi drugs, so far,
indicates that they influence not only neutrophils but also
lymphocytes, suggesting that they may have a role to play in
the management of a number of inflammatory diseases.

Current anti-inflammatory therapies

Many inflammatory diseases are treated with glucocorticos-
teroid drugs either independently or in combination regi¬
mens. Glucocorticoids are very successful at treating
eosinophil-dominant inflammatory disease such as asthma,
while they have had more modest success with neutrophil-
dominant diseases such as COPD. It is now known that

glucocorticoids promote eosinophil apoptosis but actually
.prolong neutrophil survival (Meagher etal., 1996). The
latter effect is, presumably, partially compensated by
glucocorticoid-mediated, enhanced macrophage phagocyto¬
sis of apoptotic neutrophils (Liu et al., 1999; Heasman et al.,
2003; Michlewska etal., 2009). The development of non¬
steroidal anti-inflammatory drugs (NSAIDs) and subsequently
cyclo-oxygenase (COX)-2- specific NSAIDs demonstrates
further the difficulties associated with combating a well-
established, integral host response such as inflammation.
NSAIDs work mainly by inhibiting the COX enzymes 1 and 2.
COX-1 is constitutively expressed in all tissues, while COX-2
is largely an inducible enzyme subject to various regulatory
factors. These enzymes convert arachidonic acid to prostag¬
landin (PG)-H2 which can be converted by isomerase enzymes

to: PGE2, PGF2a, PGD2, prostacyclin (PGI2), and thromboxane
(TX)A2. PGE2 is responsible for some of the classic features of
inflammation. Traditional NSAIDs inhibited COX-1 and -2

resulting in side effects related to sites where COX-1 has
constitutive housekeeping duties (such as in the gut leading
to peptic ulcer disease); COX-2-specific inhibitors were an
attempt to avoid these side effects. Unfortunately, this specific
inhibition appeared to confer a greater risk of vascular throm¬
botic events (such as heart attack and stroke) thought to be
related to enhanced suppression of PGI2, an atheroprotective
agent, in comparison to COX-l-derived TXA2, a pro-
aggregatory and vasoconstrictor mediator. However, recent
work has suggested that it may be possible to exploit the
anti-inflammatory and pro-resolution effects of PGD2 metabo¬
lites (usually responsible for negative feedback inhibition of
the inflammatory response) which inhibit NF-kB and have
been shown to resolve inflammation in animal models (Ward
et al., 1999; Rossi et al., 2000; Lawrence et al., 2001). The lipid-
derived mediators of the lipoxin, resolvin and protectin
family may provide a novel therapeutic approach. These com¬
pounds have demonstrable pro-resolution properties in vivo
including inhibition of neutrophil chemotaxis, recruitment
of mononuclear cells and enhanced phagocytosis. In addi¬
tion, aspirin-triggered lipoxins utilize the same receptor as
glucocorticoid-induced annexin 1 suggesting an intriguing
interconnectivity between pro-resolution strategies (Lawrence
et al., 2002; Perretti and Solito, 2004; Serhan, 2007). A signifi¬
cant barrier to the successful design of novel anti¬
inflammatory agents has been the complex, multilayered
redundancy that characterizes the inflammatory system.
Where one cytokine pathway is knocked down, another may
compensate and maintain the inflammatory response. Only
the removal of certain essential cytokines or pathways will
allow resolution. Recent anti-inflammatory approaches have
utilized 'biological therapies' in the targeting of specific cytok¬
ines. Anti-TNF therapy is the standout success of this genre
and there is now considerable evidence that TNF-a is the

sought-after essential cytokine in inflammatory disease,
although other agents are showing promise (Feldmann and
Maini, 2002; Williams et al., 2007). It is clear that with such
redundancy in the system, there will always be room for new
pharmacological agents that have novel targets within the
inflammatory system (Hallett etal., 2008).

CDK

CDKs are serine/threonine kinases and part of the diverse
protein kinase family. They are essential facilitators of life at
the molecular level via their ubiquitous phosphorylation reac¬
tions. The majority of CDKs identified rely on binding part¬
ners called cyclins for their activation. In all, there are 13
CDKs and 25 identified cyclins so far and although there is a
high level of sequence and structural homology between
them, knowledge of their function varies. A typical protein
kinase consists of a small N-terminal domain formed of

(3-sheets and a large C-terminal domain (CTD) formed of
a-helices; between the terminals, there is an ATP-binding
pocket and this pattern is also observed in CDKs. CDKs switch
to an active conformation on binding to cyclin proteins

British journal of Pharmacology (2009) 158 1004-1016



1008
Cyclin-dependent kinase inhibitor drugs

AE Leitch et al

which reveals enzymatic elements crucial to the catalytic
function of their ATP-binding clefts. CDKs were named for
this interaction with cyclin proteins which facilitates passage
of cells through the Gl, S, G2 and M phases of the cell
division cycle (Meijer and Raymond, 2003). Progression of the
cell cycle is, of necessity, heavily regulated as cancers arise
from its dysfunction. This regulation is more dependent on
the concentrations of endogenous CDKi (e.g. the Ink4 and
Cip/Kip families) and cyclins than on the relatively stable
CDK population. Extra layers of regulation are provided by
phosphorylation and dephosphorylation of CDKs. We com¬
mented earlier that CDKi drug action on neutrophils appears
counter-intuitive but given the diversity of function that
CDKs have been demonstrated to possess, it is perhaps not
surprising that another role for them has been found.
Although initially identified as key components of the cell
cycle machinery, they have subsequently been shown to play
roles in cell differentiation, cell death (especially apoptosis),
transcription and neuronal function. These alternative roles
are mediated by different CDKs, an important factor in the
drive to develop increasingly specific pharmacological CDKi
drugs (Knockaert et al., 2002).

