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SUMMARY

Section A: IMMUNE TOLERANCE TO BOVINE SERUM ALBUMEN AND
FACTORS THAT INFLUENCE ITS INDUCTION.

Any theories that seek to explain the workings of the

immune system must incorporate mechanisms for generating a

state of specific tolerance to extrinsic and intrinsic

("self") antigens. This concept motivated us in the mid to

late 1960's to study tolerance induced in adult rabbits

(Al-3) and mice (A4) to single low doses of bovine serum

albumen (BSA). A sensitive radioimmunoassay was used to

measure both the quality (affinity) and quantity of serum

antibody produced (A5).

We showed that many factors could prevent tolerance

induction, for example aggregation of antigen or

administration of the biological response modifier Coryne-

bacterium parvum. It was obvious that not only was the

physical state of the antigen important but so was the state

of the immune system. Neonatal mice, whose immune system is

immature, responded differently from adults to both soluble

and particulate BSA (A6).

We also showed, in one of the few genetic studies done

at this time, that inbred strains of mice varied in their

responsiveness to BSA and in their ability to be made

tolerant, with high responsiveness being dominant (A4).

These results would now be interpreted in terms of Ir gene

effects. Interestingly, NZB mice which have a high incidence

of autoimmune reactions were high responders and were not

2



readily tolerized. At the time we hypothesised that similar

abnormal immunoregulation could account for their autoimmune

tendencies.

Aggregation of antigen, which switches tolerogenic BSA

into an immunogen, was, at the time, thought to expose

"hidden determinants" against which immune responses could be

directed and which could play a role in preventing tolerance

induction. In a series of blocking experiments we showed

that such "determinants" probably do not in fact bind

antibody directly and that antibody is made only to the

natural external epitopes of antigen (A7). This conflicted

with results of other workers who used less sensitive assays

and whose results did not take into account changes in the

effective affinity of the antigen-antibody interaction

brought about by polymerisation and exposure of hydrophobic

interaction areas on the antigen molecule (increased

"stickiness"). The ability of antibody and probably B cells

to see only native epitopes influences our thoughts on

antigen processing requirements for T cells and B cells which

may be different.

Section B: IMMUNOREGULATION OF ANTI-TUMOUR RESPONSES.

The ease with which one can alter responses to simple

protein antigens has led many to consider whether it would be

possible to also modify responses to tumours and perhaps to

affect the frequently dismal outcome of human cancer.

Discussion of this field requires consideration of the

meaning of immune surveillance and the likelihood of tumor
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escape mechaisms being relevant in cancer, topics which have

been reviewed (B8).

We have performed many studies of experimental and

clinical cancer situations over the years. We have used

numerous assays. In experimental systems anti-tumour

responses have been measured both i_n vitro and in_ vivo. In

addition to iji vitro cytotoxic assays (reviewed in B9) we

developed a very sensitive in. vitro assay for tumour-specific
T helper and suppressor cell activity (BIO). The assay is

based on classical hapten-carrier considerations and is

subject to the same restrictions as are imposed on any other

T-B cell interaction (reviewed in Bll).

Using these assays we have been able to examine tumour-

specific immune responses following viable tumour cell

inoculation. Interestingly, at least with one immunogenic

fibrosarcoma, the size of the inoculum is important in

determining whether tolerance or immunity is induced (B12).
3

Small-sized inocula (10-10 cells) induced tolerance as did

g
large inocula (greater than 10 cells); the tolerant states

being maintained predominantly by tumour-specific Ts cells.

Moderate-sized inocula induced immunity but as the tumour

grew, tumour-specific Ts cells and non-tumour specific, non-T

suppressor cells developed which prevented rejection.

These results suggest a possible reason why immunogenic

tumours grow in the primary and secondary host i.e. by

inducing suppressor cells, although the circumstances differ

with tumour burden. They also help explain some anomalous
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findings with respect to tumour take at different doses such

as "sneaking through" and the influence of pretreatment with

tumour on tumour take (B13).

Section C: INTRATUMORAL MACROPHAGES.

Another area of interest to us has been intratumoural

macrophages. These cells are present in most tumours, often

in large numbers (reviewed in C14). They are ideally

situated to influence tumour growth and metastasis. We have

used a variety of techniques including monoclonal antibodies,

Fc receptor expression and enzyme analysis to characterise

tumour-associated macrophages. Heterogeneity of tumour-

associated macrophages and macrophages in general (reviewed

in C15) has been one of our points of emphasis.

One immunogenic fibrosarcoma has been studied in

considerable detail (C16,17). We have separated by size

intratumoral macrophage subpopulations from this tumour that

differ in phenotype and function. Interestingly, none of

the subpopulations were sufficiently activated to be directly

cytotoxic to tumour cells. Heterogeneity in

tumour-associated macrophages was particularly marked with

respect to Fc and C3b receptors and la expression (C14). The

la-positive intratumoral macrophages were shown to be able to

present tumour and other antigens to the immune system (C18).

There was no evidence for suppressor macrophages in the

tumour during the logarithmic phase of growth which could

have helped explain its progressive growth. In fact, we

obtained convincing evidence that at this time tumour
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associated macrophages released powerful immunostimulatory

molecules (C19) .

We have addressed the question of what determines

macrophage content of tumours and their level of activation.

In two fibrosarcomas that have been studied in depth (C14),

the number and activation status of intratumoral macrophages

was found to be independent of T cell activity, although la

expression and antigen-presenting function was T-cell

dependent. One of these tumours, which has a very high

macrophage content (80%) was shown to release colony

stimulating factors for both macrophages and granulocytes

(C20) which are presumably responsible for its

tumour-associated macrophage content. While granulocytes did

not infiltrate the tumour, their number in the blood

increased exponentially as the tumour grew. These stimulated

granulocytes appeared to cause endothelial cell damage and

enhanced lung metastasis. Not surprisingly, the intratumoral

macrophages from this tumor were found to be growth

stimulatory for tumour cells iri vitro. These observations

led us to suggest that a two-way stimulatory relationship

between tumour and host enhanced by selection of tumour

variants which eventually benefits only the tumour.

Section D: THE EFFECTS OF BIOLOGICAL RESPONSE MODIFIERS, IN
PARTICULAR CORYNEBACTERIUM PARVUM ON THE IMMUNE SYSTEM.

From the beginning we have been interested in

manipulating the immune system, in particular to influence

the outcome of cancer. Corynebacterium parvum is a
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biological response modifier that we had been investigating

with respect to its mechanisms of action, including its

potentially harmful effects, when the first clinical trials

were initiated using this agent. We became involved in these

trials through Professor M.F.A. Woodruff in Edinburgh

(D21-24), measuring antibody responses to C_^_ parvum, auto¬

immune phenomena and immunoglobulin subclass changes. We had

already used C_^ parvum as a tool to investigate induction and

breakage of tolerance to BSA in rabbits (A1-A6) and were

interested in the many hematological and immunological

abnormalities it induced. C_^ parvum was found to cause

autoimmune manifestations which were self-limiting, in

particular anaemia (D25,26).

Along with these early studies, we contributed a series

of papers that helped define the organisms belonging to this

then taxonomically ill-defined group. We developed

serological tests (D27,28) and radioimmunoassays (D29) to

define common polysaccharide antigens belonging to this group

of biological response modifiers and, working on the

hypothesis that the cell surface would be important to the

anti-tumour activity of the organisms, the biochemical

composition of the cell surface antigens was elucidated (D30)

and its anti-tumour activity investigated (D31). The

polysaccharide coat, as well as the whole organism, was found

to activate the alternate and classical pathways of

complement (D32) and it was hypothesised that some of the

stimulatory and many of the harmful effects associated with
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its administration might be complement-mediated. The

polysaccharide alone however possessed little anti-tumour

activity although a lipid component did (D31). The extracted

materials were however relatively ineffective in comparison

with the whole organism, probably because they were unable to

generate a chronic inflammatory stimulus.

In a series of papers, we examined the antitumour

effects of parvum in murine systems. The mechanisms

underlying its actions are inevitably complex. The most

dramatic effect of its administration is to enhance the

activity of the mononuclear phagocyte system, and blocking

macrophages can prevent many responses (D33,34). Macrophages

are altered following Cj_ parvum in several ways. For

example, they can be activated to non-specifically kill

tumour cells ix\ vitro (D35, 36) and ini vivo (D37, 39). The

activation state is short-lived and dependent upon continuous

stimulation that can be provided both with and without

participation of T cells (D40-42). Activation of macrophages

following systemic administration of parvum extends as far

as the tumour-associated macrophages (D43,44) and this is

probably one way C^_ parvum affects tumour growth.

Interestingly, only a subpopulation of small-sized

macrophages appear to be affected (D44,45).

In addition to its effect on macrophages, C_^ parvum is a

B cell mitogen increasing immunoglobulin levels (D46-48) and

altering B cell distribution (D49).
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We have extensively studied the effect of C_^ parvum

upon T cell-mediated tumour immunity in one particular murine

fibrosarcoma system. Systemic immunotherapy with parvum

causes this tumor to regress. Interestingly, just prior to

tumour regression C_j_ parvum causes a temporary and

generalized state of immunological "amnesia" in all T cell

responses (D50). This can be reversed iui vitro by the

addition of interleukin 2 or culturing the cells, or in_ vivo

by adoptive transfer or time. We postulated that a block is

imposed on T cell differentiation which does not affect

lymphokine release but prevents the generation of effector

cells and that tumour regression is largely mediated by the

concerted efforts of macrophage effector cells activated by

lymphokines from T cells unhindered by the presence of Ts

cells; C^ parvum also delays the appearance of

tumour-specific Ts cells by causing T cell "amnesia."

As already mentioned in Section B small-sized tumor

inocula induce specific tolerance and it is perhaps not

surprising that under these circumstances parvum enhances

the growth of such inocula (D41). This observation puts some

caveats on the theory that immunotherapy should be most

effective against a minimal residual tumor burden.

Section E: RADIATION AND OTHER NON-IMMUNOLOGICAL FACTORS
INFLUENCING TUMOR GROWTH AND METASTASES.

In the course of these immunotherapeutic investigations,

it became clear that it was necessary to see the tumour-host

relationship in a broad context to be able to properly
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interpret findings. This was particularly true when studying

the initial phases of tumour growth. Several of our papers

have therefore dealt with the factors influencing the initial

lodgement and growth of tumour cells (E51,52), in particular

the enhancing effects of radiation upon this phase and the

use of radioprotectants (E53) to protect against

radiation-induced damage to natural defences.

Section F: EXTRACELLULAR HYALURONIDASE-SENSITIVE COATS
ON TUMOUR CELLS AND THEIR RELEVANCE TO METASTASIS.

In Sections B-E the papers dealt with host defences. We

have also investigated tumour defences. We made the novel

finding that tumour cells, as well as certain normal cells,

can produce thick hyaluronidase-sensitive coats (8-10 thick)

in vitro that can protect them against lymphocyte-mediated

cytotoxic attack (F54). After considerable effort and using

novel technology we managed to visualise these by scanning

electron microscopy (F55). Clones of cells lacking the

ability to make coats were ineffective iui vivo at forming

tumours following iv injection (F56). These results support

a role for hyaluronic acid in protecting tumour cells from

destruction. Other important roles could be in permitting

tumour migration and invasion and it seems likely that

further investigation of the control exerted by cells over

their immediate cellular microenvironment will prove

rewarding.
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Section G: OTHER PAPERS.

During the course of this body of work, opportunities

have presented themselves to contribute to papers on

statistical design (G57) and technical papers on ELISA

technology (G58). In addition, we have been able to

contribute to problems under investigation by colleagues.

For many years there has been dispute over the role of

diphtheroids, in particular the coryneform bacilli in

rheumatoid arthritis. We showed that antibody titres to C.

acnes were elevated in patients with rheumatoid arthritis

(G59,60). Other workers have since isolated a component of

synovial fluid that is biochemically very similar to the

corynebacterial antigens we have described (D29). However,

the relevance of these findings to the rheumatoid processes

remains unanswered.

In addition, as part of larger studies, we have

identified macrophages in high numbers in amniotic fluids

from babies with congenital abnormalities (G61) and have

studied the ability of immature macrophages to support growth

of, and to be killed by Herpes virus (G62). We have also

investigated the effects of radiation upon ante-mortem

proliferation kinetics of a lymphoblastoid cell line to help

establish the validity of clonal stem cell assays in

radiobiology (G63).
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SUMMARY

The degree of aggregation of bovine serum albumin has been shown to influence
not only the quantity of antibody produced but also the magnitude and increase
of the relative binding affinity of the antibodies. Corynebacterium parvum which
causes massive lymphoreticular cell proliferation initiates 'non-specific' factors in
the immune system enabling aggregate free bovine serum albumin, which normally
induces unresponsiveness or hyporesponsiveness, to induce a hyperresponsive state
in rabbits. This organism not only augments antibody production but the magnitude
and evolution of the relative binding affinity of the antibodies.

INTRODUCTION

The 'recognition phase', 'triggering mechanisms' and synthesis of specific antibodies con¬
tinue to be an enigma due to lack of a direct operational approach to study the complex
mechanisms involved. In vitro techniques are available to study antibody synthesis but are
at present limited as a means to elucidate the 'recognition phase and triggering mechanisms'.
Because of the importance of the in vivo environment in the early stages of the immune
response, it seemed desirable to study some of the factors tending to completely inhibit
('unresponsiveness'), partially suppress ('hyporesponsiveness') or augment ('hyperrespon-
siveness') antibody synthesis.

There are two main ways of approaching this problem. The first involving chemical and
physical modification of the antigen and the second in which the cellular processes con¬
cerned in uptake and processing of antigen are altered. The physical state of an antigen can
readily be altered; Dresser (1962) and Frei, Benaceraff & Thorbecke (1965) have shown
that the aggregated portions of heterologous serum proteins, bovine y-globulin (BGG)
and bovine serum albumin (BSA) respectively, are highly immunogenic compared to their
aggregate-free counterparts which can induce an unresponsive state. This model in which an

Correspondence: Dr D. M. Weir, Immunology Unit, Bacteriology Department, University of Edinburgh
Medical School, Edinburgh.
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antigen can act as a powerful stimulus to initiate antibody production or in a different form
to induce unresponsiveness provides a means whereby the role of the cellular mechanisms
of the lymphoreticular system can be studied by suitable modification of their activity.

A wide variety of substances ranging from simple chemicals to bacterial products have
been shown to have effects on the lymphoreticular cells. Of these Corynebacterium parvum
has been shown to have one of the most powerful stimulatory effects on these cells causing
hepatosplenomegaly, marked increase in phagocytic activity (Halpern et al., 1964) and an
adjuvant effect on antibody production (Neveu, Branellec & Biozzi, 1964; Siskind & How¬
ard, 1966; Biozzi et al., 1966). In moderate doses heat-killed suspensions of C. parvum
are not toxic to newborn rabbits and in our hands fewer neonatal deaths and an increased

weight gain was found in treated compared to untreated animals (Pinckard & Weir, un¬

published results). This material therefore in combining powerful stimulatory effects on the
lymphoreticular tissues with lack of toxic side effects appeared to be eminently suitable for
our purposes.

It is now well established that most of the classical serological tests, which measure the
secondary effects of antigen-antibody interaction, select or are more sensitive towards
certain populations of antibody depending on the antigen being studied. The present study
was designed to assess the entire humoral immune response by measuring the antigen-
binding capacity (ABC) as determined by the ammonium sulphate method of Farr (1958)
and for this reason BSA was used as the antigen in this and subsequent studies. This tech¬
nique enables the estimation not only of quantitative differences in antibody production
but also changes in the relative binding affinity of the antibodies produced.

MATERIALS AND METHODS
Animals

Three-month-old, male and female, New Zealand White rabbits weighing from 2-0 to
2-5 kg were employed.

Antigens
Bovine serum albumin (Cohn Fraction V, Armour Pharmaceutical Lot KHO270) was

used throughout this study.
Native bovine albumin (NBA). A 100 mg/ml solution of NBA was prepared by carefully

dissolving 10 g of bovine serum albumin in 0-85% NaCl and bringing the final volume to
100 ml; the NBA solution was then sterilized by Seitz filtration and stored in aliquots at
— 20°C.

Centrifuged bovine albumin (CBA). Four millilitre quantities of NBA were centrifuged at
40 000 rev/min for 60 min (8-2 x 106 g-min) in an MSE Superspeed 40, 3x5 ml swing-out
rotor. At the end of the 60-min centrifugation period the rotor was allowed to come down
without braking and the top 2 ml of solution of each tube was carefully drawn off and used
immediately.

Alum-precipitated centrifuged bovine albumin (ACBA). ACBA was prepared as the
aluminium hydroxide precipitate by adding with mixing 50 mg of CBA to a mixture of
6 ml of Alhydrogel (1-3% A1203) and 6 ml of sterile 0-85% NaCl. The mixture was allowed
to equilibrate at room temperature for 1 hr and then overnight at 4°C. The precipitate was
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centrifuged at 1000 g for 10 min and the supernatant discarded. The precipitate was then
suspended in 2-3 ml of sterile 0-85% NaCl and passed through a 23 gauge needle 3-4 times
to break up any large aggregates. This ACBA precipitate has been found to be a highly stable
preparation and does not appreciably dissociate even when incubated in the presence of 1 /10
normal rabbit serum at 37°C for 1 week (Pinckard & Weir, unpublished results).
Preparation of Corynebacterium parvum

Cultivation media. C. parvum strain 10387 was originally obtained from the National
Collection of Type Cultures, Colindale, London. The organism was grown anaerobically
in a special cooked-meat broth containing 1% glucose. To ensure that the cooked-meat
broth was devoid of bovine antigens, it was prepared from sheep muscle as follows: 500 g
of sheep heart, trimmed free of all fat and connective tissue, was finely minced and
boiled for 20 min with 500 ml of distilled water and 1-5 ml of 1 N-NaOH. The resulting
suspension was filtered through muslin and the solid material was blotted dry. The minced
cooked heart was then distributed in 100-ml and 500-ml bottles to a depth of 1-2 in. and
this was overlaid with a sheep meat infusion broth until each bottle was 4/5th full The
infusion broth was prepared from 500 g of lean sheep meat which was minced and mixed
with 1 litre of distilled water containing 5 g NaCl. This mixture was held for 24 hr at 4°C. It
was then boiled for 15 min, filtered through muslin and then filter paper. The pH of the filtrate
was then adjusted to 7-4 with 1 N-NaOH. After the bottles were filled with the desired amount
of minced cooked heart and infusion broth, they were sealed and autoclaved at 121°C at
15 lb pressure for 15 min.

Cultivation of C. parvum. Just prior to inoculation with the stock culture, each bottle
of culture medium was enriched with sufficient Seitz-filtered sterile 10% glucose solution
to bring the glucose concentration to 1%. The bottle was then sealed loosely with its screw
cap and steamed for 20 min to ensure anaerobic conditions. A 100-ml bottle of the cooked-
meat broth described above was inoculated with C. parvum and incubated anaerobically
at 37°C for 48 hr. The growth of this starter culture was checked for purity by examination
of Gram-stained smears and by subculture on blood agar enriched with glucose. Meanwhile,
a 25-ml volume of the starter culture was inoculated into each of four 500-ml bottles of
culture medium and these were incubated (without shaking) for 3 days at 37°C under
anaerobic conditions.

Preparation ofC. parvum for injection. The C. parvum cultures were filtered through eight
layers of muslin in order to remove any meat particles. The resulting suspension was centri¬
fuged at 2000 g for 30 min and the supernate discarded. The bacterial deposits were
resuspended in 0-85% NaCl and washed 6 times. After the last centrifugation, the pellet
was resuspended in 3 volumes of 0-85% NaCl. The final suspension of C. parvum was then
heat-killed by incubation in a 70°C water bath for 60 min. The suspension was then finally
checked for sterility and if the suspension was not immediately used enough formalin was
added to make a final concentration of 1%. The dry weight of the suspension was then
determined by heating 1-00 ml of the suspension in a tared flask at 100°C until constant
weight was established.