Endogenous CDKis

There are two major families of endogenous CDKis, the Ink4
family (which includes pl5, pl6, pl8 and pl9) and the Cip/
Kip family (including p21, p27 and p57). Ink4 family proteins
are responsible for the inhibition of cyclin D-associated CDK
activity and can therefore inhibit CDK4 and CDK6 to cause
Gl arrest. They achieve inhibition by competing with D-type
cyclins at CDK-binding sites. Of the Ink4 family, the tumour
suppressor, pi6, has perhaps been studied in most detail and
the pl6 knockout mouse develops normally but has an
increased susceptibility to development of tumours. This is in
keeping with the known importance of pl6 to the induction
of senescence and anoikis (a form of programmed cell death
caused by detachment of anchorage-dependent cells from
surrounding extracellular matrix) and negative impact on
various tumour activities including angiogenesis, cell spread¬
ing, vascular endothelial growth factor expression and cell
growth. The Cip/Kip family inhibit the kinase activity of
cyclin-CDK complexes, in particular, those formed by CDK2
leading once again to Gl arrest. p21 has been implicated in
p53-dependent DNA damage-induced cell cycle cessation and
also binds proliferating cell nuclear antigen leading to inhi¬
bition of DNA synthesis without affecting DNA repair. Inter¬
estingly, it appears that the p21 may be induced by both the
signal transducers and activators of transcription (STAT)
signal transduction pathway and TGI-(5 and negatively regu¬
lates TGF-|!-induced apoptosis. Additionally, p21 has been
shown to bind pro-caspase-3 in some cell types keeping a
check on apoptosis (Vidal and Koff, 2000; Lee and Yang,
2001). This has led researchers to suggest the induction of p21
as a therapeutic strategy to prevent epithelial cell loss due to
inflammatory injury. Paradoxically, however, another group
has cited p21 as a pro-inflammatory mediator and have noted
that the p21 knockout mouse is less susceptible to inflamma¬
tory injury caused by cigarette smoke. They attributed these

findings to decreased NF-kB activation and decreased ROS
release due to down-modulation of p21-activated kinase (Yao
et al., 2008). Possible therapeutic applications of endogenous
CDKis will be discussed later in the text, but it is clear that the
Byzantine complexity of regulation of cyclins, CDKs and
CDKi and their differing expression between cells and tissues
will mean that conflicting results are almost to be expected.

CDKs 1 and 2

CDKs 1 and 2 have integral roles in the cell cycle, putative
roles in transcriptional regulation and a controversial role in
apoptosis (Golsteyn, 2005). Traditionally, it has been believed
that CDK2 interaction with cyclin E facilitates Gl/S transi¬
tion, although this role has recently been called into question
by knockout mouse studies suggesting that the complex is
dispensable for transition, although it does have a role in
centrosome duplication (Roberts and Sherr, 2003). A second
CDK2 complex, CDK2-cyclin A, phosphorylates multiple sub¬
strates to inactivate Gl transcription factors and allow DNA
replication. CDKI binds cyclin A at S/G2 transition but binds
cyclin B to trigger G2/M transition and, subsequently, has a
role in the completion of mitosis by facilitating transition to
anaphase (Golsteyn, 2005). CDKs 1 and 2 have been impli¬
cated in induction and facilitation of the apoptotic process in
some experimental scenarios, while in others, it is clear that
their inhibition promotes apoptosis. CDK2 knockout in HeLa
cells and CDKI knockout in an FT210 cell line resulted in a

reduction in apoptosis, while levels of CDKl-cyclin com¬
plexes were noted to be elevated during apoptosis in HL-60
cells, YAC lymphoma cells and Jurkat cells. This observation
had led some investigators to speculate that apoptosis might
represent a form of 'failed mitosis' (Golsteyn, 2005). Addition¬
ally, CDK inhibition with R-roscovitine appeared to prevent
apoptosis in human hepatoma cell lines and rat cerebellar
neurons. In the latter model, it was suggested that CDKI
phosphorylates BAD (a pro-apoptotic bcl-2 homologue)
which facilitates its liberation from sequestration by 14-3-3
proteins. This allows BAD to translocate to the mitochondrial
membrane where it mediates apoptosis (Konishi et al., 2002).
This work is in complete contrast to experimental experience
with CDKi in various cancer cell lines where induction of

apoptosis has been demonstrated (MacCallum et al., 2005).
Several CDKs have roles in transcriptional regulation which

is perhaps not surprising given the extensive degree of regu¬
lation that the transcription process receives from protein
kinases. CDK2 has been implicated in cisplatin-related acute
kidney injury through involvement in the release of E2F tran¬
scriptional machinery by phosphorylation of Retinoblastoma
(Rb) protein which promotes transcription of pro-apoptotic
genes (Obligado etal., 2008). Additionally, CDK2 inhibition
has been implicated in the induction of apoptosis in diffuse
large B-cell lymphoma where CDK2 was linked to transcrip¬
tion of Mcl-1 (an important survival protein). Apoptosis
induced by CDK2 inhibition was associated with down-
regulation of Mcl-1 and reduced phosphorylation of the
enzyme responsible for Mcl-1 gene transcription, RNA poly¬
merase II (RNA Pol II) (Faber and Chiles, 2007). CDK1-
mediated phosphorylation of the CTD of RNA Pol II has also
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been reported in vitro (Bregman et al., 2000). Despite a degree
of controversy, the involvement of CDKs 1 and 2 in apoptosis
and transcription (particularly of an important neutrophil
survival protein) remains interesting when trying to define a
role for CDK inhibition in the resolution of inflammation.