Measurement of the antigen-binding capacity
The antigen-binding capacity (ABC) was determined by the ammonium sulphate method

described by Farr (Farr, 1958; Minden & Farr, 1967). All sera were diluted 1:10 and then
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three-, four- or five-fold dilutions were made depending upon the stage of the immune
response from which the serum was taken and also the anticipated ABC .The end point
was that serum dilution which bound 33% of the antigen and the ABC's were expressed as
pg N BSA bound/ml of undiluted sera. Parallel tests were run on each serum employing two
concentrations of traced labelled [l 311] BSA (0 02 pg N BSA and 0-20 pg N BSA). The effect
of dilution of the antigen upon the antigen-binding capacity was determined as (ABC
0-02 pg N BSA/ABC 0-20 fig N BSA)x 100 and gives an indication of the relative binding
affinity of the antibodies present in the serum. A standard serum was employed in order to
ensure accuracy in the ABC determinations from run to run.

Preparation of trace labelled [1317]BSA (BSA*)
The Chloramine-T method of Hunter & Greenwood (1962) was employed. In a small

reaction flask containing 2-3 mCi carrier-free iodine-131, 0-2 ml of borate buffer, pH 8-4, was
added. Five milligrams of BSA in 0-5 ml borate buffer was then added with rapid stirring
followed immediately by 100 pg of Chloramine-T in 0-2 ml distilled water. The solution
was allowed to react for 60 sec and then 4 ml of borate buffer was added. The solution was

dialysed against borate buffer for 24 hr and then against numerous changes of borate buffer
containing potassium iodide carrier for three additional days. The concentration of BSA*
in pg N/ml was determined by the Micro-Kjeldahl method (Kabat & Mayer, 1961). The
BSA* preparations were used only if greater than 99% of the radioactivity was precipitable
by 10% trichloroacetic acid. The efficiency of 13'I incorporation by this method in this
laboratory has been greater than 90%. All counting measurements were performed in a
Nuclear Enterprises Gammamatic well-type scintillation spectrometer with'a 2-in. sodium
iodide crystal.

Immunization and bleeding schedules
All of the injections were made into the marginal ear vein. Each rabbit receiving C. parvum

was injected with 10 mg of the heat-killed suspension of C. parvum 6 days prior to the injec¬
tion of50 mg BSA antigen. The rabbits were bled every 3rd day after the injection of BSA up to
day 21 and then again at day 30 just prior to the secondary injection of 50 mg BSA. All sera
were stored at — 20°C.

RESULTS

Primary response
Six parallel experiments were run, three groups receiving intravenous injections of 50 mg

of NBA, CBA and ACBA respectively on day 0. The three remaining groups were injected
with 10 mg of a heat-killed suspension of Corynebacterium parvum at —6 days and then
intravenous injections of 50 mg of NBA, CBA or ACBA respectively on day 0. The results
of these experiments are seen in Fig. 1 which reflects the level of anti-BSA antibodies produced
and in Fig. 2 which shows the increase in relative binding affinity of the antibodies.

Antigen-binding capacity. The results expressed in Fig. 1 show that the antigen-binding
capacities of those rabbits in the control group receiving ACBA responded to a greater
degree than either the CBA or NBA injected rabbits. In contrast all three groups receiving
C. parvum gave similar ABC values; however, it can be seen that there is a marked difference
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between the control CBA and the C. parvum-CBA groups both in ABC levels and the
number of rabbits responding. This situation is similar in the control NBA and C. parvum-
NBA groups with the exception of rabbit B37. There was no significant difference however
between the control ACBA and C. parvum-ACBA groups. It should be noted in the control

Control C, parvum

9 12 15 18 21 24 27 3

Days

i—i—i—r

IB 21 24 27

Fig. 1. Primary response: antigen-binding capacity (Reciprocal ABC-33 end point x0-20 pg
N BSA x 2 x 0-33) of control and Corynebacterium parvum (—6 days) groups given intravenous
injections of: (a) centrifuged bovine albumin (CBA), (b) native bovine albumin (NBA), or (c)
alum-precipitated centrifuged bovine albumin (ACBA) on day 0. A, Insufficient antibody to
give a positive ABC at a 1:10 dilution.

/
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ACBA and C. parvum-treated groups, that a large number of the rabbits elicited a 'biphasic'
type and sustained immune response with respect to ABC magnitude.

Effect of dilution. Fig. 2 demonstrates the effect that dilution of the antigen has upon the
ABC values which, as stated previously, gives an indication of the relative binding affinity

Control C. parvum (day —6)

Fig. 2. Primary response: effect of dilution % [(ABC-33, 0 02 us N BSA/ABC-33, 0-20 us
N BSA) x 100] of control and Corynebacterium parvum (—6 days) groups given intravenous
injections of: (a) CBA, (b) NBA or (c) ACBA on day 0. x, Estimated effect of dilution %
from % binding of a 1:10 dilution of antiserum.
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of an antiserum; this enables qualitative comparisons to be made of the antisera produced
by the various groups. It is apparent that not only are the values of the effect of dilution %
greater in control ACBA and C. parrum-treated groups than in the other groups, but the
slopes of increase are steeper in these groups. This indicates that not only is there more

Control C. parvum (day -6)
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Fig. 3. Secondary response: antigen-binding capacity (Reciprocal ABC-33 end point x0-20
pg N BSA x 2 x 0-33) of control and Corynebacterium parvum ( — 6 days) groups given second¬
ary injections of: (a) CBA, (b) NBA or (c) ACBA on day 30 of the primary response (i.e. day
0 of the secondary response). A, Insufficient antibody to give a positive ABC at a 1:10 dilution.



338 R. N. Pinckard, D. M. Weir and W. H. McBride

antibody produced in control ACBA, and C. parvum-treated groups as seen in Fig. 1, but
the antibodies produced have a greater affinity for the BSA molecule.

Secondary response

At day 30 of the primary response, all of the rabbits were given intravenous injections of
50 mg of the bovine albumin antigen in the same form as they received for the primary

Control C. parvum (day -6)

12 15 18 21 21 27 3 6 9 12 18 18 21 24 27

Days
Fig. 4. Secondary response: effect of dilution % [(ABC-33, 002 MS N BSA/ABC-33, 0-20
Mg N BSA)x 100] of control and Corynebacterium parvum (—6 days) groups given second¬
ary injections of: (a) CBA, (b) NBA or (c) ACBA on day 30 of the primary response (i.e. day
0 of the secondary response).
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stimulus. The groups receiving C. parvum before the primary stimulation did not receive a
further dose of the organism before the secondary stimulation.

Antigen-binding capacity. The results of the quantitative production of anti-BSA anti¬
bodies are seen in Fig. 3. It is evident that a greater percentage of rabbits receiving C. parvum

prior to primary stimulation with bovine albumin antigens, irrespective of their physical
state, become hyperreactive shortly after secondary exposure to the antigen.

Effect of dilution. In all of the groups (Fig. 4) there is in general an immediate, rapid
increase in the effect of dilution % which then levels off into a plateau. It is noteworthy in
the C. parvum-CBA group that there is a significant difference in the magnitude of the
relative binding affinity as compared to the CBA control group.

DISCUSSION

The results in the control groups of animals given BSA in different physical states sub¬
stantially confirms the results of the earlier work of Dresser (1962) and Frei et at. (1965)
in which centrifuged or in vivo filtered antigen results in unresponsive or hyporesponsive
states. We have in addition shown that the physical state of the antigen influences the relative
binding affinity of the antibodies produced. The knowledge that aggregated and/or denatured
proteins are more avidly phagocytozed by the reticulo-endothelial system (Thorbecke,
Maurer & Benacerraf, 1960) and the apparent dependence of the immune response on

phagocytosis (Fishman, van Rood & Adler, 1965; Mowbray & Scholand, 1966) suggests
at least a two-stage mechanism for the synthesis of antibody, the first involving antigen
capture and processing and the second specific stimulation and proliferation of the antibody
producing cells. Furthermore, it has been proposed that a 'non-specific' stimulatory
mechanism acting upon lymphoid elements in conjunction with specific antigen stimulation
is necessary to potentiate antibody production (Claman, 1963; Talmage & Pearlman, 1963).

Corynebacterium parvum has been shown to induce considerably enhanced phagocytic
activity of the reticulo-endothelial system and massive hyperplasia of lymphoid tissue (Halpern
et al., 1964). Injection of only 255 pg of C. parvum into mice causes in 8 days an increase in
the phagocytic index of 770%. C. parvum induces in the liver a two-fold weight gain and
histologically an increase in numbers of Kupffer cells and numerous nodules localized in the
portal spaces caused by infiltration of histiocytic elements. In the spleen there is a three-fold
weight gain, extensive hyperplasia of the red and white pulp, increase in numbers of histio¬
cytes and lymphocytes in the lymphoid folicles and an increase in the number of giant cells
(Halpern et al., 1964). In view of these powerful effects on the cells of the lymphoreticular
system it was considered that C. parvum would be expected to potentiate antibody pro¬
duction by acting as a 'non-specific' stimulator.

It is clear from our results that C. parvum has a profound effect upon antibody production
to BSA in rabbits. The observed augmentation is not only reflected in the quantity of anti-
BSA antibodies produced but in the magnitude and more rapid evolution of the relative
binding affinity of the antibodies. It has been shown that C. parvum when incorporated into
incomplete Freund's adjuvant produces delayed hypersensitivity and increased antibody
production to picrylated proteins in guinea-pigs (Neveu et al., 1964). Siskind & Howard
(1966) have demonstrated that C. parvum when injected shortly before the injection of SII
pneumococcal polysaccharide augments the production of immunity in mice to subsequent
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challenge by live pneumococcal organisms as measured by survival rate. Recently Biozzi
el at. (1966) have shown that C. parvum not only produced an increase in the number of
immunologically active spleen cells against erythrocytes, but also indicated that the amount
of antibody produced by each cell was increased. This latter finding could also be explained
by C. parvum inducing the formation of higher affinity antibodies, as indicated by our
observations, which might well result in higher agglutination titres. The induction of delayed
hypersensitivity by Neveu et al. (1964) could also be explained in the same way in view of the
possible role of high affinity antibodies in delayed hypersensitivity as postulated by Karush
& Eisen (1962).

The differences observed between the control CBA and C. parvum-CBA groups are note¬
worthy. When CBA is injected into 'normal' rabbits a high percentage of the animals are
rendered hyporesponsive or unresponsive, and rabbits previously injected with C. parvum
and then CBA become hyperresponsive to this antigen to a level greater than even when
ACBA is injected into 'normal' rabbits The term 'normal' is used since it would be antici¬
pated that rabbits continually experience subclinical infections with Gram-negative bacteria
and coccidial organisms; these organisms and other environmental stimuli are known to
possess adjuvant activity (Munoz, 1964) and might in part explain why in the present study
or that of Frei et al. (1965) some of the rabbits given CBA respond; genetic influences on

immunity in rabbits and mice to BSA must also be important here (Sobey, Magrath &
Reisner, 1966). The two points relevant to the CBA injected groups which need comment and
further study are, firstly, what are the mechanism(s) involved in CBA induced unrespon¬
siveness or hyporesponsiveness and at what point does C. parvum 'non-specifically' effect
these mechanism(s) and, secondly, how and why does C. parvum augment not only the
quantity of antibody produced but the relative binding affinity of these antibodies?

The answers to these questions may help to elucidate the cellular mechanisms leading to
antibody formation particularly if the different effects which C. parvum has on the lympho-
reticular cells can be separated one from the other.

Whether this phenomenon of non-specific stimulation occurs during the course of infective
disease in humans is a matter of speculation; also one can not rule out the possibility that
immunological anomalies such as allergic and autoimmune disorders may be partially
potentiated by 'non-specific' factors due to infective processes and environmental stimuli.
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SUMMARY

The injection of Corynebacterium parvum at the same time as centrifuged bovine
albumin has been shown not to have the adjuvant effect found when C. parvum is
injected 6 days before. The implication of this is discussed and related to mechanisms
of antibody synthesis.

Whereas particulate alum-precipitated centrifuged bovine albumin was shown
to be more effective than centrifuged bovine albumin in inducing primary antibody
stimulation, the reverse was true for secondary stimulation by the intraperitoneal
route.

INTRODUCTION

It has been shown in a previous communication (Pinckard, Weir & Mc Bride, 1967) that the
degree of aggregation of bovine serum albumin (BSA) and/or changes in lymphoreticular
cells induced by Corynebacterium parvum influence not only the quantities of anti-BSA
antibodies produced but also the quality of these antibodies with respect to their relative
binding affinity. Recently Neveu, Branellec & Biozzi (1964), Siskind & Howard (1966)
and Biozzi etal.{1966) have also demonstrated adjuvant effects of C.parvum to various other
antigens. Further to the work described in the preceding paper in which the intravenous
route was used for immunization, it was decided to test the effects of the physical state of the
antigen and lymphoreticular cell proliferation induced by C. parvum oh the antibody
response to intraperitoneal injection of BSA; it would be anticipated that the distribu¬
tion of antigen in the lymphoid tissue would be different from that when the intravenous
route is used. It is known that the intraperitoneal route is inferior to the intravenous with
respect to antibody ormation to soluble protein antigens; Dresser (1962) used this route
to induce unresponsiveness in mice to bovine y-globulin. The importance of the route of
administration of antigen was shown by Battisto & Miller (1962) who demonstrated

Correspondence: Dr D. M. Weir, Immunology Unit, Bacteriology Department, University of Edinburgh
Medical School, Edinburgh.
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that adult guinea-pigs could be more easily rendered unresponsive to hapten-protein
conjugates if the antigen was injected into the mesenteric vein.

This second study was also modified to determine whether the time relationships of C.
parvum administration and antigen injection are important; in particular to show whether
C. parvum given simultaneously with BSA antigens would produce the same adjuvant effects
as C. parvum injected 6 days prior to the injection of the antigen. If the action of C. parvum
is dependent upon proliferation of lymphoreticular cells thereby promoting antigen capture
and proliferation of specifically-stimulated cells, then it would be anticipated that rabbits
injected at day 0 with both C. parvum and BSA would elicit a similar type of immune
response but would be delayed by 6 days as compared to rabbits receiving C. parvum at
day —6 and then BSA at day 0. If on the other hand the rabbits given C. parvum simul¬
taneously with BSA do not give an augmented immune response or become unresponsive
when given centrifuged bovine albumin, then C. parvum would appear to initiate 'non-specific'
factors which either directly interfere with the induction of unresponsiveness or accelerate
the 'recognition phase' and/or 'triggering mechanism' thereby priming the immune system
before the unaggregated protein can induce unresponsiveness.

MATERIALS AND METHODS

Animals

Three-month-old, male and female, New Zealand White rabbits weighing from 2-0 to
2-5 kg were employed.

Antigens
Bovine serum albumin (Cohn Fraction V, Armour Pharmaceutical Lot KH0270) was

used. Centrifuged bovine albumin (CBA) and alum-precipitated centrifuged bovine albumin
(ACBA) were prepared by the methods presented in the preceding paper (Pinckard et al.,
1967).

Preparation of Corynebacterium parvum
The C. parvum was prepared as previously described (Pinckard et al., 1967).

Measurement of the antigen-binding capacity
The antigen-binding capacity was determined by the ammonium sulphate method of Farr

(Farr, 1958; Minden & Farr, 1967) and the Chloramine-T method of Hunter & Greenwood
(1962) was employed for preparing the [131I]BSA, as described in the preceding paper
(Pinckard et al., 1967).

Immunization and bleeding schedules
All the rabbits were injected into the marginal ear vein with 15 mg of C. parvum either on

day —6 or day 0. On day 0 all rabbits were injected intraperitoneally with 50 mg of either
CBA or ACBA. The rabbits were bled every 3rd day after the injection of BSA-up to day 18
and then again at day 30 just prior to the injection of 10 mg of the respective BSA antigen.
All sera were stored at — 20°C.
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RESULTS

Primary response

Four parallel experiments were run, two groups injected with 15 mg of Corynebacterium
parvum into the marginal ear vein on day — 6 and then injected intraperitoneal^ with 50 mg of
either CBA or 50 mg ACBA. The two remaining groups were simultaneously injected with 15
mg of C. parvum into the marginal ear vein and either 50 mg of CBA or 50 mg of ACBA
intraperitoneally. The results of these experiments are seen in Fig. 1 which reflects the level
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Fig. 1. Primary response: antigen-binding capacity (Reciprocal ABC-33 end point x 0-20 pg
N BSA x 2 x 0-33) of Corynebacterium parvum (day 0) and C. parvum (—6 days) groups given
intraperitoneal injections of: (a) centrifuged bovine albumin (CBA), or (b) alum-precipitated
centrifuged bovine albumin (ACBA) on day 0. A, Insufficient antibody to give a positive ABC
at a 1:10 dilution.

of anti-BSA antibodies produced and in Fig. 2 which show the increase in relative binding
affinity of the antibodies.

Antigen-binding capacity. The results given in Fig. 1 show that rabbits either given C. par¬
vum and ACBA on day 0 or rabbits given C. parvum on day — 6 and ACBA or CBA on day 0
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elicit a strong primary antibody response as compared with rabbits given C. parvum and
CBA on day 0.

Effect ofdilution. In all of the groups with the exception of the rabbits receiving C. parvum
and CBA on day 0, there is a constant, rapid increase in the effect of dilution "/„ reflecting

C. parvum (day 0) C. parvum (day -6)

Fig. 2. Primary response: effect of dilution % [(ABC-33, 0 02 pg N BSA/ABC-33, 0-20 pg
N BSA)x 100] of Corynebacterium parvum (day 0) and C. parvum (—6 days) groups given
intraperitoneal injections of: (a) CBA or (b) ACBA on day 0. x, Estimated effect of
dilution % from % binding of a 1:10 dilution of antiserum.

accelerated evolution of the relative binding affinity of the antibodies produced. On days
15 and 18 where ABCs could be determined on rabbit B3, the effect of dilution % of the
antisera from this rabbit was lower than rabbits in the other three groups.

Secondary response

On day 30 of the primary response all of the rabbits were given intraperitoneal injections
of 10 mg of the bovine serum albumin antigen in the same form as they received for the
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primary stimulus and no further C. parvum. The decreased amount of antigen compared
with that given for the primary stimulus was used in the hope of giving a more sensitive
measure of the degree of primary sensitization.

Antigen-binding capacity. The results of the ABC values shown in Fig. 3 were not as had
been anticipated. Both groups injected with ACBA did not elicit the expected high anam-

C. parvum (day 0) C. parvum (day -6)
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-<j> 600

= (00
<

Fig. 3. Secondary response: antigen-binding capacity (Reciprocal ABC-33 end point x 0-20 p%
N BSA x 2 x 0-33) of Corynebacteriumparvum (day 0) and C. parvum (—6 days) groups given
secondary injections of: (a) CBA or (b) ACBA on day 30 of the primary response (i.e. day 0
of the secondary reponse). A, Insufficient antibody to give a positive ABC at a 1:10 dilution.

nestic response, whereas both rabbits which received C. parvum on day —6 and CBA on
day 0 for the primary stimulus gave a strong secondary response with respect to antigen-
binding capacity. The remaining group which received C. parvum and CBA on day 0 gave
the expected hyporesponsive or unresponsive state when challenged with CBA on day 30.