CDK5

CDK5 is perhaps most renowned as an important player in
regulation of neuronal cytoarchitecture and migration,
although evidence for its extra-neuronal effects is increasing.
So far, there is literature describing involvement in apoptosis,
transcription, differentiation and endocytosis. Interestingly,
there is no evidence that it has any role to play in the cell cycle
and as it can function independently of cyclin proteins, it is
essentially misnamed. CDK5 has been implicated in the pro¬

gression of apoptosis in mouse models of ovarian follicle
degeneration, embryonic limb interdigital web apoptosis and
digoxin-mediated prostate apoptosis (Rosales and Lee, 2006).
CDK5 has also been shown lo phosphorylate the important
transcription factor STAT3 whose gene products include c-fos
and jun-b as well as monocyte non-specific esterase. Of
particular relevance to inflammation and apoptosis CDK5
complexed to p35 was expressed in HL60 cells induced to
differentiate towards a monocytic phenotype. Specifically, this
complex was shown to confer monocyte morphology-
defining features such as CD14 and non-specific esterase
suggesting a role for CDKS in myeloid differentiation. Addi¬
tionally, a key neutrophil function, GTP-dependent secretion,
was shown to depend on CDK5-p35 (Rosales et al., 2004).
Numerous CDK5-p35 substrates were found within neutrophil
granules, while neutrophils treated with a CDKi drug lost
GTP-dependent secretory function as well as CD63 and CD66b
expression. Evidence of CDK5 involvement in transcriptional
regulation, apoptosis and specific effects on inflammatory
cells appears to be convincing (Dhavan and Tsai, 2001).

CDKs 4 and 6

CDKs 4 and 6 are required for progression through G1 phase
and are activated by cyclin D in the presence of appropriate
growth factors. As we have previously noted, neutrophils are
terminally differentiated granulocytes. This irreversible cell
cycle arrest is mediated by withdrawal of CDK4 and 6 and
up-regulation of p27kipl (an endogenous CDKi). CDK4 and
6, like CDK2, phosphorylate Rb to relieve E2F transcription
factors that initiate the switch to S-phase transcription
(Klausen et al., 2004). CDK4 and 6 have been implicated in
inflammatory events within the rheumatoid joint where they
are said to modulate rheumatoid synovial fibroblast produc¬
tion of MMP-3 and MCI'-l via Rb-dependent and
-independent mechanisms (Nonomura et al., 2006). Impor¬
tantly, cyclin D/CDK4 complexes have been shown to acti¬
vate the STAT transcription pathway independently of JAK in
Drosophila and CDK4 has been shown to be potentially
important in leukocyte adhesion and migration (discussed
later) (Silver and Montell, 2003; Liu et al., 2008). CDK4 and 6
appear to have roles in inflammatory cell differentiation,

adhesion and recruitment as well as inflammatory cytokine
production and possibly inflammatory signalling (Silver and
Montell, 2003; Klausen et al., 2004; Nonomura et al., 2006;
Liu et ah, 2008). Targeting these CDKs would be facilitated by
the current availability of specific pharmacological inhibitors
of CDK4 and 6.

CDKs 7 and 9

CDK7 is a CDK-activating kinase responsible for enhancing the
kinase activity of CDKI and 2 by phosphorylation of the
activation segment or T-loop. CDK7 associated with cyclin H
and MAT1 is responsible for initiation of transcription by the
holoenzyme RNA Pol II and mediates this effect by phospho¬
rylation of the CTD. This is a function it shares with CDK9
which, when associated with cyclin T, is responsible for tran¬
scriptional elongation by RNA Pol II (Oelgeschlager, 2002).
CDK7 and 9 have been implicated in transcription during early
infection by CMV and are known to be important in activation
of HIV1 transcription (Eisher, 2005; Kapasi and Spector, 2008).
Perhaps, most interestingly, CDK7 and 9 with their respective
binding partners have been shown to play an integral role in
the aberrant survival of multiple myeloma cells. This effect is
thought to be mediated by RNAPol II transcription of the
survival protein Mcl-1. R-roscovitine, a CDKi which has speci¬
ficity for CDKs 1,2,5,7 and 9, was able to promote apoptosis in
these cells which was associated with down-regulation of
Mcl-1 (MacCallum etal., 2005). Additionally CDK9 has
also been shown to bind TRAF2, a protein that is of known
importance in the activation of NF-kB mediated by TNF-a
(MacLachian et al., 1998; Wang and Fischer, 2008). Regulation
of transcription of Mcl-1 (a key neutrophil survival protein)
and involvement in pivotal inflammatory signalling via NF-kB
are functions of CDKs 7 and 9 that might be applicable to the
regulation of neutrophil apoptosis in inflammatory resolution.