Effect of dilution. In all of the groups there is in general an immediate, rapid increase in
the effect of dilution %. Little comment can be made comparing the effects of dilution as the
number of rabbits in each group is small.
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Days
Fig. 4. Secondary response: effect of dilution % [(ABC-33, 0 02 us N BSA/ABC-33, 0 02
US N BSA) x 100] of Corynebacterium parvum (day 0) and C. parvum (—6 days) groups given
secondary injections of: (a) CBA or (b) ACBA on day 30 of the primary response
(i.e. day 0 of the secondary response).

DISCUSSION

The results of the effects that the physical state of the antigen and lymphoreticular cell
proliferation induced by Corynebacterium parvum have upon antibody production confirm
and extend our previous report and those of Neveu et al. (1964), Siskind & Howard (1966)
and Biozzi et al. (1966). The lack ofeffect obtained when C. parvum was given at the same time
as the CBA compared with when the organism was given at — 6 days is consistent with the ob¬
servation of Siskind & Howard (1966); they found augmentation of immunity to SII pneumo¬
coccal polysaccharide only when C. parvum was in jected 7 days beforehand and not when given
at the same time as the antigen. It would seem therefore that the adjuvant effects of C. parvum
can not be entirely explained by the lymphoid hyperplasia or increased phagocytosis which
it is known to induce. This view is taken as when CBA and C. parvum are injected at the
same time one would expect there should be sufficient antigen present 6 days later to
stimulate hyperresponsiveness to the antigen which, as we have seen, does not occur. It can
be inferred from this that CBA in the absence of 'non-specific factors' seems to cause either
unresponsiveness or hyporesponsiveness of the immunologically-competent cells pre-
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venting their proliferation as postulated by Claman (1963) and Talmage & Pearlman
(1963). Because C. parvum is effective when injected before the antigen it either accelerates
the 'recognition phase' and/or 'triggering mechanisms' or renders the lymphoid cells less
susceptible to tolerance induction. Alternatively, if C. parvum is responsible for non-specific-
ally stimulating natural antibody production by causing lymphoid hyperplasia, then the
'anti-BSA antibodies' formed would be valuable for assisting the induction of antibody
formation. In contrast to the findings with C. parvum, products from other bacteria have
been shown to have adjuvant effects when given at the same time as antigen (Munoz, 1964).
Claman (1963) demonstrated that the injection of Salmonella endotoxin at the same time as
unaggregated bovine y-globulin leads to the production of antibodies compared with un¬
responsiveness in control animals. It would appear that the effects of C. parvum either take
place more slowly or that they are altogether different from those of other bacteria.

There is a striking difference between the secondary responses to CBA and ACBA in
animals given C. parvum at —6 days. A possible explanation for this is that, compared with
injection by the intravenous route, intraperitoneally injected ACBA will be removed by
the peritoneal macrophages and not come in contact with sensitized lymphoid cells in the
spleen and lymph nodes bringing about their stimulation. On the other hand a large propor¬
tion of the CBA presumably passes without phagocytosis to the lymphatic system. This is
consistent with the observations of Uhr & Baumann (1961) that passively administered anti¬
body given during secondary antigenic stimulation suppresses the immune response by
encouraging phagocytosis of the antigen. Furthermore it appears that cultures of primed
lymphocytes can be induced to proliferate by direct contact with antigen (see Dutton, 1966).
On the other hand for the initiation of the primary response phagocytosis appears to be
essential (Fishman, van Rood & Adler, 1965, Mowbray & Scholand, 1966). Perhaps if we
had used less ACBA than the 50 mg amounts injected intravenously in the previous report
(Pinckard et a/., 1967) it might have given similar results on the secondary response to those
found here.

The physical state of the antigen and the adjuvant effect of C. parvum can be seen from
these and the preceding experiments to have marked effects on the magnitude and the
increase of the relative binding affinities of the antibodies. This is indirectly supported by
the observations of Karush (1962) and Eisen & Siskind (1964) who pointed out that the
method of immunization with DNP-bovine y-globulin affects the magnitude and rate of
increase of the average intrinsic association constants of the antibodies produced (see
Steiner & Eisen, 1966). Increase in the affinity of antibody during the course of immunization
could be explained by the early selective proliferation of those cells capable of producing
higher affinity antibody especially if the quantity of antigen available to cause specific
lymphoid proliferation is limited.
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FACTORS INFLUENCING THE IMMUNE RESPONSE

III. THE BLOCKING EFFECT OF CORYNEBACTERIUM PARVUM

UPON THE INDUCTION OF ACQUIRED IMMUNOLOGICAL
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IN THE ADULT RABBIT
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SUMMARY

The intravenous injection of 10 mg aggregate-free, centrifuged bovine albumin
into adult rabbits has been shown to induce an unresponsive state to bovine serum
albumin (BSA) in the majority of rabbits. An intravenous injection of 15 mg of
a heat-killed suspension of Corynebacterium parvum either 6 days prior to or
simultaneously with centrifuged bovine albumin has been shown to significantly
block the induction of unresponsiveness to BSA. Some effects of C. parvum upon
the lymphoreticular tissues in the rabbit are reported.

INTRODUCTION

Previous reports from our laboratory have shown that the degree of aggregation of bovine
albumin influenced not only the quantity of anti-BSA antibody produced in the rabbit but
also the rate of increase of the relative binding affinities of the antibodies. Furthermore, we
demonstrated that an intravenous injection of a heat-killed suspension of Corynebacterium
parvum 6 days prior to an intravenous injection of aggregate-free, centrifuged bovine
albumin (CBA), which normally led to relatively little or no detectable anti-BSA antibody
production, induced a vigorous immune response to BSA characterized by high levels of
circulating anti-BSA antibody and a rapid increase of the relative binding affinities of the
antibodies produced (Pinckard, Weir & McBride, 1967a, b). In these initial studies only a
small proportion of the rabbits failed to produce some detectable antibody to an injection
of the aggregate free BSA. In the present study a higher percentage of animals were made
unresponsive by using a smaller quantity of antigen and this enabled us to test more clearly
whether the injection of CBA induced a specific unresponsive state or the less likely possi¬
bility that it was simply sub-immunogenic in aggregate free form. This was achieved by
following the response to a challenge dose of alum precipitated BSA. Furthermore, this
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offered the possibility of differentiating between two possible roles of C. parvum acting
either as a stimulating agent on the antibody producing cells inducing them to make
detectable antibody to CBA or actively blocking the induction of a specific unresponsive
state by this antigen. Finally in order to assess the general effects of C. parvum on the lympho-
reticular tissues the effects of C. parvum were studied upon: (1) the peripheral white blood
cell population, (2) the relative spleen and liver weights, and (3) the histology of the spleen,
lymph nodes, liver and lungs.

MATERIALS AND METHODS

Animals

Adult New Zealand White rabbits of both sexes weighing from 2-5 to 3-5 kg were

employed.

Antigens
BSA (Cohn Fraction V, Armour Pharmaceutical Lot LNO170) was used throughout the

study. CBA and alum precipitated centrifuged bovine albumin (ACBA) were prepared as
previously described (Pinckard et al., 1967a).

Preparation of Corynebacterium parvum strain 10387
The procedure for the cultivation, killing and standardization of C. parvum is described

elsewhere (Pinckard et al., 1967a).

Preparation of trace-labelled [i ilI]BSA (BSA*)
The Chloramine-T method of iodination (Hunter & Greenwood, 1962) was employed as

previously described (Pinckard et al., 1967a) and the BSA* (crystallized Armour Lot C4508)
was standardized by the microKjeldahl method of nitrogen analysis.

Measurement of the antigen-binding capacity
The antigen-binding capacity (ABC) was determined by the ammonium sulphate method

of Farr (1958) as described previously (Pinckard et al., 1967a) using 0-02 pg n-BSA* antigen
concentration for each serum tested.

Quantitative and differential white blood cell counts

Quantitative white blood cell levels were estimated by the standard procedure in an
improved Neubauer counting chamber. Differential counts were performed on blood
smears which were stained with Leishman's stain.

Histology
Portions of spleen, mesenteric lymph node, liver and lung were fixed in 10% formalin,

embedded in paraffin wax, sectioned and stained with Haematoxylin and Eosin.

Experimental
Three groups of twelve rabbits were employed. The first group received 15 mg (dry weight)
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of a heat-killed suspension of C. parvum intravenously 6 days prior to an intravenous injec¬
tion of 10 mg CBA. The second group received 10 mg CBA intravenously followed 30 min
later by an intravenous injection of 15 mg (dry weight) of a heat-killed suspension of C.
parvum. The third control group received only 10 mg CBA, intravenously. All injections
were made via the marginal ear vein. The rabbits were bled every 3rd day after the injection
of CBA for 30 days. On day 30 of the primary response the rabbits in all three groups were
challenged with an intravenous injection of 25 mg ACBA and were bled every 3rd day for
another 30 days. All of the rabbit sera were tested for the capacity to bind 0-02 pg n-BSA*.
In addition to the above, quantitative and differential white blood cell counts were made on
the blood of each rabbit 6 days prior to, the same day, and 6 days after the initial injection
(primary) of CBA.

In order to assess the effects which C. parvum had upon the lymphoreticular tissue, four
rabbits were injected intravenously with 15 mg (dry weight) of the heat-killed suspension of
C. parvum; 6 days later these rabbits together with four uninjected control rabbits were killed
and the weights of their spleens and livers determined. Portions of the spleens, mesenteric
lymph nodes, liver and lungs were then obtained for histological examination.

RESULTS

Primary response
The results of the primary responses expressed in the left-hand column of Table 1 show

that the majority of the control rabbits injected with 10 mg CBA on day 0 did not produce

Table 1

Group
Primary Secondary

H U R H U

C. parvum
Day -6 7* 0 5 6 1 1
Day 0 9 2 1 10 2 0

Control
CBA 1 3 8 4 0 8
ACBA 600

R, Responsive—positive ABC values; H, hyporesponsive—
positive binding; < 33% 0 02 pg n-BSA* bound by a 1:10 serum

dilution; U, unresponsive—no detectable binding of 002 pg
n-BSA* by a 1:10 serum dilution.

* Number of rabbits.

detectable anti-BSA antibody., i.e have the capacity to bind 0-02 pg n-BSA*. Only one
rabbit out of twelve produced enough antibody to give a positive antigen-binding capacity
(ABC—33); three other rabbits in this group produced low levels of antibody but ABC
values could not be determined, i.e. a 1:10 serum dilution bound less than 33% of the 0-20
pg n-BSA* added. The remaining eight rabbits in this group did not produce detectable
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anti-BSA antibody. The rabbits which received C. parvum simultaneously with CBA
responded to a greater degree than the control group just described. Nine out of twelve
rabbits produced levels of anti-BSA antibody sufficient to give positive ABC values and
two rabbits produced low levels of antibody. Only one rabbit did not produce detectable
anti-BSA antibody. The third group, which received C. parvum 6 days prior to CBA,
appeared to be intermediary between the two other groups. Seven out of twelve rabbits
produced sufficient antibody to give positive ABC values and the remaining five rabbits did
not produce detectable antibody.

Secondary response
The results of the secondary responses are given in the right-hand column of Table 1.

Eight "out of the twelve control rabbits, which received only CBA for the primary stimulus,
did not produce detectable antibody after a secondary challenge with 25 mg ACBA. The
remaining four rabbits in this group produced sufficient antibody to give positive ABC
values. To show that ACBA was itself antigenic, six rabbits which had received no prior
treatment with CBA or C. parvum were injected with 25 mg ACBA intravenously. All six
of these animals gave positive ABC values comparable to those pre-treated with C. parvum
in the primary response to CBA. The secondary response data of the rabbits which received
C. parvum either prior to or simultaneously with CBA for the primary stimulus differed
significantly from the control CBA group just described. Ten out of twelve rabbits which had
received C. parvum and CBA on day 0 of the primary response gave positive ABC values
after secondary challenge with 25 mg ACBA. Two rabbits produced low levels of antibody
but ABC values could not be determined. Chi squared analysis using Yates' correction
factor for continuity between the control and C. parvum (day 0) group and applied to the
total number of rabbits which produced detectable anti-BSA antibody after the injection
of ACBA as opposed to rabbits without detectable antibody, yielded a value of x2 = 9-18
(P< 0-005). The results of the remaining group which received C. parvum 6 days prior to
CBA for the primary stimulus were more difficult to interpret due to deaths which occurred
towards the end of the primary response. Sera from six of the surviving eight rabbits gave
positive ABC values after secondary challenge with 25 mg ACBA. One rabbit produced
low levels of antibody and one rabbit did not produce detectable anti-BSA antibody. Chi
squared analysis performed as above between this group and the control group yielded a
value of x2 = 3-72 (P<0-05). Chi squared analysis between the two C. parvum treated
groups yielded a value of x2 = 0-044 (P<0-8).

Peripheral white blood cell counts
No significant differences in either the total or differential counts were observed in the

thirty-six rabbits listed in Table 1 on days — 6, 0 and 6 of the primary response. In all three
groups there was a small decrease in the numbers of small lymphocytes and a small increase
in the numbers of large lymphocytes on day 0 and day 6 of the primary response. The levels
of monocytes and polymorphonuclear leucocytes remained constant throughout the test
period.

Spleen and liver weights
Spleen and liver weights were determined on four rabbits which had received 15 mg (dry
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weight) of a heat-killed suspension of C. parvum 6 days prior and compared to four unin-
jected control rabbits. No differences in liver weights were noted and only a small increase
in spleen weight could be detected.

Histology
Spleen, liver and lung sections revealed differences between C. parvum treated and control

rabbits. The livers of C. parvum treated rabbits contained multiple, small, histiocytic
granulomata situated in an irregular manner throughout the lobules. A typical granuloma
is shown in Fig. 1. Small numbers of mature lymphocytes and plasma cells were present but
they were greatly outnumbered by the larger histiocytes.

Fig. 1. Corynebacterium parvum granuloma in liver. This shows a multinucleate giant cell of
the foreign body type. There are numerous histiocytes with round or oval nuclei and abundant
eosinophilic cytoplasm. Small numbers of lymphocytes are also present. H & E, x 280.

Lymphocytic foci were also found mainly in and around the portal tracts extending into
the sinusoids where they measured up to 100 p in diameter. No necrosis of liver tissue was
observed in any of the sections.

The splenic histology was more difficult to interpret and the only consistent finding was
the increase in bulk of the white pulp indicated by the larger size of the Malpighian bodies
in the C. parvum treated rabbits. The lymph nodes from C. parvum treated and control
rabbits revealed no differences.

The lungs from C. parvum treated rabbits contained granulomata composed of histiocytes
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of 100 pg S. lyphosa endotoxin 2 hr after a tolerogenic dose of aggregate-free BGG blocked
the induction of unresponsiveness and led to antibody production. Claman & Bronsky
(1965) found that mice pretreated for 2 days with actinomycin-D were less susceptible to
the induction of unresponsiveness to aggregate-free BGG. Gery & Waksman (1967)
demonstrated that rats, pretreated with zymosan, produced antibody to aggregate-free BGG
to a greater degree than control rats. More recently Golub & Weigle (1967a) reported
that 25 pg E. coli endotoxin inhibited the induction of unresponsiveness to human
y-globulin (HGG) provided the endotoxin was administered the same day or up to 2 days
after the injection of aggregate-free HGG.

The adjuvant action of C. parvum had been previously thought (Pinckard et at., 1967a, b),
like endotoxin, BCG and zymosan, to be related to the extensive lymphoreticular cell
proliferation which this organism had been reported to induce. However, the present studies
have indicated that C. parvum strain 10387 did not cause the profound hepatosplenomegaly
reported for strain 936B (Halpern et at., 1964). The French workers reported that strain
936B induced a three-fold increase in spleen weight and a two-fold increase in liver weight.
Howard & Inchley (personal communication) found that strain 936B caused a six-fold
increase in spleen weight and a three-fold increase in liver weight in mice; however, they
found no increase in spleen and liver weight in mice using strain 10387. We have found,
however, that C. parvum strain 10387 induced histological changes in the livers, lungs and
spleens of rabbits. In view of the absent or reduced proliferative effects of C. parvum strain
10387 upon the rabbit lymphoreticular tissue in general, it is difficult to postulate possible
mechanism(s) of adjuvant action for this micro-organism. Further, the recent work of
Golub & Weigle (1967a) with endotoxin indicates that the mechanisms involved in prevent¬
ing the induction of unresponsiveness to HGG in mice appear to be independent of phago¬
cytic activity of the reticulo-endothelial system. One possibility which has been ruled out is
that C. parvum might conceivably share antigenic determinants with the BSA molecule.
Rabbits which had received 4-monthly intravenous injections of 15 mg C. parvum did not
produce detectable anti-BSA antibody as judged by the Farr technique using 0-02 pg
n-BSA* (Pinckard, Weir & McBride, unpublished results). When these rabbits were later
injected with 50 mg BSA they elicited a characteristic primary antibody response indicating
that priming towards the BSA molecule had not occurred as a result of prior exposure to C.
parvum. As no tissue necrosis was observed in any of the histological sections, the possible
adjuvant action of C. parvum due to the release of tissue breakdown products is unlikely.

It is of interest that C. parvum does not act as an adjuvant for antigens which by themselves
are good immunogens. C. parvum was found to have minimal adjuvant effects for ACBA
in rabbits (Pinckard et at., 1967a) and does not augment the immune response to T4 coli-
phage in mice (Howard & Inchley, personal communication). In contrast C. parvum strain
10387 has powerful adjuvant properties for the relatively weak antigen CBA as demonstrated
by the present findings. Further evidence may be provided from the work of Woodruff &
Boak (1966) who found that C. parvum delayed the appearance of isogenic, mammary
tumour formation indicating that C. parvum may enhance immunity to weak histocompati¬
bility antigens. In light of recent findings, adjuvant materials in general may enhance anti¬
body formation simply by blocking the induction of unresponsiveness to relatively weak
antigenic stimuli.

The mechanism(s) whereby the induction of unresponsiveness to certain antigens in the
adult animal are blocked by materials such as C. parvum are at present unknown. The
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induction of a firm unresponsive state in the adult animal appears to take several days after
the injection of the tolerance inducing antigen (Dresser, 1962b; Biro & Garcia, 1965; Gery
& Waksman, 1967). Recently Golub & Weigle (1967b) demonstrated by a cell-transfer
system that induction of unresponsiveness in adult mice to aggregate-free HGG takes at
least 4 days; however, endotoxin was only effective in inhibiting the induction of unrespon¬
siveness if given up to 2 days after the aggregate-free HGG (Golub & Weigle, 1967a). Other
materials such as C. parvum, actinomycin-D and zymosan can block the induction of
unresponsiveness if given prior to the injection of the tolerogenic 'antigen'; endotoxins on
the other hand do not block tolerance induction when given prior to the injection of the
tolerogenic 'antigen'. The preceding discussion may indicate a complex series of steps leading
to an unresponsive state each being sensitive to only certain adjuvant materials; alternatively
the various blockers of the unresponsive state may work in the same way but have different
rates of adjuvant action. It is of interest to mention that C. parvum is unable to block the
induction of unresponsiveness to BSA in neonatal rabbits (Pinckard, Weir & McBride,
1967c). Whether this indicates that the induction of unresponsiveness in neonatal and adult
rabbits arises through different mechanism(s), or is due to differences in susceptibility of
neonatal and adult animals to the induction of unresponsiveness or to the adjuvant action
of C. parvum can only be a matter of speculation at present. These observations, however,
indicate the considerable complexity of the events leading to the induction of acquired
immunological unresponsiveness.
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These biological and serological findings indicutcd thai
tlie causal agent was not foot and mouth disease virus
and the restricted tissue culture and animal host range
was not characteristic of vesicular stomatitis virus. The
only other virus known to cause vesicular lesions in pigs is
vesicular exanthema virus3, so we have compared the
physico-chemical properties of the Italian virus with
those of three antigenic types of vesicular, exanthema
virus. The stability of the virus at pH 5, the effect of
I M MgCl, on its stability at 50° C, the sedimentation
coefficient in sucrose gradients and the buoyant density
in caesium chloride show that the Italian virus differs
from vesicular exanthema virus and provides further
evidence that it is not foot and mouth disease virus or

vesicular stomatitis virus (Table 1). This difference is
confirmed bv the appearance of the viruses in the electron
microscope (Fig. 1). Although wc require further data
before wc can classify the Italian virus, these preliminary
results indicate that it belongs to the enterovirus group.