CDKs 3,8,10 and 11

These CDKs are considered last because they are perhaps the
least well studied to date. CDK3 has been implicated in GO exit
and Gl/S phase transition in the cell cycle and binds cyclins C
and E2 (van den and Harlow, 1993; Ren and Rollins, 2004).
CDK8 has been shown to phosphorylate the CTD of RNA Pol
II negatively affecting the activity of CDK7 but also sterically
inhibits the interaction between mediator complex and RNA
Pol II to repress transcription (Tassan etal., 1995; Elmlund
et al., 2006). CDK10 which has a role in transition from G2 to
M phase has been shown to bind the Ets 2 transcription factor
and has been identified as a gene with potential significance in
the aetiology of non-small cell lung cancer (Kasten and Gior¬
dano, 2001; Sun etal., 2005). CDK11 associates with cyclin L
and cyclin D3 and has potentially dual roles in transcription
that do not involve direct phosphorylation of RNA Pol II CTD.
CDK11 has been linked to creatine kinase-2 (CK2)-mediated
phosphorylation of RNAPol II CTD and also may increase the
histone-acetyltransferase activity of HBOl (Trembley etal.,
2003; Zong el al., 2005). Interestingly, CDK11 has been impli¬
cated in melanoma cell apoptosis, a contribution that may be
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mediated by phosphorylation of death substrates and/or
direct effects on mitochondrial permeability (Trembley etal.,
2003). As more information becomes available, inhibition or
activation of these CDKs may well prove important scientific
and therapeutic targets.

CDKs in granulocytes

As neutrophils do not undergo cell division and can progress
no further in the cell cycle (they are thought to remain in GO
phase), CDKs had not been thought relevant to their biology.
There is, therefore, a paucity of information about CDKs, their
interactions and potential roles in these cells. CDK1 and
CDK2 proteins had been identified in neutrophils, but there
was little indication of their function. No change in CDK1 or
CDK2 protein expression was found in a variety of neutrophil
populations including fresh human neutrophils, aged human
neutrophils, survival factor-treated neutrophils at various
time points and CDKi drug-treated neutrophils (Rossi et al.,
2006). This is perhaps not a surprising finding as levels of
CDKs 1 and 2 are relatively constant throughout the cell
cycle, but changes in expression of their binding partner
cyclins and endogenous CDKis modulate effects on cell cycle
progression (Knockaert etal., 2002). It cannot be assumed,
therefore, that these CDKs are not important in the induction
of apoptosis even though they are not targets for degradation.
As previously discussed, CDKI and CDK2 can bind to various
cyclin sub-types, whereas CDK5 binds non-cyclin partners
including p35 and p39 regulatory proteins. In addition, CDK5
is expressed in human neutrophils as evidenced by detection
of CDK5 mRNA and protein (Rosales et al., 2004). Evidence of
CDKI, CDK2 and CDK5 activity in neutrophils is scarce but
available. Our group has demonstrated a prompt reduction in
CDKI activity during induction of apoptosis by the activating
Fas antibody CHI 1. The CDK-binding partners and regulatory
proteins in neutrophils remain to be identified (Rossi et al.,
2006). It is known that despite the terminally differentiated
status of neutrophils, they are capable of phenotypic alter¬
ation. Indeed, it has been postulated following work with the
'MacGreen' mouse that mouse neutrophils sufficiently stimu¬
lated with CSF-1 in vitro can trans-differentiate into dendritic-

type cells (Sasmono etal., 2007). This has implications for
the role of neutrophils in the resolution of inflammation
as it may significantly extend their capability to positively
contribute. Another phenotypic switch from generation of
pro-inflammatory mediators to anti-inflammatory and/or
pro-resolving mediators such as lipoxins and resolvins has
also been identified (Serhan, 2007). This raises the possibility
that a transcriptional effect might be mediated by up- or
down-regulation of protein kinases such as the CDKs. More
information is required about CDKs, cyclins, endogenous
CDKis and their function in inflammatory cells.

CDKs in lymphocytes

Lymphocytes would be expected to possess a full complement
of functional cell cyclemachinery given their retained capacity
to proliferate and differentiate in response to the presence

or withdrawal of mitogenic factors. CDK2 is central to
T-lymphocyte proliferation and it has previously been shown
that in combination with antigenic stimulation, IL-2 can
down-regulate the endogenous CDKi, p27 to promote periph¬
eral T-lymphocyte proliferation. By contrast, the immunosup¬
pressant drug rapamycin mediates some of its effects through
stabilization of p27, thus preventing IL-2-mediated
T-lymphocyte proliferation. It is increasingly clear that CDKs
have a pivotal role in the regulation of T-cell immune respon¬
siveness versus anergy (Wells, 2007). p21 knockout mice have
been shown to have an autoimmune phenotype including
excessive T-cell activation and proliferation with reactance to
self-nuclear antigens. This is said to resemble the autoimmune
disease lupus, and reconstitution of p21 functionality was
shown to halt disease progression (Zoja et al., 2007). It is
expected that targeting CDK2 may have dual therapeutic
applicability first in promoting immune tolerance in trans¬
plant recipients and secondarily by switching off auto-reactive
T-cell responses in autoimmune disease. B-cell development,
proliferation and differentiation are also dependent on cell
cycle control. The archetypal adaptive immune response,
antibody generation, requires activation and expansion of
antigen-specific B-cells and their differentiation into plasma
cells. Plasma cells arrest at G1 phase of the cell cycle exiting as
the major arm of the humoral immune response. pl8, an
endogenous CDKi, has been implicated in both cell cycle exit
and differentiation of antibody-secreting plasma cells from
plasmacytoid cells (Morse et al., 1997; Chen-Kiang, 2003). Cell
cycle competent lymphocytes may be beneficially affected by
exposure to CDKi drugs. Experience with animal models and
applicability ofCDKi drugswill be discussed later in the review.