We thank Mr C. J. Smale for the electron micrographs.
L. Nardelli
E. Lodetti
G. L. Gualanoi

Istituto Zooprofilattico Sperimentale, Brescia, Italy.
R. Burrows
D. Goodridge
F. Brown
B. Cartwright

Animal Virus Research Institute. Pirbright.
Received Aupust 12,1968.

1 Graves, J. H., and Cunliffe, H. K., Proc. US Lire Stock Sanit. Ass., 63, 340
(1960).

1 Burrows, R.f Bull. Off. Int. Epizoot., 61,1251 (1964).
• Madin, S. H., and Traum, J., Bad. Her., 19, 6 (1955).
4 Wawrr.kiewicz, J., Smale, C. J., and Brown, F., Arch. Get. Virutfortch. (in

the press).
4 Zee, Y. C., and Hackett, A. J., Arch. Get. Virutfortch., 20. 473 (1967).
• Bachrach, H. L., Amer. J. Vet. Bet.,1Z, 13 (1952).
'Randrup, A., Ada Path. Microbiol. Scand., 31, 385 (1952).
• Bradish, C. J., Brooksby, J. B., and Dillon, J. F., J. Gen. Microbiol., 14-

290(1956).
• Trautman, R., and Breese, 8. S., J. Gen. Microbiol., 27, 231 (1962).

14 Warrington, R. E., Arch. Get? Virutfortch., 17, 594 (1965).
II Bachrach, H. L., and Breese, S. S., Proc. Soc. Exp. Biol, and Med., 97,

659 (1958).

DBA 12 and CBA annuals were bro<i on tin* ''Jj
Li^rht System" from breeding nuclei obtained lroin tlj'
Laboratory Animal Centre, Carshalton, Surrey.
animals were males, between 28 and 144 days old and wer(
assigned to two groups for each strain on a matched weicri
basis. The NZB and (NZBxCBA)Ft animals wejv
Ckiombs tested12.

Antigen was prepared by a method described earlier^
One group (the test animals) received an intraperitoneal
injection of 0 05 mg of BSA, which had been centrifuge
at J-6x 107 <7-min, the other group were used as controls
receiving an equivalent volume of saline only. Twenty
days later all mice were injected intraperitoncally wi^
5 mg of alum-precipitated BSA (in 1-3 per cent Alt0,)
Mice were bled 20 and 30 days after this challenge; th«.
sera were allowed to separate at room temperature and
stored individually at —20' C.

The antigen binding capacity (ABC) of each sainpl,.
was measured by the ammonium sulphate method nf
Farru and, using that dilution of serum binding 33 per
cent of the 0*01 pg of N BSA* (BSA labelled with ,31] av
described by Hunter and Greenwood11') added, was ex

pressed as pg of N BSA* bound/1 ml. of undiluted serum.
Individual antigen binding capacities were calculated
using the University of Edinburgh KDF9 computer.
Sucrose density gradients were prepared1* using 40, 3u.
20 and 10 per cent sucrose, 9 x 0*5 ml. fractions were taken
after 16 h centrifugation at 35,000 r.p.m. in a MSE super-
speed 40 TC centrifuge with an Sli 40 rotor.

Table 1. antigen binding capacities of individual XZB and CBA
serum samples 20 days and 30 days after intraperitoneal injection

of 5 mg alum-precipitated BSA

yZB CBA
Test Control Test Control

Day 20 Day 30 Day 20 Day 30 Day 20 Day 30 Day 20 Day 30
3-79 14 24 12-02 15-32 0-28 — 2-09
210 6 51 12-93 17-93 0-82 — 5-80 4-47
8-93 18-31 8-57 1913 0 22 — 1-84 3-64
6-54 13-22 6-86 — 0-12 — 213 3-38
2-68 4-44 6-30 13-69 0-26 — 1-91 3-47
1-65 — 7-25 — 0-92 — 1-75 4-30
201 4-08 3-78 9-98 0-47 0 80 111
2-89 — 7 34 10-46 0 13 — 2-38 3-26
1-75 4-01 2 76

14 07
3-83

18-59
0 86 1-54 1-93 —

Test groups were pretreated with centrifuged BSA, control groups with
saline.

Immune Response to a Soluble Protein
Antigen in NZB Mice
Mice of the NZB strain spontaneously develop auto¬
immune haemolytic anaemia1 and their sera contain
various antibodies reactive with autologous and even
heterologous red cells3"3. Serum antinuclear factor
and LE cells also occur3-3 and more IgM than normal is
present from an early age'. Splenomegaly and lymphad-
enopathy caused by proliferation of lymphoid, plasma and/
or reticulum cells are found7"3 although in older animals
splenomegaly is chiefly caused by proliferation of erythro¬
poietic tissue3.

Little is known about the degree of response of NZB
mice to a normal antigenic stimulus, however. Diener's
work* suggested that the number of spleen cells able to
produce antibodies against sheep red cells (SRC) is
greater in young Coombs negative NZB mice than in
comparable C3H mice, and an early maturation of the
ability to respond to SRC has been reported10'11.

We assessed the ability of young Coombs negative
NZB mice to respond to bovine serum albumin (BSA)
and included three other inbred strains and two F, hybrid
combinations for comparison. An attempt was made to
assess how easily the mice became less responsive after
pretreatment with an aggregate free preparation of the
antigen.

NZB/Bl and C51BI mice used were from inbred stocks
maintained in the Department of Surgical Science and the

Table 2. antiges bikding capacities of individcal (XZB * CBA) ash
(C57Bl x CBA)Ft HYBRID serch SAMPLES 20 DAYS AND SO DAY'S after

INTRAPERITONEAL INJECTION OF 5 MO OF ALEM-PREC1PITATED BSA

(XZB X CBA )F, (C57B1 x CBA )F,
Test Control Test Control

Day 20 Day 30 Day 20 Day 30 Day 20 Day 30 Day 20 Day 30
1-30 310 1006 16-54 0 38 0 31 1-92 2-'95
0-53 — 12 75 38-75 0-06 007 0-86 1-33
0-82 2-50 2 70 7-20 0-78 — 1-65 —

1-75 2-85 703 17-43 0 50 0-96 1-44 2-41
3-61 5 47 5-64 13-00 1-09 1-47 1-10 —

2-43 8-95 9-38 36 40 0-82 1-27
2 34 3-93 4-75 —

1-00 1-59 804 8-21
1-82 2-62
2-29 2-49

Test proups were prctreated with centrifupea BSA, control praups with
saline.

The values for antigen binding capacity of some test and
control groups are given in Tables 1 and 2. Animals
containing the NZB genotype are hyper-reactive to BSA
when compared with CBA and (ColBI x CBA)Fy hybrids.
Differences between test and control groups of CBA
(Co'BI x CBA)F, and (SZB xCBA)F, hybrids indicate
that these animals can be made hyporesponsive. The
result with the NZB test group is more complex. There
seem to be two types of reaction: one in which ABC
values arc equivalent to control group values with the
animals seemingly unaffected by previous treatment with
aggregate-free BSA, and the other in which the degree of
unresponsiveness is similar to that obtained with other
strains.

The pattern of response of DBA/2 and CblBl mice yvas
similar to that of CBA mice, although at a lower level.
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v-iis possible to iixiiK-e n similar dvgriM' of hyponvspon-
^•v(,ness liy previous treatment with centrifugcd HSA,
hoover.

fractionation of pooled sera from NZB and CJiA
trflina by ultraccntrifugation 011 sucrose density gradi-

?nts indicated that in both test and control groups the
mfljor Portlon fbe antigen binding activity was found
n that fraction containing yG globulin.1

Our results demonstrate that young NZB and (NZB x
qBA)F\ hybrid mice give an enhanced'immune response
t0 BSA and there is also evidence that it is more difficult
<0 render 6ome of the NZB animals tolerant by pretreat-
nient with centrifuged material. This result is consistent
Mith other evidence of immune hyper-reactivity in these
pljcc#1°-

This enhanced response might be explained if NZB
^ce have a larger pool of lymphoid cells than other
-trains, and this could also imply an overall increased
threshold for tolerance induction. One of us (J. D. N.)
^as observed a marked increase in the weight of lymph
nodes of young NZB mice compared with other strains of
mjce and Fx hybrids between them. These NZB mice,
when examined at necropsy, had lymph nodes three
times heavier than the nodes of the (NZB x CBA)FX
bvbrids. No correlation was found between the weight
0f lymph nodes and ABC values, however, and the dose
of aggregate-free antigen we used to induce hyporespon-
giveness was five times greater than that required to induce
8 similar degree of hyporesponsiveness in CBA mice
(unpublished results ofMcBride and Jacob). This explana¬
tion therefore seems unlikely. Tolerance induction can
be prevented in rabbits by pretreatment with Coryne-
bacterium parvum in the absence of lymphoid hyper¬
plasia17.

NZB mice may be more efficient at processing antigens
bv phagocytic cells, but this is unlikely to he important
because Golub and Weigh*1* have demonstrated that the
effect of bacterial endotoxin on lymphoid cell activity,
shown by prevention of tolerance induction, is independent
of the activity of phagocytic cells.

Murine leukaemia virus has been found in the lymphoid
tissues of NZB mice and their Fx hybrids1*-". It is
possible that these viruses play no part in the lympho-
reticular abnormalities of NZB mice, but in at least one
case the transfer of cell-free material to an unaffected
mouse strain was associated with a low incidence of
immunological abnormality". There is a close relation¬
ship between the virus and lymphocyte membranes";
the virus appeared to be budding from the cell surface.

We suggest that virus in NZB mice may affect processes
lependent on changes taking place at the surface of the
ymphocytes. These may include initiat ion of the immune
■csponse, and it is possible that virus action makes it
nore likely that a cell will respond to an antigenic stimulus
>y antibody production. This could result in hyper¬
activity and in individual mice an increased threshold
or tolerance induction. It has been suggested24 that the
irus is the agent which so alters the lymphoid tissues
hat normal tolerance does not develop to tissue antigens
hus leading to autoantibody production.
The finding that NZB mice respond in two ways to

ictreatment with a "tolerance inducing" antigen is
mother example of variability within this inbred strain,
he onset of Coombs positive haemolytic anaemia, the
cidence of anti-nuclear factor, and the incidence of
omerulonephritis are feu* from uniform2*. It is necessary
elucidate the relationship between such variations and

*e lympho-reticular abnormalities associated with this
rain of mouse.

This work was supported by grants from the Medical
-search Council, the Arthritis and Rheumatism Council,
"d the Distillers Company. We thank Mrs J. Snashall
the Department of Computer Science for computation
antigen binding capacities, and Miss V. Curran for

:hnical assistance.
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Note added in proof. Since this communication it-
prepared. our attention has boon drawn to two report*
which have appeared in abstract form describing the
response of NZB mice to another protein antigen, bovine
gamma globulin (Braverman. 1. M., Clin. Res., 16. 31K;
1908; and Parker, J., Staples, P. H., and Taluk X..
Fed. Froc., 27, 685; 1968). Although the methods used
for antibody detection were probably less sensitive than
ours, NZB mice nevertheless were found to be more

responsive than normal strains and more difficult to
render tolerant.
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Release of a Lymphocyte Growth
Promoter in Leucocyte Cultures
The small lymphocyte of the human peripheral blood
stream appears to be a highly repressed cell with limited
cytoplasm, a slow rate of RNA and protein synthesis,
and restricted ability to undergo cell division. Trans¬
plantation of the cell into tissue culture medium containing
phytohaemagglutinin (PHA.) initiates a rapid sequence of
anabolic changes involving an early acceleration of RNA
(ref. 1), phospholipid (unpublished results of G. C. Mueller
and D. Fisher) and protein synthesis'. Initiation of
DNA synthesis' and cell division3 follows. We report
here our finding that this conversion is strongly dependent
on a cell-associated factor which is released into the
medium during the initial hours of cultivation. We
also present evidence for the existence of a protein ill
human serum which will substitute for the cell-released
factor.

In a typical assay human leucocytes were collected
from heparinized blood, treated briefly with trypsin and
suspended (1-0 x 10* cells/ml.) in Eagle's HeLa medium*
containing 7 per cent bovine serum (BEHM). Cultures
(3 ml.) were planted, and a quantity of PHA necessary
for an optimal induction of DNA synthesis was added3.



(R4prirU4d from Naturo, Vol. 215, No. 5105, pp. 1084-1085,
S4pi4mber 2, 1967)

Sensitivity and Detection of I9S Antibody
by'the Farr Technique

The detection of humoral antibody can only be adequately
assessed by using techniques which are solely dependent
on the primary interaction of antigen and antibody'"*.
Two such primary measures of antibody detection ore tho
Farr technique' and radioimmunoelectrophoresis'. Ra^'io-
immunoolectrophorcsis is an extremely sensitive test
which is dependent on tho specific activity of the labelled
antigen. It is, however, qualitative, whereas the Farr tech¬
nique is a quantitative test to determine either the capa¬
city of an antiserum to bind the antigen* or the amount of
antibody*-* the antiserum contains. Recently, the sensi¬
tivity of the Farr technique lias been questioned, especially
with respect to the detection of 19<S antibody'*. The work
reported here shows that IDS antibody can readily be
detected by the Farr technique only if an appropriate
concentration of antigen is used 'to achieve maximum
sensitivity of tho method.

Ten adult New Zealand White rabbits were immunized

intravenously with 60 mg bovine serum albumin (BSA)
either absorbed onto aluminium hydroxide or in conjunc¬
tion with a heat-killed suspension of Corynebacierium
parvum which is a powerful adjuvant11. The rabbits were
bled 9 and 12 days later and the sera pooled.. 20 ml. of the
pooled sera was fractionated by gel filtration through
'Sephadex G-200' using a 6 x 80 cm columri and 0 076 molar
phosphate buffer, pH 7-0) containing 0 076 molar sodium
chloride. The 19S peak was conoentrated by negative
pressure dialysis to 5 ml. and recycled through a 2-5 x 36
cm 'Sephadex 0-200' column. The pooled sera and the
asoending (19S-1) and descending portion (19S-2 and
193-3) of the recycled "Sephedex' 19S peak were fraction¬
ated by sucroso density gradient ultracentrifugation as
previously deeoribed". Anti-BSA antibody activity was
characterized by radioimmunoelectrophoresis' and the
Farr technique*; a detailod account of the preparation of
B8A labelled with iodine-131 (BSA*) is given elsewhere".

Table 1 shows the binding data of the nine sucrose

Table 1. riXCIKTAOC B1NDIKO or 1 1 1 DU.OTIOS Or SDOBOBE SEEDIEST
raaCTiows (fooled seel)

Fraction " 0-01 eg nitrogen 0-10 eg nitrogen 1-00 eg nitrogen
1 (top) 0 0 0
2 22-7 137 6 1
3 96 7 94 3 64 3
4 ■ 94 6 92-7 45-8
6 73 0 40 6 18 8
6 02 6 23 6 7-1
7 31 8 11 2 . 3 6
8 9 6 3 6 16
9 (bottom) 4 2 3 6 , 16



gradient fraction* of pooled sera using throe coiicentia-
tions of BSA*. Each 0-5 ml. sucrose gradient fraction
was diluted with 0-6 ml. of 20 per cent noimal rabbit
serum to ensuro uniform ammonium sulphate precipitation.
When 001 pg nitrogen BSA* was used substantial
binding of PSA* was obsorvod in both the 75 (fractions
3 and 4) and the 195 (fractions 6-8) portions of the sucrose
grudiont. In contrast, little if any binding was r.oted in
the 195 region when 100 pg nitrogen BSA* was used. To
ensure that the binding activity which we observed in
fractions 6-8 using 0-01 pg nitrogen BSA* was due to the
presence of 195 antibody and not due to contaminating
75 antibody, wo analysed the 195-1, 195-2 and 195-3

J 19S-I I9S-2 Pool

N BSA•

.00! 60.7*, 66.8* 4 5.0* 77.3*

.010 60. 8 67.2 57.6 85. 1

.100 21.4 28.9 18.7 61.6
1.00 5. 1 6.7 14.9 22. 1

10.0 0 0 0 6.2

It. 1 . c.

IgG - - 4 ♦

IgA - - 4 4

!«K. 4 ♦ " 4

Swcroac Crtditnl

7S - - 4 4

1 OS - ♦ -

1 9S 4 a ~ *

t IVroeotage binding of a 1 : 3 dilution (undilut« with reapect to neat
n-rurn).

J Percentage binding of a 1 : 30 dilution.

Fig. 1.
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* It %

portions of the recycled 195 'Sophadex' peak for binding
activity using five concentrations of BSA* over a 10,000-
fold range. The results are shown in Fig. 1. Positive
binding of the 195-1 and 195-2 fractions was obtained only
when from 0-001 to 0-100 (ig nitrogen BSA* was employed
(binding of 6 per oent or less was not considered a definitive
result); fraotion 195-3 showed binding up to 1-00 pg
nitrogen BSA*. Studies of binding by the sucrose gradient
fractions of the 195-1 and 195-2 portions of the recycled
'Sephadex' peak using 0-01 pg nitrogen BSA* revealed
activity exclusively of the 195 class; 195-3 showed binding
predominantly of the 75 class. These data were supported
by radioimmunoelectrophoresis ofthe three 195 'Sephadex'
fractions; 195-1 and 195-2 contained only IgM anti-BSA
antjbody whereas 195-3 contained only IgG anti-BSA
antibody.

We have shown here, as have others1-*-*, that 195 (IgM)
antibody can be readily detected by the Farr technique.
Rosenquist and Oildon1*, on the other hand, were unable
to doteot 195 anti-BSA antibody in early, primary response
chicken sera using from 1 to 10 pg BSA*. Similarly Wei
and Stavitsky" reported that the Farr technique, using
12-5 pg human serum albumin (HSA), lacked the sensi¬
tivity needed to detect 195 antibody to HSA in'rabbits
which could be detected by passive haemagglutination
and radioimmunoelectrophoresis. In the light of the
present findings it is not surprising that these authors
were unable to find binding by 195 in view of the relatively
large amount of antigen used. We consider that the Farr
technique can be a highly sensitive test for the detection
of small amounts of antibody (inoluding IgM) provided
that small concentrations of antigen, for example, 0-001-
0-010 pg nitrogen BSA*, sue used. It should be emphasized
that in experiments where small amounts of antibody may
be present,'for example, in studies of acquired immuno¬
logical toleranoe, it is essential to use sufficiently small
amounts of antigen to ensure adequate sensitivity of the
test. In view of the reoent advances in the preparation
of iodine-131 labelled proteins with high specific activity14,
the concentrations of antigen suggested in this report
should present little experimental difficulty.
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pretreatment :

saline controls

t V2 *2 0 OAys

pretreatment :

horse anti-rat lymphocyte
IgG

tl/2»0-34 oa/s

1 3 5 7 1

Days after injection of tracer dose of1
3 5 7 1

llI labelled normal horse IgG

Fig. 2. Elimination of normal horse IgG labelled with iodine-131 as determined by whole
body counting in rats pretreated with saline, antilymphocytic IgG and normal horse IgG.

Initial counts ranged from 1,572-1,930/sec. Mean background count 15/sec.

of the material could be slowed down. This might perhaps
be achieved by previous induction of specific immuno¬
logical tolerance of this material as suggested by Lance
and Dresser18, by concurrent administration of chemical
immunosuppressants, or by reducing the proportion of
non-antilymphocytic IgG in the preparation. These
possibilities are being investigated.
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Effects of Corynebacterium parvum on
Immunological Unresponsiveness to Bovine

Serum Albumin in the Rabbit
The immunological response of adult rabbits to bovine
serum albumin (BSA) can usually be completely suppressed
by an intravenous injection of 10 mg of centrifuged bovine
albumin (CBA), but this unresponsive state can in turn
be prevented by the injection of a heat-killed suspension
■of Corynebacterium parvum at the same time or 6 days in
advance1. C. parvum also augments the production in
the adult rabbit of anti-BSA antibody to either CBA
or partially aggregated BSA, and at the same time en¬
hances the relative binding affinity of the antibody2-3.
We have now been able to show that in neonatal as distinct
from adult rabbits C. parvum does not impede the induc¬
tion of immunological unresponsiveness to BSA, and that
in adult rabbits a suspension of the organism is ineffective
as a means of abrogating a state of unresponsiveness
already established.

Experiment 1. In the first experiment, eleven newborn
New Zealand White rabbits were injected intraperitoneally

pretreajvcnt : with 2 mg (dry weight) of a heat-killed sua-
normal horse i^> pension of C. parvum2 less than 12 h after

birth and they, together with ten control
rabbits, were injected intraperitoneally
with 100 mg BSA 6 days later. There was
no further treatment until the rabbits were

3 months old, when they all received 50 mg
BSA intravenously. They were bled every
third day for 30 days, when a second injec-
tion of 50 mg BSA was given and the rabbits
were bled for another 30 days. Sera were
tested for anti-BSA antibody by the Farr
technique4 using 0-20 pg N BSA* and 0 02
pg N BSA* antigen concentrations as
previously described2.

The ten control rabbits, which received
100 mg BSA 6 days after birth, did not
produce detectable anti-BSA antibody after
the first injection of BSA, and the same was
true after the second challenge for the nine
rabbits which survived. Of the eleven
rabbits which received C. parvum 12 h
after birth, only one produced detectable

anti-BSA antibody after the primary challenge with
BSA but the amount was not sufficient to permit
measurement of the antigen-binding capacity. The
same rabbit was the only one to respond to the second
challenge, but again too weakly for measurement.
In other words, the injection of the C. parvum
suspension did not interfere with the establishment
of immunological unresponsiveness in neonatal rabbits.

Experiment 2. Six New Zealand White rabbits were
injected intraperitoneally with 100 mg BSA less than 12
h after birth, and 3 months later three of them were
injected intravenously with 10 mg (dry weight) of a heat*
killed suspension of C. parvum. Both groups of three
rabbits received 50 mg BSA intravenously 6 days later
and were then bled every third day until day thirty of the
primary response, when they received intravenous
injections of 50 mg BSA and were bled every third
day for another 30 days. The primary and secondary
sera were tested for anti-BSA antibody as in the first
experiment.

The antibody responses of the control rabbits and of
those treated with C. parvum were identical. Two rabbit*
from each group did not produce detectable anti-BSA
antibody after primary or secondary stimulation with
BSA. One rabbit from each group produced low levels
of anti-BSA antibody in the primary and secondary
responses but the amounts were too low to determine
antigen-binding capacities. In other words, C. parvum
does not abrogate the state of unresponsiveness estab¬
lished by the neonatal injection of 100 mg of BSA.

Our findings on the effects of C. parvum on immuno¬
logical unresponsiveness in adult1 and neonatal rabbit*
agree with the results of other experiments. In adult
animals, the induction of unresponsiveness can be readily
blocked by adjuvant materials such as BCG7, Salmon¬
ella typhosa endotoxin8, actinomycin D9, zymosan1*, a*
well as by C. parvum1. In neonatal rabbits, on the
other hand, it has been shown5 that large amounts of
bacterial endotoxin do not block the induction of neonat-
ally induced unresponsiveness to BSA, and that rabbit*
1 day old injected with Freund's adjuvant and 5 days later
with 100 mg human serum albumin become unresponsive
to the HSA molecule8.

These results indicate that either the mechanism of the
induction of unresponsiveness is different in the neonate
and adult animal, or that neonatal and adult animals ma)
be affected to different degrees by various adju\ant
materials. The observed differences could arise
relatively massive doses of antigen, with respect to body
weight, administered to neonatal animals in order trt
induce a profound degree of unresponsiveness; onJ)
relatively small quantities of aggregate-free antigen an-
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needed to induce a profound degree of unresponsiveness
in the adult rabbit1. Certainly Paraf et al.• report that
complete Freund's adjuvant does block the induction
of unresponsiveness in the neonatal rabbit to 1 mg HSA.
Smith5, however, indicates that bacterial endotoxin does
not block the induction of unresponsiveness to various
doses of BSA in the neonatal rabbit. Whether unre¬

sponsiveness to high and low doses induced in the neonatal
and adult animals arises by different mechanisms or
simply results in varying durations or degrees of unrespon¬
siveness remains to be determined. The mechanism of
adjuvant action of many substances is still unknown,
although with the accumulation of recent data about the
induction of unresponsiveness, it would appear that
adjuvant materials augment the production of antibodies
simply by blocking the induction of unresponsiveness.

The question which now arises is why materials such as
C. parvumj which act as powerful adjuvants in adult
animals, apparently possess no adjuvant activity in
neonatal animals. Elucidation of these differences may
throw light on the maturation processes of the lymphoid
tissues and on the role of different cellular elements in
the initiation of the immune response.
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Medical Research Council.
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Histidine Decarboxylase Inhibitors and the
Survival of Skin Homografts

Chang and I (unpublished results) have observed that skin
homografting in rats results in a significant increase in
urine histamine excretion and that the greatest histamine
excretion occurs within a 3 day period of the observed
time of graft rejection. The possibility that intracellular
histamine metabolism and histamine formation from
histidine decarboxylase activity might be involved in the
mechanics of homograft rejection led to the present study
of the effect of histidine decarboxylase inhibitors on rat
skin homograft survival.

Three histidine decarboxylase inhibitors were used—
the alpha hydrazino analogue of histidine, semicarbazide
and NSD-1055 (4 bromo-3-hydroxy benzyloxyamine).
The effectiveness of the alpha hydrazino analogue of
histidine and NSD-1055 as potent inhibitors of histidine
decarboxylase has been described1, while the combination
of semicarbazide administration and a pyridoxine deficient
diet has been reported2 to reduce histidine decarboxylase
activity to 10-20 per cent of normal.

The histidine analogue (aHH) and NSD-1055 were
injected intraperitoneally and the semicarbazide was given

87 1

subcutaneously. Control injections of physiologic saline
solution were given intraperitoneally twice daily. Injec¬
tions were started on the day before grafting and each
was 1 ml. They were continued daily thereafter.

Skin homografts of standard size were carried out
between the inbred P.A. and Lewis rat strains. Circular

grafts of abdominal skin 3-5 centimetres in diameter were
cut from a pattern and were secured to an area of equal
size on the back of the recipient by means of small Michel
clips. All of the recipients were females and weighed
approximately 200 mg. The grafts were not covered by
dressings and the animals were kept in individual cages.
The grafts were inspected daily and the percentage of
rejection was recorded. Any portion of the graft which
was hard and obviously devitalized was regarded as
rejected. The use of a comparatively large graft of
standard size on animals of uniform size permitted cal¬
culation on a daily basis of the percentage of total grafted
area rejected in any group of animals as a pooled rejection
response. In the calculation of mean survival time of
grafts, any graft with 50 per cent or more rejection was
regarded as rejected.

Table 1. SUMMARY OF SKIN HOMOGRAFT SURVIVAL TIMES

Mortality
Total Mean Range of Change of rats

No. of Treat¬ daily survival survival against before
rats ment" dose time (days) controls completed

(mg/kg) (days) (per cent) rejection
PJL. to Lewis

20 Control 6-4 5-8 1/20
20 aHH 200 130 6-29 +1031 2/20

Lewis to P.A.

20 Control 8*1 6-14 0/20
20 aHH 200 20-9 13-33 + 170t 6/20
10 PDD 10-1 7-14 +25: 0/10
10 SC + PDD 100 35-5 27-63 + 3401 4/10
10 NSD 100 130 5-20 +60: 3/10
10 NSD 150 13-5 8-20 + 67 f 2/10
• aHH, a hydrazino histidine; PDD, pyridoxine deficient diet; SC, semi-

carbazide, NSD. NSD-1055.
t 0-01 significance level by Wilcoxon rank sum test,
t 0-05 significance level by Wiicoxon rank sum test.

Twenty control Lewis rats were grafted with P.A. skin
(Table 1). The median survival times of these control
grafts was 6*4 days. When 20 P.A. to Lewis grafted
animals were given 100 mg/kg of aHH twice daily, the
median survival time was increased significantly to 13-0
days.

Twenty control Lewis to P.A. homografts had a
median survival time of 8*1 days. Administration of aHH
(100 mg/kg twice daily) prolonged the median survival
time of grafts to 20-9 days. The inhibition of graft rejec¬
tion was even more impressive when the cumulative total
area of rejected graft in thirty aHH treated rats was

compared on a daily basis with the area of rejection in
twenty control rats (Fig. 1). »

The greatest time of survival for grafts in Lewis to
P.A. grafted animals was obtained by giving semi¬
carbazide (SC) to pyridoxine deficient diet rats. The
animals received semicarbazide (50 mg/kg) twice daily.
The pyridoxine deficient diet (PDD) was started 10 days
before grafting. The median survival time of animals on
PDD only was 10-1 days. When SC was given in addition
to the PDD, the median survival time was increased to
35-5 days. The cumulative total area in which grafts were
rejected was less than that of control rats and rats given
PDD only (Fig. 1). NSD-1055 was less effective in
increasing the survival of Lewis to P.A. skin homografts.
The median survival time for 100 mg/kg once daily was
13-0 days and that for 75 mg/kg twice daily was 13-5
days. Work in progress suggests that the dosage level of
SC is more critical than the duration of PDD prior to
grafting and that PDD also enhances the rejection
inhibiting action of aHH.

This investigation does not establish the biological
mechanism by which these histidine decarboxylase
inhibitors prolong survival of skin homografts. The
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Are 'new' antigenic determinants exposed on aggregated bovine
serum albumin?

JANA STRAMBACHOVA-MCBRIDE, W. H. MCBRIDE & D. M. WEIR Department of Bacteriology,
University ofEdinburgh, Edinburgh, Scotland

{Accepted for publication 21 June 1979)

SUMMARY

Antigenic specificities of native monomer, heat-denatured monomer and heat-polymerized BSA
have been compared serologically. Distinct differences between monomer and polymer prepara¬
tions were observed with respect to their ability to inhibit each other's binding to antibody and
also between their respective rates of dissociation from immune complexes. While it would be
possible to interpret the results in terms of the appearance of'new' antigenic determinants on the
polymerized antigen, the results are best explained by an enhanced capacity of polymerized BSA
to establish polyvalent binding to antibody of low intrinsic affinity.

INTRODUCTION

There are numerous reports that describe 'new' or 'hidden' antigenic specificities exposed on aggregation
of serum protein antigens, in particular immunoglobulins (Henney & Stanworth, 1965; Hirose & Osier,
1967a; Apicella & Allen, 1970) and serum albumins (Wolberg, Liu & Adler, 1970). Indeed the binding
of rheumatoid factors to human immunoglobulins, which is greater if the antigen is aggregated, is
frequently thought of as requiring exposure of 'new' antigenic determinants (Henney & Stanworth,
1965).

In most of these studies the conclusions were derived from the observation of additional reactivity by
aggregated antigens in precipitation, agglutination or complement fixation tests. These tests are, however,
unable to assess the contribution that binding of low avidity antibody by aggregated, as opposed to
monomer, antigen might make to the detection of these additional reactivities. Other reports have
suggested that the polyvalency of aggregated human IgG (Hirose & Osier, 1967b; Eisenberg, 1976) and
cytochrome C (Reichlin, Nisonoff & Margoliash, 1970) could enhance antibody binding and explain
differences in serological behaviour of the aggregated and monomeric antigens.

In this report we re-examine the meaning of the term 'new' antigenic determinants on aggregated
antigens in the light of our experiments on the serological behaviour of heated-polymeric, heated-
monomeric and native bovine serum albumin. The assay system chosen was competitive inhibition of
the primary binding of antigen to antibody. This inhibition method allows the antigens to compete with
one another over a wide range of concentrations and to display quantitative and qualitative differences
in their serological behaviour. It yields considerably more information and is not subject to the same
limitations in interpretation of data as the assays based on secondary antibody reactions such as precipita¬
tion, agglutination and complement fixation.

Correspondence: J. Strambachovi-McBride, Department of Zoology, University of Edinburgh, West Mains Road,
Edinburgh, Scotland.
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MATERIALS AND METHODS

Bovine serum albumin (BSA) preparations. Native monomer BSA (n.\l BSA) was prepared from Cohn Fraction V (Armour,
Eastbourne, UK; batch NM 2072) by chromatography of 1 g samples on 2-5x 100 cm Sephadex G100 column. The
procedure gives n.\l BSA pure of polymers, globulin (Janatova, Mikes & Sponar, 1968; Strambachova-McBride, 1974) or
endotoxin (Dvorak & Bast, 1970). The other antigens were prepared from nM BSA (Strambachova-McBride, 1974). Twenty
millilitres of 1% nM BSA in saline (ionic strength 0-2) was adjusted to pH 3-8 with 0-2 m HC1, and heated at 60JC for 60
min. The resulting gel was immediately cooled on ice and left overnight at 4°C. The pH was adjusted to 7-6 with 0-2 m
NaOH added drop-wise with stirring and the gel allowed to dissolve overnight at 4°C. The opalescent solution was centrifuged
(1000 g for 15 min) and the supernatant separated on Sephadex G100 into heated monomer (hM BSA), and heated polymers
(hP BSA). These fractions were concentrated (Centriflo cones, Amicon, High Wycombe, UK) and recycled through
Sephadex G100. The nM, hM and hP BSA were stored at — 20°C until used. Electrophoresis on polyacrylamide gel columns
(Maizel, 1969) showed that nM and hM BSA preparations contained 98% monomer, traces of dimer and no other detectable
oligomers; hP was a mixture of dimer, oligomer and aggregated material w ith monomer contamination < 16%.

Antisera. These were-raised in female NZW rabbits. Primary response sera were collected 20 days after i.v. injection of
30 mg of nM of hP BSA in saline. A challenge dose of 20 mg was given 40 days after primary immunization and secondary
response sera were collected after a further 9 days.

Serology. The techniques were based on an ammonium sulphate assay (Minden & Farr, 1967) using BSA antigens labelled
with 125I by the chloramine T method (Hunter, 1973). Cross-reactivity was tested by using unlabelled antigens (inhibitors) to
inhibit the binding of each radiolabeled preparation (tracers) (Linscott, 1973). 0*5 ml of 10-l-105 ngN unlabelled inhibitor
were added to duplicate 0-5 ml aliquots of an antiserum dilution (in 1:10 normal rabbit serum), previously determined to
bind around 50% of 0 01 //g N tracer. After 18 hr at 4°C, the tracer (0-01 /vg N) was added and the mixture equilibrated for
a further 18 hr. Control tubes received diluent (1:100 normal rabbit serum in borate buffer, pH 8-4, ionic strength 01)
instead of the inhibitor. Bound antigen was precipitated in 40% saturated ammonium sulphate. The tracer bound in the
presence of inhibitor (Bx) was expressed as a percentage of that bound in its absence (Bo): Bx/Box 100 (Minden & Farr,
1967; Strambachova-McBride, 1974). Bx/Box 100 was plotted against log concentration of inhibitor, and a curve fitted by
eye.

Dissociation. Dissociation of 125I-BSA-antibody complexes was performed as described by Minden & Farr (1967). A
tracer (0-01 //gN/ml) was equilibrated with an antiserum overnight at 4°C (Bo). Unlabelled BSA was added to 5 //gN/ml, and
the dissociation of bound tracer was measured at 1, 2, 3, 6, 24 and 52 hr (Bx). Be/Box 100 was plotted against time.

Avidity index. This was calculated as the ratio between the antibody binding capacities (ABC) determined at two different
concentrations of l25I-BSA, i.e. ABC at 001 /igN/ml:ABC at 010 N/ml (Minden & Farr, 1967). Values of the index < 10
are indicative of the presence of antibody with a rapid dissociation rate.

RESULTS

Seven different sera were examined but the manner in which nM, hM and hP BSA competitively
inhibited each others' binding will be illustrated using four antisera as examples; these are primary (1°)
and secondary (2°) response sera to nM, BSA and hP BSA.

nM BSA and hM BSA have identical antigenic determinants
nM and hM BSA behaved identically when used either as radioactively labelled tracer antigens

(compare Fig. la & b) or as unlabelled inhibitors of the binding of nM* (Fig. la), hM* (Fig. lb) or hP*
(not shown) BSA. From these and other results it was concluded that nM BSA and hM BSA were

antigenically identical and to simplify the presentation only the reactions of nM BSA will be used to
illustrate the behaviour of both monomers.

Differences in reactivity between nM and hP BSA
hP BSA reacted in a manner different from nM BSA in some respects with 1° and 2° response antisera

to both polymeric (Fig. 2) and monomeric (Fig. 3) antigens.
(a) Partial loss of antigenic determinants from hP BSA. Unlabelled hP BSA inhibited the binding of

nM* BSA to antibody in a quantitative fashion (Fig. 2a, c; Fig. 3a, c). However, on a weight for weight
basis, hP BSA was a less effective inhibitor than nM BSA. This finding indicates that hP BSA expressed
less native determinants per ng than did the monomer. The effect was most readily demonstrated with
2° (four-fold Fig. 2c; two-fold Fig. 3c) rather than 1° response sera.

(b) 'A/fw' antigenic determinants on hP BSA. It was noted that the binding of hP* BSA was harder to
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Fig. 2. Competitive inhibition by nM and hP BSA using anti-hP BSA sera. 1° response serum (a,b) and 2°
response serum (c,d). Tracer nM* (a,c) and tracer hP* (b,d). Inhibitors nM (•—•) and hP (■ ■). Serum
dilutions 1:90 (a,b); 1:4000 (c); and 1:2300 (d).
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Fie. 3. Competitive inhibition by nM and hP BSA using anti-nM BSA sera. 1° response serum (a,b) and 2°
response serum (c,d). Tracer nM® (a,c) and tracer hP® (b,d). Inhibitors nM (•—•) and hP (■ ■). Serum
dilutions 1:25 (a,b) and 1:100 (c,d).

inhibit than was that of nM* BSA using any of the unlabelled preparations, a phenomenon found mainly
with 1° response sera (Figs 2 & 3; compare a with b). When inhibition of hP* BSA binding by nM BSA
and hP BSA were compared, marked differences were found, again particularly when 1° response sera
were used. In antigen excess (bottom right of curves in Figs 2b & 3b) nM BSA was far less efficient than
hP BSA. In contrast, in antibody excess (upper left of curves in Figs 2b & 3b) the inhibitors were equally
efficient.

These differences were found irrespective of whether the sera were raised against polymerized (hP
BSA) or native (nM BSA) antigens (Figs 2b & 3b).

The relatively greater efficiency of hP BSA than nM BSA at inhibiting in antigen excess the binding
of hP* BSA could be taken to mean that hP BSA possessed 'new' determinants not expressed on the
native molecule. However, it can be seen that nM BSA, albeit at high concentrations, could completely
inhibit the binding of hP* BSA (Fig. 3b). A more likely explanation of the differences is that hP BSA
binds low affinity antibody better than nM BSA. Consistent with this latter explanation is the finding
that the differences between nM and hP BSA were more prominent when 1° rather than 2° response
sera were used. Also consistent were measurements of the dissociation of nM and hP BSA from antigen-
antibody complexes, and their avidity indices for antibody (next section).