Pharmacological CDK inhibition

Pioneering work on the cell cycle in starfish oocytes in the
1990s, driven by the realization that anti-mitotic agents would
make effective anti-cancer drugs, led to the discovery of CDKi
drugs (for a fascinating account of this discovery, see Meijer
and Raymond, 2003). The widely available, non-specific kinase
inhibitors staurosporine, 6 D-MAP and isopentanyladine were
found to potently inhibit CDKl/cyclin B but were too non¬
specific in action to yield useful information about the func¬
tional impact. A laborious screening process subsequently
uncovered olomoucine, a purine analogue that showed
enhanced specificity for CDKs but some action against MAPKs.
This compound was shown to mediate its inhibitory effect by
competing with ATP for a binding site on CDKI. Further
structural analysis of this ATP-binding site interaction identi¬
fied the 2,6,9 trisubstituted purine family as likely candidates
for effective CDK inhibition. This was the development that
brought R-roscovitine and Purvalanol B into the frame and led
to the identification of a family of approximately 50 CDKi
drugs (Meijer and Raymond, 2003) (Table 1).
CDKi drugs are universally (to date) flat, hydrophobic het-

erocycles of low molecular weight that mediate binding to the
ATP pocket via hydrophobic interactions and hydrogen bonds.
Surprisingly, despite this uniformity, it is possible to categorize
the CDKi drugs on the basis of their relative specificity for
CDKs: (i) non-specific (Flavopiridol); (ii) CDKs 1,2,5,7-specific
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Table 1 IC50 values for selected CDK inhibitor drugs. (Knockaert et al., 2002; Obligado et at., 2008), (Krystof et al., 2002; Bettayeb et al.,
2007)

CDKi tCSO values for kinase inhibited by CDKi (/jM)

CDKI /cyclinb CDK2/cyclinE CDK4 CDKS CDK7 CDK9 CSK ERK1 ERK2

R-roscovitine 0.45,2.7 0.13,0.7 14.2,14.7, >100 0.16 0.49 0.74,0.78 130 34 14
Olomoucine 7 7 >1000 3 100 30 50
Olomoucine II 7.6 0.1 19.8 0.45 0.06 >100 32
Purvalanol B 0.006 0.009 >10 0.006 >10 3.33

Flavopiridol 0.06,0.4 0.15 0.4 0.17 0.3 0.006 0.45

Aminopurvalanol 0.033 0.028 0.02 12 2.4

Hymenialdisine 0.022 0.04 0.6 0.028 0.01 0.47 2

Fascaplysin >100 >50 0.35 20
OL567 0.23
H717 0.23 0.05
NU2058 5 12
NU6027 2.5 1.3

Staurosporine 0.006 0.007 <10 0.02 0.02
PD183812 >40 0.17 0.008
Meriolin 1 0.78 0.09 0.51 0.026 0.63
SU 9516 0.04 0.2

Alsterpaullone 0.035 0.2 >10 0.04 0.004 22 4.5

(Olomoucine, R-roscovitine and Purvalanol B); (iii) CDK 4,6-
specific (fascaplysin, PD0183812). It is clear that any discus¬
sion of CDKi drug specificity for individual CDKs can only be
couched in relative terms (Table 1). Additionally, there are
some non-CDK targets of these inhibitors identified on
random screening which include ERK, GSK3 and pyridoxal
kinase (Knockaert et al., 2002). Given the range of activities
performed by CDKs on a variety of vital cell processes, a lack of
incisive specificity attributable to an inhibitor makes it
extremely difficult to assign outcomes to specific actions on
defined targets. The basis for this review is that CDKi drugs
have proven efficacy in models of inflammation, but the reality
is that these effects may not relate to any action on CDKs
themselves. An obvious point of interest then is the inhibitory
effect of certain CDKi drugs on the ERK signalling pathway.
Recent work has shown that specific ERK inhibitors can
enhance the resolution of carrageenan-induced pleurisy in
rats, an accepted model of acute inflammation (Sawatzky et ah,
2006). However, it seems likely that the inhibitory effect of
CDKi drugs on the ERK pathway would not account for the
anti-inflammatory actions of R-roscovitine. In addition, the
biological effect of CDKi and ERK inhibitors on neutrophil
apoptosis differs markedly. For example, the ERK inhibitor
PD98059 does not induce neutrophil apoptosis perse, whereas
CDKi drugs do; R-roscovitine reverses lipopolysaccharide
(LPS), granulocyte macrophage-colony stimulating factor
(GM-CSF) and db-cAMP-mediated prolongation of neutrophil
survival, whereas PD98059 only reverses LPS and GM-CSF
survival; finally, PD98059 completely inhibits Ll'S-induced
phospho-ERK expression in neutrophils, whereas
R-roscovitine does not (N. Riley, A.E. Leitch, A.G. Rossi,
unpubl. data). Regardless of the difficulties associated with
non-specificity, the ability of CDKi drugs to selectively induce
apoptosis in actively proliferating cells has meant that research
into their use as anti-cancer agents has progressed rapidly.
CDKi drugs including R-roscovitine, flavopiridol and

SU9516 have anti-cancer actions and R-roscovitine alone is

known to reduce the proliferation index of 19 distinct cancer

cell lines in vitro (McClue etah, 2002). The mechanism of
action of CDKi drugs in cancer cell lines, while not directly
applicable to inflammatory cells, is of great interest to those
interested in targeting CDKs to resolve inflammation. CDKi
drugs were an exciting therapeutic prospect because CDKs
interact with the Rb family widely regarded as the master
switch of the cell cycle. CDKs are over-abundant in some
cancers resulting in excessive phosphorylation and functional
inactivation of Rb, allowing unregulated proliferation
(Johnson etah, 1994). However, it was noted that
R-roscovitine was capable not only of inducing cell cycle
arrest, but of active promotion of apoptosis. The induction of
apoptosis by R-roscovitine in myeloma cell lines has been
reported to be promoted by CDK modulation of RNA Pol
II-mediated transcription of Mcl-1. Additionally, down-
regulation of X1AP, another Bcl-2 homologous survival
protein, was observed in chronic lymphatic leukaemia cells,
and apoptosis in both cell lines was found to be caspase
dependent (Hahntow etah, 2004; MacCallum et ah, 2005). A
recent paper has shown inhibition of the well-known inflam¬
matory transcription factor, NF-kB by R-roscovitine in A549,
293, H1299 and ARN8 cancer cell lines (Dey et ah, 2008). It is
tempting to directly extrapolate from these findings to
inflammation studies but given the sometimes directly con¬
trasting effects of pharmacological agents in different cell
types (e.g. the anti-apoptotic effects of CDK inhibition in
cerebellar neuronal cells), we must await further definitive
studies. The availability of this mechanistic information and
encouraging safety profiles in animal studies have allowed
progression to clinical trials of CDKi drugs in conditions such
as B-cell malignancy, non-small cell lung cancer and breast
cancer. The side-effect profile has been promising but includes
tolerable and limited gastrointestinal disturbance, skin rash,
reversible transaminitis and hypokalaemia (Senderowicz,
2003). This transition to human studies makes an elucidation
of the mechanism of action of CDKi drugs in inflammation
imperative, as trials of these drugs in inflammatory disease are
likely to be on the near horizon.
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CDK inhibitors in inflammation

The research discussed above led our group to investigate a
role for CDKi drugs in inflammation. Our research paradigm
has been that inflammation should be driven down resolution

pathways by the induction of apoptosis in granulocytes fol¬
lowed by their effective clearance by professional phagocytes
such as macrophages (Leitch et al., 2008). We initially exam¬
ined the in vitro effects of R-roscovitine, NG-75 and hymenial-
disine on human neutrophils at different time points and drug
concentrations. These CDKi drugs are structurally diverse but
their uniform effect was to promote neutrophil apoptosis in a
time- and concentration-dependent manner as evidenced
by annexin-V binding and morphological assessment.
Neutrophils treated with R-roscovitine and the caspase inhibi¬
tor zVAD-fmk failed to enter apoptosis, suggesting that
R-roscovitine was acting in a caspase-dependent manner. This
was evident at 4 h post-incubation when caspase 3 cleavage
was already detectable. The most intriguing in vitro result was
the ability of the CDKi drugs to overcome diverse survival
factors including db cAMP, GM-CSF and LPS. These survival
factors utilize the major inflammatory signalling pathways:
PI3K, NF-kB, JAK/STAT and MAPK to augment neutrophil
survival. Given that the major hurdle to development of
anti-inflammatory agents is the redundancy conferred by
these same signalling pathways, this result underlined the
potential of CDKi therapy for treatment of inflammatory
disease. Inflammation research demands in vivo experimenta¬
tion as it is impossible to recreate the inflammatory milieu in
vitro and hence to predict the efficacious translation of an
agent that has been successful in vitro. R-roscovitine was inves¬
tigated in three mouse models of neutrophil-dominant
inflammation including: carrageenan-induced pleurisy, bleo¬
mycin lung injury and passively induced arthritis. In the
carrageenan pleurisy model, lOOmg kg"1 of R-roscovitine
administered intra-peritoneally reduced an established
inflammatory infiltrate to near-basal levels consistent with
those found in an untreated mouse pleural cavity. There was a
reduction in populations of inflammatory cells (including
neutrophils, monocytes and macrophages), oedema forma¬
tion and pro-inflammatory cytokines. This effect was reversed
in vivo by administration of the caspase inhibitor zVAD-fmk.
In mice with established bleomycin lung injury, there was a
reduction in BAL neutrophil numbers assessed after 3 days, a
reduction in histopathological lung inflammation after 7 days
and an effect on bleomycin-induced lethality. Finally, in mice
with established passively induced arthritis, there was an
improvement in clinical scores of arthritis following
R-roscovitine administration (Rossi et al., 2006). These in vivo
findings suggest encouraging pleiotropic effects of CDKi drug
on granulocyte recruitment, survival and removal. Pleiotropic
effects of CDKi drug are supported by work from Liu et al. who
have shown that CDK4 is important in leukocyte recruitment
and adhesion. They studied CDK4 -/- knockout mice with
bleomycin lung injury and utilized siRNA to CDK4 and CDKi
to show that CDK4 inhibition inhibited leukocyte recruitment
in the mouse model and leukocyte adhesion in EC matrix
models (Liu et al., 2008). In addition, Sekine et al. have now
demonstrated positive effects of flavopiridol and a specific
CDK4,6 inhibitor on animal models of rheumatoid arthritis