(c) Dissociation rates and avidity indices. hP* BSA dissociated more slowly than nM* BSA from their
respective complexes with 1° response sera (Fig. 4a). However, when 2° response sera were used the
dissociation rates were similar (Fig. 4b). These differences in the rates of dissociation correlated with
differences in the avidity indices: 1° serum—0-17 for nM* and 0-28 for hP* BSA; 2° serum—0-71 for
nM* and 0-78 for hP BSA. These findings indicate that hP BSA binds low affinity 1° response antibody
more efficiently than does nM BSA and that this difference is less obvious when higher affinity 2°
response antibody is bound.
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Flo. 4. Dissociation rates of nM BSA (•) and hP BSA (■) from anti-nM sera. 1° response serum (a) and 2°
response serum (b). Dissociation of the tracers (0 01 //gN/ml) was determined after addition of unlabelled
excess homologous antigen (5 //gN/ml).

DISCUSSION

The antigenic specificities of monomer and polymer BSA were compared using an assay that allowed
the antigens to inhibit competitively each other's primary binding to antisera raised against either
preparation. The conclusions drawn from the present study were as follows: (a) both native (nM) and
heated (nM) monomer BSA preparations behaved as though they were antigenically identical; (b) poly¬
merization (hP) of BSA resulted in a loss of some 'native' specificities per unit of weight; but also (c) hP
BSA appeared to gain specificities as compared to monomer in that its binding to antisera was less
readily inhibited; in this inhibition unlabelled hP BSA was more efficient than nM BSA. While this
last result could be interpreted as the appearance of 'new' antigenic determinants on the polymerized
antigen we present evidence to suggest that it is more likely to be due to enhanced binding of low avidity
antibody by polyvalent antigen. First, monomer BSA in sufficient concentration did completely inhibit
binding of the polymerized BSA. Second, the effect was seen with sera raised against both monomer and
polymer preparations. Third, the preferential binding of hP BSA was best seen with low avidity primary
response sera and in conditions ofantigen excess, conditions under which the dissociation rate ofpolymer
from complexes was considerably slower than for monomer BSA.

There are many reports that describe the appearance of 'new' antigenic determinants on aggregated
immunoglobulin (Henney & Stanworth, 1965; Hirose & Osier, 1967a,b; Henney & Ishizaka, 1968;
Apicella & Allen, 1970) or BSA (Wolberg it al., 1970). As in the present study, antibody that defined
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the new specificitv{s) was often found temporarily during the early response to aggregated as well as to
native monomer antigens (Hirose & Osier, 1967a; Wolberg et al., 1970). In all of these studies the pre¬
sence of the 'new' antigenic specificity(s) on aggregated antigen and its absence on monomer antigen
was demonstrated by techniques requiring the formation of insoluble antigen-antibody precipitates. We
believe that many of these reports on 'new' antigenic determinants on aggregated antigens may be
dealing in fact with the detection of low avidity antibody by aggregated antigen. In support of this con¬
tention Hirose & Osier (1967b) showed that, while only polymerized and not monomeric human Ig would
precipitate with RF, both preparations would sensitize SRBC for agglutination by RF. More recently,
Eisenberg (1976) demonstrated that binding of a polyvalent monoclonal RF (antibody) to aggregated
human IgG (antigen) was enhanced compared to binding to monomer IgG, but that univalent Fab
fragments of this RF could not distinguish between aggregated and monomer IgG. Similarly, inter¬
actions of univalent subunits of RF with monomeric and aggregated IgG had the same binding constant
(Normansell, 1971)-. Although polymerized cytochrome C reacted more strongly than monomer in
quantitative precipitation or complement fixation tests, the additional reactivity of polymer was com¬
pletely inhibited by excess of the monomer (Reichlin et al., 1970). The last group concluded that the
difference in serological behaviour was not due to a new specificity and 'could be accounted for by
increase in antigenic valence on polymerization'.

Polymerization of antigen may facilitate its binding to antibody of low intrinsic affinity either because
of the polyvalency of the antigen and/or because of an increase in non-specific intermolecular interactions
(Pauling, 1946) resulting from denaturation of the antigen. By analogy with other systems, multivalent
interaction would be more stable than a bond between antibody and paucivalent monomer (Sarvas &
Makela, 1970; Hatcher & Makela, 1972; Hammarstrom, 1973).

If our interpretation of the present findings is correct then the enhanced immunogenicity of serum

protein antigens that results from their aggregation (Frei, Benacerraf & Thorbecke, 1965; Anderer &
Schlumberger, 1969; Chiller & Weigle, 1971; Borek, 1972; Weigle, 1973; Strambachova-McBride, 1974)
may be due to more efficient antigen processing (Mitchison, 1969; Spitznagel & Allison, 1970) or multi¬
valent presentation of antigen (Moller, 1970; Mitchison, 1971) rather than to the provision of 'new'
specificities capable of recruiting additional T or B lymphocytes. In addition it should be realized that
there may be a large amount of antibody stimulated early in the immune response to antigen that has a
very low avidity for that antigen and that this may be mistakenly thought of as 'non-specific' antibody
production.
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Clinicians and research workers interested in cancer prefer to believe that (

tumours are influenced by a variety of host mechanisms, rather than being totally
autonomous. Host resistance to cancer has long had particular appeal, because
one day we might be able to control or even cure the disease by boosting or
awakening host defences. Thus, in a report published in the 1806 edition of the
Edinburgh Medical and Surgical Journal [1], 20 years before the discovery of the
cell, a committee for the investigation of cancer asked: What factors dispose to
cancer? What is the nature of precancerous changes? What is the significance of
lymph node reactions?, and is there 'any native or acquired habit of the body that
may dispose to or resist the influence of cancer?' In 1909 Ehrlich [2] suggested that
'if these (immune) mechanisms did not exist, we could expect that carcinomas
would appear with enormous frequency.'

Burnet in 1957 [3] and Thomas 2 years later [4] crystallised the idea of host
resistance to cancer in the process which Burnet called 'immunological sur¬
veillance'. Surveillance was by specific T cells which eliminated frequently arising
neoplasms, and overt cancer was seen as a consequence of failure of the T cell
system. In recent years this theory has been extensively reappraised and found
wanting—not because it is necessarily completely wrong, but because it is too
restrictive and is of little relevance to clinical cancer and its treatment.

Many mechanisms besides T cells are now known to be able to resist neoplastic
growth and spread. The mechanism that is important will vary with the tumour,
but three crucial questions must be asked: How effective is each mechanism?
I nder what circumstances does it operate? How can its efficiency be enhanced by
therapeutic agents? Answers to these questions are required if immunotherapy is
to gain a place as a treatment and if optimism in this line of research is to be
justified. This article seeks to answer the questions. The examples used are highly L
selective, and the opinions expressed are personal.
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Natural Immunity to Cancer

Awareness of the importance of natural immune mechanisms in cancer has been
growing since the early 1970s, when leucocytes taken from normal individuals
were found to lyse cancer cells in vitro. Similar mechanisms have been shown to
operate in vivo.

Natural cytotoxicity is a property shared by subsets of macrophages, gran¬
ulocytes and lymphocytes (NK or NC lymphocytes). Most, but not all, natural
cytotoxic lymphocytes are large granular cells. They display considerable hetero¬
geneity but in general appear to be distant relatives of classical T cells [5,6,]. Little
is known about the nature of cytotoxic granulocytes [7], Cells of the mononuclear
phagocyte system that display natural cytotoxicity are probably relatively im¬
mature [8].

Despite obvious differences between natural cytotoxic cells between and even
within different lineages, it is probably worth emphasising the similarities
between these cells, and asking to what extent they act and interact as a system to
combat cancer in vivo.

Natural cytotoxic cells of all types show a distinct preference for binding
neoplastic as opposed to normal cells. Unlike specific lymphocytes, they do not
display specificity for the antigenic nature of the target. Instead the recognition
system of lymphocytes [9,10], and possibly also that of macrophages [11], seems
to involve lectin-like molecules that bind to tumour cell glycoconjugates [12]. This
system could confer a pattern of broad specificity on the interactions, with each
effector cell capable of binding perhaps several different targets. It should be
stressed that it is not known how general this recognition system is. It may well
differ depending upon which subset a cell belongs to and its differentiation and
activation status.

Antibody may provide a more sophisticated, specific recognition system by
which these cells can operate. All natural cytotoxic cells possess receptors that
bind the Fc region of antigen-reacted immunoglobulin. With these receptors they
can recognise antibody-coated target cells and trigger antibody-dependent cellu¬
lar cytotoxicity (ADCC). In most respects, NK-NC cells seem to belong to the
same lymphocyte subset as the 'K' cells and 'null cells' responsible for lympho¬
cyte-mediated ADCC [13], and it is likely that the macrophage and granulocyte
subsets involved in natural cytotoxicity can also mediate ADCC.

Following binding, neoplastic target cells are killed by a lytic extracellular
mechanism, provided, of course, that the effector cells have a lytic apparatus to
which the target cells are sensitive. Several possibly cytolytic mechanisms exist.
The predominant one may vary with the subset of cells and their differentiation
and activation status. The heterogeneity observed in natural cytotoxic cell popu¬
lations could determine functional heterogeneity. Heterogeneity may be an
advantage and provide broad activity against a wide range of targets.

Natural cytotoxicity is under both positive and negative regulation. Signals that
boost activity generally fall into two major classes. One class is produced by
lymphocytes in response to antigenic or mitogenic challenge. Several such 'lym-
phokine' factors are active. The other classes are produced as a result of direct
interaction of materials like lipopolysaccharide and concanavalin A with the
effector cells. Potentially important mediators of cytotoxicity are the interferons,
some of which are lymphokines while others can be produced by a variety of cells
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[14]. It is possible that several of the factors affecting cytotoxicity actually operate
by first stimulating interferon synthesis, interferon being one of the final media¬
tors in a pathway of responses [15]. Although interferon can act on more than one
cell type, e.g. NK cells, macrophages and cytotoxic T cells [16], other mediators
may be more cell-specific in their effects [17],

The phenotype and functions of natural cytotoxic cells are frequently altered
following boosting or activation. For example, the range of targets NK cells can
kill may change [13], Macrophages may also change their phenotype and function
following activation, activated macrophages being cytotoxic for tumour cells in a
very non-specific fashion [18]. These phenotypic and functional alterations are
probably the result of cell differentiation or the activation of existing cells.

Natural cytotoxicity is also under negative regulatory control. It can be
depressed by factors such as PGE,. The production of negative regulatory signals
by some tumours may allow them to escape the attentions of host cytotoxic cells in
vivo.

The crucial question of how important natural immunity is to the growth and
spread of cancer in vivo has yet to be fully answered. However, Heberman and
co-workers have shown that mouse strains differ in their levels of NK cell

reactivity in vitro [19]. Mouse strains with high NK activity generally show greater
resistance than strains with low activity. In mice with low NK cell activity, the
metastatic capability of tumours is enhanced. Agents that boost the natural
cytotoxic mechanism enhance resistance to the growth of injected tumour cells.

It can be concluded from these preliminary results that, in the absence of a
specific immune response, natural cytotoxic cells constitute a primitive mecha¬
nism for dealing with a limited number of tumour cells. They may therefore
prevent establishment of metastases, but there is no evidence that they can
eradicate tumour foci once they are established.

Since tumours are transplantable, the system can readily be swamped by excess
tumour cells. Furthermore, because the number of cells that have to be injected in
order to generate a tumour differs enormously, it seems likely that the efficiency
of the system is highly dependent upon the nature of the tumour. The potential of
immunotherapy using agents which boost natural cytotoxic mechanisms is thus
limited.

Before leaving the topic, it is worth speculating why we possess natural cytotox¬
icity. Most neoplasms arise in the post-reproductive years and thus exert little
selective pressure. It is unlikely, therefore, that cytotoxic cells have developed
primarily to combat cancer. They undoubtedly are effective against pathogens,
and this may be their raison d'etre. However, NK cells [20], and occasionally
macrophages [21], have been found to kill fetal fibroblasts and certain
haemotopoietic and lymphopoietic cells [22]. Thus natural cytotoxic cells may
control the development of normal tissues. There are similarities between tumour
cells and progenitor cells for normal tissues and it is not hard to imagine how they
might share recognition structures, such as fetal antigens that could be recognised
b\ natural cytotoxic cells.

Acquired Immunity to Cancer

Complementary to, and interacting with, natural immune mechanisms are those
that are boosted specifically by antigen to give acquired immunity. However, it is
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still questionable whether human tumours have antigens recognisable as foreign
by the host.

The development of monoclonal antibodies for the serological analysis of
human tumour cell surfaces is the only way that unique serologically defined
antigens are likely to be demonstrated on tumours. The source of such antibodies
would, of course, be the B cells of the host, but the production of monoclonal
antibodies suitable for demonstrating reactivity against tumour antigens is tech¬
nically difficult: appropriate monoclonal antibody production demands, as its first
step, the hybridisation of B cells with human plasmacytoma cells, and human
plasmacytoma lines capable of this have only recently become available [23]. At
present, monoclonal antibodies to human tumours are raised largely by hetero-
immunisation and inevitably react mainly with species- or organ-specific antigens.
Of those that do react preferentially with tumours, most, if not all, show no
absolute tumour specificity and probably recognise developmental or differentia¬
tion antigens. Interestingly, they tend to demonstrate marked heterogeneity of
antigen expression by cells within a tumour [24]. In general, while monoclonal
antibodies will prove invaluable for immunodiagnostics, radio-immunolocalisa-
tion and drug-antibody targetting, they are unlikely, with rare exceptions [25], to
prove themselves as effective therapeutic agents. Passively transferred antibody
does not often cause tumour regression and. paradoxically, more often stimulates
tumour growth [26].

In animal models T cells are known to be more potent than antibody in causing
tumour regression and it is therefore important to know whether patients make
specific T cell-mediated responses to their tumours. The demonstration of
tumour-specific antigens by serological means does not help us to answer this
question. The reason is that T cells have a narcissistic obsession with self HLA
molecules. They respond to antigen only when complexed to self HLA, which is
not what antibody normally binds.

The interaction of foreign antigen with their self HLA molecules is essential for
the generation of an immune response. Furthermore, the class of HLA molecule
involved (I or II) determines the type of response. Loss or down-regulation of
HLA determinants, which has been reported for some human tumours [27], could
be a means by which tumours escape the attentions of T cells. Other escape routes
might be the refusal of tumour-specific antigens to associate with the correct HLA
components, or such antigens might mimic, or be, cell-interaction molecules
which suppress or interfere with the immune system [28]. Because of the above
considerations, functional T cell assays must be performed with care, using
lymphocytes and tumour cells from the same patient. Such assays are tedious and
difficult to perform. Furthermore, there is disagreement as to what type of cell-
mediated responses can cause tumour regression [29],

There are two basic forms of cell-mediated immunity which involve different T
cell subsets—cytotoxic T cells and delayed-type hypersensitivity T cells. The
latter release lymphokines which recruit and activate macrophages to function as
the final effector arm. Both these responses can probably cause tumour regres¬
sion, although conclusive experiments, particularly on the role of cytotoxic T
cells, have not yet been performed. These and other problems in identifying the
nature of the cytotoxic cells have led to much criticism of the many reports which
suggest that lymphocytes from cancer patients respond to their tumour in func¬
tional T cell assays [30]. However, two important recent advances have been
made which have helped to clarify this issue. Monoclonal antibodies now allow
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the identification of human T cell subsets with different functions, and, using T
cell growth factor (a lymphokine), it is possible to clone individual functional T
cell units. The results from studies employing these techniques show that a
reasonable percentage of patients have T cells that can respond specifically to
their own tumour in vitro either with proliferation or with cytotoxicity [31]. In
time these studies will be extended to analyse the antigens that are being recog¬
nised, provide evidence on the uniqueness or cross-reactivity of these antigens
and identify the reasons why only some individuals appear capable of responding.
Only when responses can be analysed at this level will immunotherapy to elimin¬
ate tumour deposits in individual cancer patients begin to show promise.

Conclusions

In the past decade, out of the theories of immunological surveillance, a realistic
general approach to host resistance in cancer has been developed. Questions such
as whether cancer is a common occurrence held in check by an immune system
that has as its main aim in life the destruction of aberrant cells are avoided in
favour of questions more relevant to the treatment of cancer patients. A mark of
the new approach is recognition of the diversity of anti-tumour responses and
heterogeneity within each response. Each patient is seen to have a unique and
ever-changing blend of responses. Some of these are beneficial, some harmful and
some without effect. The overall composition of the response is determined by
many factors. The effector mechanisms are regulated by various host cell-cell
interactions and by soluble mediators that dictate the differentiation and activa¬
tion status of the cells and hence their functional expression. The balance will be
affected by tumour cell antigens and products and also by clinical intervention
with drugs, surgery and radiotherapy.

The heterogeneity of host resistance mechanisms makes the disappointing
results of the immunotherapy trials performed in the 1970s scarcely surprising.
Only with careful step-by-step investigation of the immune responses in individ¬
ual cancer patients and choice of a therapeutic regime tailored to that patient's
needs, can we hope to assess the potential contribution of immunotherapy to
cancer treatment.
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Since the initial demonstration by Rosenau and
Moon [1] that cell-mediated immune responsiveness
can be expressed in ciiro, a variety of assays for this
aspect of immunity have been developed. A number
of these have been applied to the problem of measur¬

ing states of cellular reactivity against tumours; the
aim is to assess in humans the effects of therapy on
the course of the disease, and in animals to determine
the importance of cellular reactions to tumours and
the mechanisms by which these responses are initi¬
ated.

The keystones for much of the impetus of the
research into cellular reactivity to tumours, especially
in the clinical arena, have been the colony inhibition

•• "assay described by Hellstrom [2, 3] and the micro-
cytotoxicity test of Takasugi and Klein [4], later
modified by Hellstrom et at [5]. Early reports with a

variety of human tumours showed that patients'
peripheral blood lymphocytes displayed tissue-type
specificity. The lymphocytes were found to react
mainly with tissue culture cells derived from neo¬

plasms that were histologically similar to the

patient's. This suggested that tumours of the same
histological type shared antigens [5]. More recent
work has cast doubt on this conclusion. Assessment
of the results of these assays is further complicated
by reactivity of 'normal* control lymphocyte
populations. For discussion of these points see p.
36.9 and references 6 & 7. Until the specificity, or
otherwise, of cell-mediated reactions for tumour-
associated antigens is better defined it is doubtful if
these tests can be considered as useful for prognosis
or therapy in cancer patients.

The bare requirements for an assay of cellular
reactivity against tumours are that it can be standard¬
ized, quantified and the result interpreted in a
meaningful fashion. While no test completely fulfils
these stipulations it is true to say that in experimental
animal models, in vitro tests have proved, and are
proving, valuable in increasing our understanding of
how anti-tumour responses are generated and ex¬
pressed. In the clinical situation better understanding
of the many influences that result in the observed
reactions gives some hope for the future.