(Sekine et al., 2008). Their findings suggest lymphocyte-
independent effects of CDKi drugs (including down-
regulation of fibroblast proliferation and growth) responsible
for improvement in joint histology and clinical arthritis scores
in various mouse models. Findings in inflammatory joint and
lung disease models are mirrored in kidney disease models
where the CDKi drug R-roscovitine has entered phase lb
clinical trials for inflammatory kidney disease. Glomerulone-
phritides are characterized by inflammation and progressive,
scarring destruction of key functional kidney units leading
to renal dysfunction and failure. Preclinically, CDKi drugs
have been shown to protect renal tubular epithelium from
enhanced apoptosis while inhibiting the abnormal prolifera¬
tion of tubular epithelial and mesangial cells. In vitro and in
vivo work has demonstrated that R-roscovitine can restore

normal kidney function in animal models of IgA-mediated
glomerulonephritis, crescentic glomerulonephritis, lupus
nephritis and collapsing glomerulonephropathy (Gherardi
et al., 2004; Milovanceva-Popovska etal., 2005; Zoja et al.,
2007; Obligado etal., 2008). The work with NZBxNZW mice
affected by early or established proliferative lupus nephritis is
particularly interesting, as while leucocyte-driven inflamma¬
tion was shown to be reduced, there was also evidence
of a direct effect of CDKi against autoimmune T- and
B-lymphocyte responses. It is perhaps less surprising that
CDKi should work in this setting, given the proliferative
potential/state of differentiation of lymphocytes, but none¬
theless, the possibility of pleiotropic action against autoim¬
mune inflammation is an exciting one.
Further evidence for the utility of CDK inhibition has

been provided by research into the properties of endogenous
CDKis. The physiological CDKi p21 (WAF1, SD1, Cipl), a
specific inhibitor of CDK2, 4 and 6, has been shown to
negatively regulate macrophage activation by reducing
TNF-a and IL-lp production in response to LPS. Addition¬
ally, p21-/- mice have an increased susceptibility to LPS-
induced shock which is associated with elevated levels of

IL-ip (Lloberas and Celada, 2009; Scatizzi etal., 2009). In an

inflammatory lung disease model, p21 was over-expressed in
the lungs of mice subjected to bleomycin injury by an intra¬
tracheal adenoviral transfer method (Inoshima et al., 2004).
p21 expression in lung epithelial cells led to a reduction in
lung inflammation, preservation of epithelial cells and
reduced fibrosis. In rheumatoid arthritis patients, p21 gene
transfer was shown to down-regulate expression of inflam¬
matory mediators and tissue-degrading proteinases such as:
1L-6, -8, type I IL-1 receptor, monocyte chemoattractant
protein-1 (MCP-1), macrophage inflammatory protein-
3alpha, cathepsins B and K, and matrix metalloproteinases-1
and -3 (Nonomura etal., 2003).
In summary, CDK inhibition promotes neutrophil apopto¬

sis in vitro even in the presence of powerful survival factors
and promotes resolution of inflammation, in vivo, in various
animal models of neutrophil-dominant inflammation. Neu¬
trophil apoptosis has been shown to be central to the resolu¬
tion of inflammation by caspase inhibition which reversed
the beneficial impact of CDKi drugs. In addition, the anti¬
proliferative and anti-apoptotic effects of CDKi drugs protect
epithelia against inflammatory insult. CDKi drugs also
prevent lymphocyte proliferation and pro-inflammatory
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signalling indicating potential effects against chronic and
autoimmune, inflammatory disease. An understanding of
the mechanism of action by which these powerful anti¬
inflammatory effects are achieved may allow optimization of
CDK inhibition and suggest further targets for pharmacologi¬
cal intervention.

Challenges associated with CDK inhibition as a
therapeutic strategy

Apart from the side-effect profile associated with known CDKi
drugs and already discussed, there are some potential draw¬
backs to CDKi therapy. The most obvious of these drawbacks
is the degree of redundancy apparent in the cell cycle machin¬
ery. The best example of this is the CDK2 knockout mouse
which survives (it is subsequently sterile) despite the central
cell cycle role attributed to CDK2 (Berthet etal., 2003). The
complicated redundancy of the inflammatory system means
that single-hit therapies may prove ineffectual, which may be
Ihe case with CDK targeting. However, it is proving difficult to
achieve more than pan-selectivity for individual CDKs, which
may be a blessing in disguise. An expected side effect of the
aggressive induction of neutrophil apoptosis would be neu¬
tropenia and although this was not reported in early trials, it
appears that an early (though recovering) neutropenia is a
feature. While this may not be beneficial in cancer patients, in
patients with neutrophil-dominant inflammation, it would
be hoped that this effect could be dose limited and controlled,
especially given some data that suggest that stimulated
inflammatory neutrophils are more susceptible to CDKi than
unstimulated. It would of course be important to ensure that
infective aetiologies for disease had been excluded and anti¬
biotic prophylaxis might be appropriate in some circum¬
stances. Finally, neutrophil apoptosis must not overload
macrophage capacity for phagocytosis or the sequelae of sec¬
ondary necrosis could occur. It may be that combination
therapy with phagocytosis-enhancing drugs (e.g., steroids)
might prevent this occurrence.