36.1



36.2 Cellular antigens and products

Table 36.1. Assays for cellular reactivily of lymphoid cells against tumours

(a) Inhibition of tumour colony formation
(b) Microcytotoxicity tests: assessment of remaining viable

tumour cells by counting

(c) Microcytotoxicity tests: assessment of remaining viable
tumour cells by radioisotopic techniques
(1) Uptake of "Rubidium
(2) Uptake of '""Technetium
(3) Uptake of Na"CrO»
(4) Uptake of 3H-thymidine
(5) Uptake of '2 5l-iododeoxyuridine

(d)Cytocidal assays measuring release of radioisotopes from
prelabelled tumour cells
(1) 3lCr release

(2) 1 "I-iododeoxyuridine release
(3) 3H-proiine release
(4) 3H-thymidine release
(5) 3H-uridine release

(e) Assays of lymphocyte stimulation by tumour cells or extracts
(f) Assays measuring soluble mediators

1. Leucocyte migration inhibition
2. Leucocyte adherence inhibition

(g) In vitro stimulation of anti-tumour reactivity
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Interpretation of the results of an assay depends
in the first instance on knowledge of the variables
involved. In this chapter some of the variables that
can influence the outcome of lymphoid cell-tumour
cell interactions are discussed as well as how attempts
can be made to control them. Full discussion of cell-
mediated immunity to tumour-associated antigens,
the situations in which in vitro assays have been
used, the conclusions that can be drawn from such
studies, and their relevance to in vivo tumour
resistance can be found in a review by Herberman
[8]. For the use of in vitro cell-mediated cytotoxic
reactions to measure associated humoral immunity
and blocking factors see Hellstrom [9],

Methods of assay

Some of the more frequently used assay systems are
shown in Table 36.1.

Ideally an assay, especially one that may be
adapted to clinical use, should

(a) be simple and rapid to perform,
(b) use small amounts of lymphocytes and other

materials,
(c) have a high degree of sensitivity,
(d) be quantitative with a small error,
(e) be easy to control,
(f) be able to be interpreted in terms of the in vivo

situation.

Most workers have concentrated on measuring the
effector phase of the cellular reaction associated with
killing of tumour cells or inhibition of their growth.
It should be noted that some of the assays do not
distinguish between inhibition of growth of the
target cell and its lysis; nor in many cases do they
take account of simple detachment of target cells
from the surface on which they grow. These three
effects, each of which may be expressed to varying
extents by different lymphoid cell populations, can
all be seen as 'cytotoxic' reactions. This point will be
further discussed with reference to each assay

system.
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Colony inhibition assays

The colony inhibition assay first described by Hell-
strom [2] is sensitive but restricted in its applicability.
Target cells must be able to form colonies in vitro; a
property that most tumour cells in primary or short-
term cultures do not possess. In general the target
cells come from established cell lines that adhere
strongly to plastic, although Jhe requirement for
adherence can to a certain extent be overcome by
performing the assay in agar [10]. Lymphocytes are
added to a petri dish containing a tumour cell mono¬
layer in various ratios of up to or greater than 10 000
to one target cell. The tumour cells that survive the
interaction form colonies over the incubation period;
normally this takes 3-4 days but it may be longer. A
significant reduction in the number of colonies,
when compared with the appropriate control plates,
can be considered to be a positive reaction. In addi¬
tion to the restrictions mentioned above there are
other disadvantages. The assay is not easy technically,
it has a long incubation period and is somewhat
difficult to perform on a large enough scale to allow
reasonable quantitation. A detailed methodology is
given in [9],

Microcytotoxicity assays

The now classical microcytotoxicity test developed
by Takasugi and Klein [4] and later modified by
Hellstrom el al [5] is similar to the colony inhibition
test except that it requires fewer cells and has a
shorter incubation period. It also makes slightly less
strenuous demands upon the technical expertise of
the person performing the assay and upon the growth
potential of the tumour. In this test the number of
viable adherent target cells that remain after inter¬
action with the effector cells over a 24—48 hour
incubation period are counted visually. The follow¬
ing methodology is modified after [9],

Method

(I) Target cells grown in "bottles are washed with
warm Dulbecco's solution to remove fetal calf
serum then trypsinized for as short a period as is
consistent with their removal from the glass (0-2 per
cent trypsin+002 per cent EDTA in Duibecco's
without Ca3 + and Mg3*; 37° C for 1-5 min). A few
ml of tissue culture medium with fetal calf serum

(5 per cent) are added to neutralize the trypsin. The
cells are washed by centrifugation and resuspended
in complete medium.

(2) The target cells are dispensed at concentrations
of 200-2000 cells/ml by pipetting 0 2 ml into each
well of a Falcon No. 3040 (7 mm dia.) microtest
plate and incubated overnight at 37" C.

(3) The cell monolayers are examined the next day
for their adherence to the plate and their general
condition. The number of cells per well will depend
upon the tumour and the initial concentration may
have to be adjusted to give 50-100 cells/well. The
media are removed and lymphocytes are added in
0 2 ml medium at ratios of up to 10 000 to one target
cell.

(4) The plates are incubated for 2 days at 37° C,
the wells washed several times in warm Dulbecco's,
the cells stained with crystal violet and counted.
Detailed methodology of the Takasugi and Klein
version of the test using Falcon No. 3034 (2 mm)
microtest plates can be found in [11],

The test requires healthy target and effector cells
and these aspects will be considered under the
appropt iate headings as will the necessary controls.
In particular it must be remembered that death,
growth, attachment and detachment of tumour cells
can be increased or decreased by a variety of factors.
These include the concentration of effector and
target cells per well, the type of effector cells, the
degree of effector cell activity (low levels may
actually stimulate growth of the target), the presence
or absence of serum, cell metabolites, cell death and
culture conditions such as pH and availability of
nutrients.

While the microcytotoxicity test has advantages
over the colony inhibition assay it is rather laborious
to perform, it is subjective with a large error, and the
number of surviving tumour cells can be influenced
by cell division although this can be reduced by
irradiation of the target cells. The more laborious
aspect of cell counting can be automated by the use
of electronic cell counters [12] or by labelling the
remaining cells with radioisotopes and counting in
a scintillation counter.

iviicrocytoioxiciiy iests have been developed where
residual tumour cells are detected by their uptake of
radioactive materials. These methods can replace
the tedious and possibly subjective procedures
involved in cell counting although they possess
other restrictions associated with the 'classical'
microcytotoxicity tests. The target cells that remain
can be assessed by their uptake of Na51CrO« [13],
"Rubidium [14, 15], ""Technetium [16], 135I-
iododeoxyuridine [17-19] or 3H-thymidine [20], The
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participation of effector cells in the uptake of
isotopes may be a problem with these techniques
although the majority of lymphocytes are removed by
washing [13], The culture period is too short to allow
significant incorporation of DNA precursors by
lymphocytes in blastogenesis. These assays, like the
classical cytotoxic assay, do not distinguish between
target cell death and growth inhibition. Indeed they
are particularly useful in measuring cytotoxic ex¬
pression by activated macrophages [18, 19], a large
component of which may be due to inhibition of cell
proliferation [20]. In such assays monolayers of
macrophages can be used and the incorporation of
labelled DNA precursors" by these effector cells is
minimal [18]. Cautionary notes have been sounded
concerning the incorporation of DNA precursors in
postlabelling assays. Supernatant fluids from macro¬
phage [21, 22], lymphocyte and tumour cell [22]
cultures inhibit the incorporation of 3H-thymidine
[21] and ,J5IUDR [22] into dividing cells presum¬
ably because they contain competing precursors. In
long-term cultures this can lead to gross under¬
estimation of cell proliferation and to misleading
results.

Cytocidal assays—release of radioisotopes

The search for accurate, reproducible and simple
assays has led to the development of radioisotopic
techniques to measure target cell killing; release of
isotope from prelabelled cells is taken as a measure
of their death and therefore of the cytocidal reaction.
Unlike colony inhibition and microcytotoxicity tests
these assays do not measure growth inhibition by
lymphoid cells. The ideal radioisotope would be
incorporated into the cell by a known metabolic
pathway to give a high specific activity. It would be
permanently bound to the cell yet readily released
on its death and not reutilized. It would give
minimal radiation damage and be of minimal
toxicity to the cells and to the workers that handle it.

51Cr release
The specifications of Na"CrO« as a label have been
discussed [23, 24]. Chromate appears to be taken
up by an energy-independent process into the cell
and reduced; 20 per cent of the chromium is found
complexed to cell organelles and the remainder is
probably bound with small organic cations [25],
Uptake is not influenced by the cell cycle [26] giving
it a major advantage in that there is no requirement
for the tumour cells to proliferate and the assay can

be performed on freshly explanted cells. Its toxicity is
minimal [13] and reutilization is low, chromate being
reduced on binding [27], The amount of "Cr
taken up by the cells limits the assay to slightly
higher target cell numbers than are used in the
microcytotoxicity test although in an allogeneic
system a plate microtest has been developed [28, 29];
it has been suggested that uptake of the isotope can
be enhanced by labelling in 0-3 mol/1 (isotonic)
sucrose [13]. While the major advantage of Na5 'CrO*
is that it labels non-dividing cells, a major disad¬
vantage can be high spontaneous release of label
which varies with cell type, may be particularly
marked with cultured cells, and may preclude
assays with incubation periods of longer than 16
hours [30]. This can, however, be long enough to
demonstrate cytocidal effects. In an allogeneic tum¬
our system [23, 31] lymphocyte-mediated release of
"Cr can be detected within 6-9 hours and this
period can be reduced by rocking [32] or by incubat¬
ing for 1 hour at 45° C [29]. It should, however, be
noted that short-term assays may measure different
efTector mechanisms than those requiring a longer
incubation period [33] (p. 36.9); the latter can to
some extent involve in vitro activation of potentially
reactive lymphoid cells [34] and/or the cell popula¬
tions that predominantly react in the assays may
differ [35, 36].

In syngeneic tumour systems use of the "Cr
release assay has largely been restricted to virus-
induced lymphomas and sarcomas [37, 38], and in
man to leukaemias [39, 40] although melanoma cells
have recently been employed with some success [41],
The use of adherent cells was thought to be pre¬
cluded by the high spontaneous release of "Cr that
was probably the result of the procedures involved
in the labelling and harvesting of cells. However,
recently a method has been described for adherent
tumour cells that allows an effector/target cell
incubation time of up to 48 hours [41]; this may
help to extend the applicability of the "Cr release
method to other systems. As in all tests the appropri¬
ate controls are necessary. Of particular relevance
to this assay are the observations that excess cell
numbers can depress "Cr release in a non-specific
manner [29] and that the presence of macrophages
may bring about the same effect [41, 42],

3HI'*C-amino acids and 3H!l*C-uridine release
The use of other radioactive labels for non-dividing
cells such as 3H/,4C-amino acids [7, 43, 44] or
3H/14C-uridine [45] tends to share with chromium
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the problem of high spontaneous release. In ad¬
dition they have the problem that the label can be
reutilized although this can largely be blocked by the
addition of 'cold' precursors.

1Hl'*C-thymidine and 1251-iododeoxyuridine release
Incorporation of radioisotopes into the DNA of the
cell results in a more stable label with less spon¬
taneous release. A cell-mediated cytocidal assay
based upon the release of ,'*C-thymidine from the
nuclei of cells undergoing lysis was first described
by Vainio et al[46], This technique has also been used
by Jagarlamoody et al[47] who employed 3H-thymi-
dine and by others [48, 49] with ,23I-Iabe!led
iododeoxyuridine (125IUDR). These assays are

long term (about 48 hours) and are limited in that
the tumour cells must be capable of proliferation.

The prelabelling of cells with 3H/'4C-thymidine
may be enhanced by methotrexate [50] which sup¬

presses endogenous thymidine synthesis, increasing
exogenous uptake. In these assays normally the
radioactivity that is counted is associated with those
target cells that survive the interaction with lymph¬
oid cells. Solubilization and processing of the samples
is required prior to counting in scintillation fluid.
This is a slow procedure although it can be speeded
up by oxidation of the samples to 3H20 and COi
followed by direct quantitation in a scintillation
counter [50], Other disadvantages in the use of
3H/I'*C-thymidine are that the isotopes can be
reutilized after they are released from the lysed cells
[46], although this can be partially inhibited by the
addition of cold thymidine. 3H-thymidine may itself
be toxic to the cells [51],

The use of 1 "I-Iabelled iododeoxyuridine
(,2!IUDR) has some advantages over labelled
thymidine, not the least being that no sample
solubilization is required before counting. Iodination
of deoxyuridine at the 5' position results in a com¬
pound stearically similar to thymidine which enters
the biosynthetic pathway of DNA [52], Incorporation
can be increased (up to five times) by the addition of
fluorodeoxyuridine (10~4 mol/I FUDR) which
inhibits thymidylate synthetase and reduces the
endogenous pool of thymidine monophosphate [53].
This situation, in the absence ofexogenous thymidine
or thymidine analogue, leads to cell death once the
endogenous pool of thymidine has been exhausted.
125IUDR which has a lower affinity of incorpora¬
tion than thymidine, will be taken up at this stage
when little exogenous thymidine is present [54], The
cells involved are arrested after one replication cycle

[55]. The kinetics of uptake and spontaneous release
by 1231UDR-labelled tumour cells has been examined
[17, 56] as have the chemical and radiation toxicity
associated with FUDR and 1UDR treatment of
cells [17, 57], Reutilization of the label following its
release from lysed target cells does not appear as a
serious problem because thymidine, also from dead
cells, competes for uptake and is preferentially
incorporated. The I23IUDR release assay has been
described in detail [17, 48, 49, 58],

Method

(1) Adherent target cells are passaged to ensure

they are in log phase (perhaps 2 days before use).
(2) The monolayer is washed once with warm

Dulbecco's solution and ,2'IUDR added in medium
with fetal calf serum (0 2-2.0 #/c/ml; specific activity
100 uclfjg; Radiochemical Centre, Amersham,
England). Fluorodeoxyuridine (FUDR) at a con¬
centration of 10"6 mol/1 may be added [58] or
omitted [17]. The bottles are incubated at 37° C for
18 hours. Some workers do this step in the assay

plates [56] although the variation in counts between
wells is higher.

(3) The supernatant is removed and the cells
washed three times with Dulbecco's solution. They
are trypsinized (0 2 per cent trypsin with 0 02 per
cent EDTA) until they can be shaken off the glass
(3 min; 37° C) and a few mis of medium containing
5 per cent fetal calf serum is added. After washing
the cells are added to Falcon 3040-96 well plates
at a concentration of 5 x 103 cells/well in 0-2 ml
(or Linbro FB-16-24-TC, 24 well plates with 4 x 10'*
cells/well in 3 ml [17, 58]).

(4) The cells are incubated at 37° C for 6 hours
and examined to ensure attachment and general
health. The monolayers are then washed twice.

(5) Lymphocytes are added in 0 2 ml fresh medium
at varying ratios (50:1-500:1) to the target cells and
the plates incubated for a further 48 hours.

(6) The supernatant is removed for'counting along
with one wash with Dulbecco's solution.

(7) Adherent cells can be removed by trypsiniza-
tion and counted to give per cent release per well
[58] or the plate can be dried at 37° C, sprayed with
plastic (Nobecutane, BDH Pharmaceuticals, Lon¬
don), the bottom of each well cut out ayid counted
directly.

Additional notes on cytotoxic and cytocidal assays

In microcytotoxicity tests one is looking for death or
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inhibition of growth of the tumour cells caused by
the effector cells. If large numbers of tumour cells
are dying anyway then the sensitivity of the assay
can be poor. Some of the complications in interpre¬
tation of results that can be caused by the high
spontaneous release of isotopes from prelabelled
cells have been discussed elsewhere [17, 58, 59],

Death, growth, attachment and detachment of
tumour cells can be non-specifically increased or
decreased by a variety of factors which have to be
taken into account. Without detailed knowledge of
the system one is employing and without rigorous
controls what may appear to be a striking effect may
in reality be meaningless and a 'negative' or 'posi¬
tive' result may be misleading. There will be some
discussion on how to control some of the variables

following consideration of other assay systems.

Lymphocyte stimulation assays

Assays for specific cellular reactivity to tumours
exist that measure characteristics other than the

cytocidal or cytostatic action of lymphoid cells.
These possess the advantage of not requiring intact
viable target cells. Stimulation of blastogenesis in
immune lymphoid cells by exposure to tumour cells
or to tumour cell extracts can be used as a measure

of immunity. In animal systems this assay has been
performed mainly with virus-induced tumours
[60-64, 73] or their extracts [62, 64) although more
extensive studies have been performed in humans
using both viable tumour cells [65-68] and extracts
[68-70], The blastogenic response is normally eval¬
uated by the incorporation of 3H-thymidine into
the lymphocytes after 4-5 days of culture. If viable
target cells are used then uptake by them can be
prevented by their prior irradiation or treatment with
mitomycin C; both procedures can affect the
stimulatory capacity of the cells [60, 68]. With
freshly excised human tumours some authors find it
unnecessary to treat the target cells, their capacity
to take up the 3H-thymidine label being low [71].
The assay can be shortened in length by measuring
protein rather than DNA synthesis [64, 72, 73],
While the test has the advantages that it does not
require the tumour cell to 'perform' it has the dis¬
advantage that the relationship of the blastogenic
response to the production of cytocidal effector cells
and to the in vivo situation has yet to be fully eluci¬
dated [see 64, 73]. In one study the conclusion was
reached that it did not correlate well with the level
of in vivo immunity [73]. Other problems can lie in

the relatively weak mitogenicity of man) tumour
cell preparations. Full details of the method can be
found in references 60 and 71.

Other assays—inhibition of leucocyte migration and
adherence

Many assays for immunity to tumour-associated
antigens rely upon measuring the activity of soluble
mediators released by primed lymphocytes on contact
with antigen. While such assays are generally con¬
sidered to be measures of T cell reactivity [74] other
cells also release 'active' factors and in many situa¬
tions the mechanisms underlying the observed
effects are rather obscure. They do have the ad¬
vantage of not requiring intact viable target cells.

Leucocyte migration inhibition (LM1) is one such
assay, In animal systems peritoneal exudate cells
from primed animals are inhibited in their migration
by contact with antigen (macrophage migration
inhibition). In man, human peripheral blood
lymphocytes can be cultured in the presence of
antigen and the culture supernatant tested for
macrophage inhibition factor (M1F) by addition to
guinea-pig peritoneal cells [75]. Most workers,
however, test directly for inhibition of migration of
the peripheral blood leucocytes when in the presence
of tumour antigen [76-78]. Clausen's [79] modifica¬
tion of the test in which the cells migrate in agarose
has also been usefully applied [80, 81], The mechan¬
isms underlying some of the observed reactions in
the LMI test remain to be clarified and it should be
noted that the presence of antigen-antibody com¬
plexes can inhibit migration [82].

When exposed to the sensitizing antigen, primed
leucocytes have a decreased ability to adhere to glass
surfaces [83, 84], This leucocyte adherence in¬
hibition (LAI) assay has, in different forms, been
applied to the measurement of reactivity to tumour-
associated antigens [84-87], Recent results suggest
that the peripheral blood monocyte [87] is the cell
that loses adherence following the reaction of surface
antibody with tumour-associated antigen [88].

Controls

The difficulties involved in providing the correct
controls for these assays, especially in the human
situation, have led to some problems in interpreta¬
tion of results. Tied to this is the lack of a clear
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understanding of what constitutes 'specificity" and
how one can readily demonstrate specificity in an

assay system.
In humans it is necessary to test lymphoid cells

from non-tumour-bearing individuals although it is
hard to cover the variation in the lymphoid cell
population caused by the disease, the age of the
patients and the effects of serum factors that could
mask effector function. In addition, as has already
been mentioned, 'normal' individuals can display
non-selective reactivity to tumours [6, 7, 89-91] (p.
36.9). Target cell controls can also cause problems.
There is a lack of standard 'positive' cell cultures for
use in assays and the sensitivity of the cultures to,
for example, the cytotoxic action of lymphoid cells,
can fluctuate [92], Normal cells of the same histo¬
logical type are a good control but may be hard to
obtain and may vary in their properties from the
tumour in ways other than antigenicity, e.g. in their
ability to be lysed. The use of unrelated tumours as
controls presents the same problem. These difficulties
can be partially overcome by statistical analysis of a
number of effector cell populations reacting with a
number of target cell populations; this allows estima¬
tion of the degree of selective reactivity [7, 93],

In animal models the problem of controls is not
quite so acute as the assays can be better quantitated
and the starting materials are normally superior.
However, here too, normal cell populations and
non-related tumour controls are essential not only to
ensure the selectivity of the reactions but to control
for the effects of cell concentration, pH changes,
growth-stimulating factors etc. In setting up the
assays the different treatments should where possible
be randomized as to the time they are performed,
their positions on the assay plate etc. (see Appendix
1); failure to randomize can result in misleading
interpretations.