Concluding remarks: Potential mechanisms for
anti-inflammatory action of the CDK inhibitors
and the future of CDK targeting

The indications from the available CDK/CDKi literature are

that CDKs may be important targets of CDKi anti¬
inflammatory action. They are known to have key roles in
inflammatory cell differentiation, in neutrophil function and
in influencing established inflammatory signalling pathways.
Additionally, they are intimately involved in the regulation of
apoptosis and gene transcription in a number of cell lines.
There are also strong links between cancer and inflammation
as highlighted by a number of recent reviews and CDK inhi¬
bition is an efficacious therapeutic approach in a number of
cancers (Coussens and Werb, 2002; Hussain and Harris, 2007).
Currently, the role of CDKs in granulocyte apoptosis and the
resolution of inflammation are unclear, but a number of plau¬
sible hypotheses are apparent.

Gene transcription and sun'ival proteins
It is known that R-roscovitine promotes apoptosis in multiple
myeloma cell lines via inhibition of CDK- mediated
phosphorylation of RNA Pol II which down-regulates Mcl-1
expression. CDKs 1,2,7,8 and 9 are ail capable of RNA Pol II
CTD phosphorylation. The applicability of this to neutrophil
biology is unclear; however, it is established that Mcl-1 is a
key survival protein in neutrophils (Edwards et al., 2004;
Dzhagalov et al., 2007). Our own experiments have shown a
rapid reduction in Mcl-1 protein following R-roscovitine
treatment of neutrophils that occurs even in the presence of
powerful survival factors (in fact, its reduction is enhanced in
the presence of survival factors, unpubl. data). We have not as
yet established the mechanism by which this occurs and
Mcl-1 is a highly regulated protein, so it is possible or even
probable that there is an independent effect at work. It is also
possible that R-roscovitine has a more direct effect on Mcl-1
RNA processing or protein expression. A splice variant of
Mcl-1 has potentially pro-apoptotic properties and interfer¬
ence with the balance of competing variants of Mcl-1 could
result in rapid apoptosis. Mcl-1 protein is subject to ubiquiti-
nation with subsequent turnover by the proteasome. Varying
levels of phosphorylation have heen demonstrated to either
postpone or facilitate this process. Different pharmacological
agents have been demonstrated to stabilize or destabilize
Mcl-1 with down-regulation occurring by both proteasome
and caspase-dependent mechanisms (Derouet et al., 2004;
Mandelin and Pope, 2007).

CDK4 and leucocyte recruitment
At least part of the pro-resolution of inflammation effect of
CDKi may be explained by the impact of CDK4 knockout on
leukocyte recruitment and adhesion, although this would not
explain the ability of CDKi drugs to promote granulocyte
apoptosis, and given that CDK4 is not within the specificity of
R-roscovitine, it would not explain the anti-inflammatory
effects of this compound (Liu et al., 2008).

CDK balance and apoptosis. An alternative hypothesis is that
the complement of CDKs, cyclins and endogenous CDKi is
important in the maintenance of neutrophil survival. As the
specificity of R-roscovitine extends across CDKs 1,2,5,7 and 9,
it is not currently possible to attribute the pro-apoptotic effect
to one CDK, but it may be that effects on multiple CDKs are
important.

Inflammatory signalling mechanisms
Signalling pathways such as MARK, NF-kB and PI3K are
extremely important in the regulation of the inflammatory
response and in neutrophil survival (Suzuki et al., 1999; Ward
et al., 1999; Lindemans and Coffer, 2004). At high concentra¬
tions, R-roscovitine is known to have a direct inhibitory effect
on ERK 1 and 2 (Meijer and Raymond, 2003) and we know from
work in our laboratory that specific ERK inhibitors are anti¬
inflammatory in vitro and in vivo. It is possible that this effect
makes an important contribution to the actions of
R-roscovitine. NF-kB inhibition was recently identified as
playing a role in the anti-cancer actions of R-roscovitine and
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Figure 3 Known and potential CDKi effects on neutrophil survival
signalling in inflammation.

NF-kB as well as being central to the inflammatory signalling
system is a powerful regulator of neutrophil survival (Ward
etal., 1999). However, our own experimental results suggest
that this effect is not reproduced in neutrophils (unpubl. data).
PI3K has importance in neutrophil survival and recruitment
and is implicated in the effects of CDK inhibition on xenopus
oocyte maturation and the lethal effects of CDK inhibition on
the human leukaemia cell lines: U937, HL-60, Jurkat, Raji, and
NB4 (Held et al., 2001; Yu et a!., 2003; Pinho et at., 2005).
An effect on one or multiple inflammatory signalling

systems is a potential explanation for observations with
regard to CDKi drugs and inflammation. In many respects, it
would be ideal if CDKi drugs acted in a pleiotropic manner to
counter the inherent redundancy of the inflammatory system
(Figure 3).
It is clear that CDKs hold promise as novel pharmacological

targets in inflammation, although further research is required
to confirm this hypothesis. The development of new and
more specific CDKi drugs continues apace and is increasingly
supported by structural elucidation and mechanistic studies.
While incisive specificity may not prove beneficial in the
treatment of disease, it would certainly prove an important
addition to our scientific tool kit. The future of CDK targeting
must lie in a human trial of efficacy against neutrophil-
dominant or autoimmune inflammatory disease and we
expect this to occur in the near future.

Note added in proof

A very recent, important and elegant study by Koedel etal.
(2009) has shown that roscovitine induction of neutrophil
apoptosis in vivo promoted the resolution of inflammation of
mice treated with antibiotics following experimental pneu¬
mococcal meningitis.
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