Target cells

The choice of technique for assessing cellular
reactivity against tumours is to a large extent dictated
by the characteristics of the available tumour cell
preparations. The tumour may or may not be readily
rendered into a single cell suspension, it may not
survive long or proliferate to any extent in culture,
it may grow for example only when attached to glass.

One may have to choose between the use of prim¬
ary or long-term cultures as targets. Here we could
have a swings-and-roundabouts situation. Primary

cultures are often very heterogeneous as a cell
population, they may contain lymphoid cells and
antibody bound to the cell surfaces that could
interfere with the assay. Only a small per cent of
cultures from solid human tumours survive well in
culture (20 per cent, [92]; see also [94]) and only a
fraction of these will grow well enough to be suitable-
target cells for a microcytotoxicity test. Because they
are not adapted to their in vitro environment,
primary cultures are very sensitive to minor changes
in tissue culture conditions. The use of established
cell lines avoids these problems. However, cells in
culture may change in their morphology, cytologic
detail and/or chromosome complement, and they
may lose or gain antigens perhaps as a result of viral
or mycoplasmal contamination. On balance the use
of short-term cultures is perhaps desirable if only to
give more comparisons with long-term cultures.
Some workers suggest that short-term cultures are
more sensitive in microcytotoxicity assays [92, 95],
although this point is in dispute [91],

Initiation of cultures

Certain of the assays, in particular the micro¬
cytotoxicity tests, require healthy tumour cells. In
order to obtain these there are many variables that
have to be controlled. For background information
on the initiation of primary cultures and tissue
culture in general the reader is referred to reference
[96],

Initiation of cell cultures often requires the dis¬
sociation of cells from tissues The choice of tech¬

nique depends upon the type and sensitivity of the
cells and the extracellular material. In experimental
situations the tumour should be of a chosen size,
free from infection and ulceration and not be from
animals that are uraemic and sick.

Method

(1) Having removed as much normal tissue and
debris as possible, chop or mince the tissue quiie
finely to allow access of a dispersing agent such as
trypsin (01 per cent), pronase, collagenase, papain,
elastase, hyaluronidase or a mixture of more than
one of these. Mechanical dispersion can be used but
is more likely to lead to a lower cell viability.

(2) The mince is washed in Dulbecco's solution
and the supernatant fluid removed and discarded.

(3) The enzymes are added in Dulbecco's along
with DNase (0 002 per cent) to prevent mucoid
clumping of the suspension by DNA from dead
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cells. The treatment is allowed to continue at room

temperature or 37 C, if necessary with mechanical
stirring, for the required period of time (e.g. 30
mins).

(4) At this stage the action of trypsin may be halted
by the addition of fetal calf serum (5 per cent),
although pronase is not inactivated by this treatment.
The cell preparations can be cleaned and clumps
removed by differential centrifugation and'sieving.
It is sometimes useful to remove debris by centrifuga¬
tion through a 50, 75, 100 per cent fetal calf serum

gradient.
(5) Viability and cell yield can be used to monitor

the conditions of dispersion although other tech¬
niques such as speed of attachment or spreading on a
glass surface are more sensitive.

It is important to standardize the complete dis¬
persion process, remembering that enzyme prepara¬
tions vary from batch to batch. The effect of enzyme
treatment on cell surfaces has been stressed else¬
where [97]; it may be detrimental or even beneficial
to the assay in enhancing susceptibility of the cells
to lysis, stripping blocking factors from the surface
of the cell or removing tumour-associated antigens;
culture of the cells for 18 hours is likely to allow
re-emergence of cell-coded surface components.

Media

Growth of cells in-vitro is dependent upon factors
which are to a large extent unknown (for reviews
see [98-100]). There is no universal medium that
ensures cell survival and growth. Different cell types
appear to grow better in different media and even in
different laboratories [101], For most experimental
situations Eagle's minimal essential medium (Gibco)
is sufficient, with sodium glutamate (2 mmol/I),
1 per cent 'non-essential', amino acids (100-fold
concentrated solution), penicillin (100 i.u.), strepto¬
mycin (100 //g/ml), 5-15 per cent fetal calf serum
and the pH adjusted to 7-2 (straw-pink colour) with
4-4 per cent sodium bicarbonate. Antifungal agents
are not normally added although if necessary Fungi¬
zone (2-5 //g/ml) can be tried. Other commonly used
media are RPMI 1640, 199, and Waymouth's.
Horse or human AB + sera (10-20 per cent) are often
substituted for calf serum in early cultures of human
cells. If a 5-10 per cent COj incubator is not avail¬
able HEPES buffer (25 mmol/1) can be used, the
pH of the medium being adjusted with 2 mol/1

NaOH. The humidity in the incubator should be
kept high.

In addition to the basic nutrients most cells appear
to require growth factors, i.e. growth-stimulating
substances that are not nutrients. Scrum, normally
fetal calf serum, is almost invariably used to provide
these, especially in the initiation and establishment of
cultures. It is likely that serum plays many roles. As
well as its nutritional role serum appears to influence
some control over cellular biosynthesis. The ad¬
dition of fresh to spent medium can initiate DNA
synthesis even in confluent cells [102]. Serum can
also exert a protective influence against physical
and physiological damage; this may be important in
buffering cells against the actions of proteolytic
enzymes and other toxic materials. The complexity
of the effects of serum makes it not surprising that
batches can vary considerably in their ability to sup¬
port tumour growth. Other problems are that the
sources from which it comes are essentially un¬
controllable and that it is a major source of microbial
contamination [103], It should be noted that calf
serum may affect the reactivity of 'normal' cell
populations [104] which could hinder the interpreta¬
tion of results in certain assay systems.

The in vitro biosynthesis, mitosis and growth of
cells can be influenced by factors other than serum.
Nutrient concentration and transport, pH, cell-cell
interaction and population density are also im¬
portant. Cell density can be a particular problem
in the initiation of primary cultures when cell death
is extensive. The presence of variable numbers of
lymphoid cells can also influence the growth of
tumour in a non-immunological way.

Additional notes on target cell culture

In the establishment of tumour cell cultures over¬

growth of the tumour by normal cells, in particular
fibroblasts, can be a particular problem. These are
extremely difficult to remove although a recent report
suggests that proline analogues may in some situa¬
tions aid their removal from mixed cell cultures
[105]. Contamination by established cell lines kept
in the same laboratory can also occur. It takes
considerable experience to identify tumours in
culture and wherever possible markers should be
used, e.g. isoenzymes, the ability to grow in vivo etc.
With human tumours growth in congenically athymic
(Nude) mice may be helpful.

In order consistently to obtain healthy tumour
cells it is necessary to control as many of the vari-
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ables discussed above as is possible. For example, if
passaged cells are being used then they should be
taken a set time after the passage of a set number of
cells, chosen so as to result in healthy population of
tumour cells in logarithmic or sub-confluent growth.
Contra-indications to the use of a cell preparation
in an assay would be the presence of loo many dead
cells (floaters), coarse granulation in the cells, acidic
pFS and clumping. Avoidance of these features can
be obtained only by keeping the source of material
and the handling conditions as constant as possible
and by gaining knowledge of the growth character¬
istics and behaviour of the tumours under study.

Effector cells

Preparation of lymphoid cells

The preparation of lymphoid cell suspensions, their
characterization and the separation of the cell types
they contain is described in Chapter 23. In animal
systems spleen or draining lymph nodes are most
commonly used as a source of effector cells although
cytotoxic effector function has recently been ob¬
served in the lymphoid cell population taken directly
from growing tumours [106], In humans peripheral
blood is the only readily available source of cells. A
largely lymphocytic population can be separated
from peripheral blood by centrifugation on Ficoll-
Hypaque solution of buffy coat cells, with or without
prior incubation with carbonyl iron to diminish the
number of phagocytic cells [107, 93, see Chapter 23].
Careful washing removes most of the Ficoll and the
platelets. It should be noted that some authors sug¬
gest that Ficoll-Hypaque results in a degree of non¬
selective lysis by enhancing adhesion to target cells;
they prefer to sediment the leucocytes from de-
fibrinated blood by gelatin, and remove adherent
cells by passage through nylon columns [108], While
results of the two methods can be at variance the
differences do not appear to be crucial [7],

Lymphoid cells as effectors

Effector function against syngeneic tumours can be
expressed by more than one type of lymphoid cell.
Various assay systems differ in their sensitivity with
respect to the activities of certain sub-populations.

In different or the same assay systems T cells [109—
112], both T and B cells [35] and macrophages [17]

have been shown to be active often against the same
virus-induced rodent leukaemia or sarcoma, the
effector cells often demonstrating reactivity at different
times in the response. Generally it seems that short-
term cytocidal assays like'!lCr release [110, 113]
and the lymphocyte stimulation assays [60, 112]
primarily measure T cell function. These are, differ¬
ent aspects of T cell activity as "Cr release can be
positive when lymphocyte stimulation is negative
and vice versa [60, 61]. It should be noted that in the
"Cr release assay, immune rat cells, reactive after
in vitro activation, have been found that are non-T
cells [cited in 8]. The microcytotoxicity test can
measure reactivity in T cell, B cell and macrophage
populations [17, 35]. The involvement of these cell
types can also vary with the time after immunization
[35], On occasions this test may not correlate directly
with 51 Cr release or lymphocyte stimulation assays
[33, 114, 115]. For further discussion see [8].

Non-selective effector function

A major practical problem in cytotoxic tests comes
when effector function directed against tumour-
associated antigens is masked by effects that are not
antigen specific. Without the proper controls this
cannot be interpreted as a meaningful reaction.
Platelets can exert a non-selective cytotoxic action
[116] and granulocytes [117, 118], at least at a con¬
centration of greater than 10 per cent [118], can
cause target cells to lose their adherence properties.
The latter effect can be nullified by the addition of
10 i.u. heparin/ml [117]: 'Normal' lymphoid cell
populations can possess cytotoxic function by virtue
of a population of lymphocytic 'null' cells, so called
because of the absence of classical T and B cell
markers on their surfaces. Cells with similar proper¬
ties have been found in both rodent [119-123] and
human [90, 124, 125] lymphoid cell populations In
man they may be responsible for some of the
reactivity expressed in microcytotoxicity tests by
'normal' lymphoid cell populations. 'Activated'
macrophages stimulated either by an extraneous
agent [18, 19, 126, 127] or by a response to tumour-
associated antigens [128, 129] may express non¬
selective cytotoxicity and cytostasis against a variety
of tumour cells. 'Normal' cells [130] including pro¬
liferating lymphocytes [131] may also be affected
although tumour cells usually show greater sus¬
ceptibility. This may be in part a reflection of their
rate of proliferation [132].
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Additional notes on effector cell populations

The absence of demonstrable reactivity in an effector
cell population taken from an individual bearing a
tumour cannot be directly related to a lack of tumour
immunity. Reactivity of the cells may be blocked.
This may be particularly relevant when the cells are
from an animal bearing a large tumour load and
careful washing can sometimes allow reactivity to be
expressed [13]. It may be that the assay system is not
capable of detecting the type of responsiveness
present in vivo or that the reactive population is in
organs other than that selected by the investigator.
It is of course also possible that there is little antigen-
specific host immunity.

The studies on the nature of the cells reactive

against syngeneic or autochthonous tumours in
vitro have largely been limited to the virus-induced
murine tumours. In humans only a few studies have
been performed, although with the now existing
methodology for separating human T and B cells
this situation should improve.

In the animal systems, the use of purified sub-
populations of T cells [133, 134] and the develop¬
ment of in vitro systems that allow both the induc¬
tion and the expression phases of the response to be
investigated [90, 135-137] should help in under¬
standing the interrelationships between the cell types
involved in both the afferent and efferent limb of the
anti-tumour response.
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Tumor-specific T helper activity can be abrogated by
two distinct suppressor cell mechanisms*

Tumor-specific helper T cell activity was detected in the spleens of tumor-bearing
mice using a sensitive, simple and reproducible in vitro assay based on those previ¬
ously described for soluble hapten-carrier antigens. Helper activity disappears when
the tumor is large. This is coincident with the appearance of two distinct types of
suppressor cells: (a) T cells which suppress tumor-specific T helper responses and (b)
non-T cells which are nonspecific in their action.

1 Introduction

One of the major problems of tumor immunology is to arrive
at an understanding of the various cellular interactions
between T and B lymphocytes and accessory cells which occur
during all aspects of the immune response to tumors. The role
of T cell subsets [including helper (Th) and suppressor (Ts)
cells] in the generation of specific cytotoxic cells against
tumors has been extensively documented in the literature
[1-4]. Far less well-characterized is the nature of the cellular
interactions between Th and Ts cells in the generation of the
humoral (antibody-forming) immune response to tumor anti¬
gens. Part of the difficulty with this aspect of tumor immunol¬
ogy arises from the problems associated with the detection of
specific antibody responses to weak cellular antigens whose
physico-chemical nature is largely unknown and may be uni¬
que to individual tumors.

A sensitive, simple and reproducible in vitro assay system is
described herein, based on those previously described for solu¬
ble haptenated antigens [5-7], which bypasses the need to
measure anti-tumor antibodies directly. A similar assay has
been described by Fujiwara et al. [8] who demonstrated that a
mammary carcinoma induced tumor-specific Th lymphocytes
in the spleens of tumor-bearing mice which would collaborate
in vivo with hapten-primed B lymphocytes in the presence of
haptenated tumor. We have extended these observations to
demonstrate the development of tumor-specific Th cells
involved in humoral responses at different stages of tumor
growth. We have also demonstrated that help begins to disap¬
pear when tumors are of a significant size and is absent when
the tumors are large. This disappearance of helper activity
coincides with the appearance of suppressor cells. These sup¬
pressor cells are of two distinct types: (a) nylon wool (NW)-
nonadherent tumor-specific Ts cells and (b) NW-adherent non-
T, non-tumor-specific suppressor cells.

2 Materials and methods

2.1 Mice

C3H/Bu Kam female mice aged 14-18 weeks were maintained
in the animal unit. Department of Bacteriology, University of
Edinburgh.

2.2 Tumors

All tumors were syngeneic for C3Hf/Bu Kam mice and were
maintained by in vivo passage. Fsa R is a well described
methylcholanthrene-induced tumor that is relatively strongly
immunogenic, as determined by both the lung colony [9] and
s.c. TD50 [10] assays, and was used at pass 8-12. HTN has
previously been called NFsa by others [11, 12], We do not
believe it is a fibrosarcoma because in our hands over 60% of
the cells from this tumor have Fc receptors even after in vitro
culture. We believe it may be of macrophage origin and have
accordingly changed its name. It arose spontaneously and is a
poorly immunogenic tumor as determined by the ability of
specifically sensitized mice to influence the take of tumor cells
injected either i.v. or s.c. [11]. In this study it was used in
isotransplant generation 11. FsaA is a less well-described
methylcholanthrene-induced fibrosarcoma that is of inter¬
mediate immunogenicity between FsaR and HTN as judged by
comparison of the ability of mice preimmunized with two i.p.
injections of 106 healthy irradiated cells to prolong the latency
and inhibit the growth of s.c. challenge with 4 x ICE viable
cells [13]. This tumor was used at isotransplant generation 7.
Tumor cell suspensions were prepared by finely chopping solid
tumors and disaggregating using Dispase (Boehringer, Mann¬
heim, FRG) as described previously [14], Solid tumors were
induced in mice by inoculation with 4 x 10s viable tumor cells
s.c. in the right flank. Mice were primed against the tumors by
i.p. inoculation with 5 x 106 irradiated (5000 rd) tumor cells
on three occasions, each 2 weeks apart.

[I 3597]
* This work was supported by the Cancer Research Campaign, Grant

number SP1364.

Correspondence: William H. McBride, Department of Bacteriology,
Edinburgh University Medical School, Teviot Place, Edinburgh, Scot¬
land

Abbreviations: CRBC: Calf red blood cells SRBC: Sheep red blood
cells HBSS: Hanks' balanced salt solution TNP: 2,4,6-Trini-
trophenyl PFC: Plaque-forming cells NW: Nylon wool C: Com¬
plement Th: T helper T,: T suppressor SC: Spleen cell(s)

2.3 Erythrocytes

Calf red blood cells (CRBC) in Alsever's solution were pur¬
chased from Tissue Culture Services, Slough, GB. Sheep red
blood cells (SRBC) from sheep No. 10966, were the kind gift
of Mr. C. Birrells, Moredun Research Institute, Edinburgh.

2.4 Trinitrophenylation of tumor and red blood cells

Irradiated (5000 rds) tumor cells at 106 cells/ml or washed
CRBC or SRBC at 10% (v/v) were mixed with an equal vol-

© Verlag Chemie GmbH, D-6940 Weinheim, 1982 0014-2980/82/0808-0671 $02.50/0
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ume of cacodyiate buffer containing 2 mg/ml 2,4,6-trinitroben-
zene sulfonic acid (Sigma, Poole, GB) for 10-15 min at room
temperature. At the end of this time the reaction was halted by
the addition of 10 mg/ml glycylglycine. The coupled cells were
then spun down and washed 3 times with Hanks' buffered
saline solution (HBSS). Trinitrophenyl (TNP)-coupled tumor
cells were resuspended in HBSS containing 10% dimethyl sulf¬
oxide and 20% fetal calf serum, the cells were aliquoted and
stored in liquid nitrogen. TNP-coupled erythrocytes were
stored at 4 °C in HBSS and remained stable for 3-5 days. To
prime mice against TNP they were given two i.p. injections of
0.1 ml 1% TNP-CRBC 4 weeks apart.

2.5 Antisera

Rat anti-mouse Thy.-1.2 monoclonal antibody was a kind gift
from Dr. H. S. Micklem, Department of Zoology, University
of Edinburgh. Anti-mouse IgG enhancing serum was a pool
from three rabbits inoculated three times each with 1 mg
ammonium sulfate-precipitated normal mouse IgG taken from
a variety of strains and given in Freund's complete adjuvant.

2.6 Complement

Pooled normal guinea pig serum was absorbed for 1 h at 4 °C
with 30-40% by volume-packed SRBC (for plaque-forming
cell assays) or packed mouse spleen and thymocytes (for anti-
Thy-1.2 cytotoxicity). The cells were then spun down, the
serum aliquoted and stored in liquid nitrogen.

2.7 Spleen cell (SC) separations

T lymphocytes were removed from SC suspensions 107 cells/ml
with a 1:50 dilution of anti-Thy-1.2 antiserum for 1 h at room
temperature. The cells were then spun down, resuspended in a
1:20 dilution of guinea pig complement (C) and incubated for
1 h at 37 °C. At the end of this time the cells were washed,
rociicnonrlorl onr) tlio mimhar nf xripKlo oollc rlotorminorl Kt;
ivjujpwuuvu uiiu inv iiuiiiuwi di »who uvivnimivu \Jj

trypan blue exclusion. After such treatment 40-50% of the
nucleated cells were viable.

Splenic T lymphocytes were purified by passing them over NW
columns using the method of Julius et al [15], The NW-
nonadherent cells recovered from such columns (10-20% of
the starting number) were 85-95% Thy-1.2+ by immuno¬
fluorescence. NW-adherent cells were recovered by vigorous
washing of the columns with medium; this procedure resulted
in the recovery of 40-50% of the number of those cells initially
applied.

2.8 Cell cultures

Quadruplicate 200-pl cultures in Iscove's medium +5% fetal
calf serum in microtiter plates were incubated for 5 days in a
humidified C02 (5%) incubator. For Th cell assays cultures
consisted of 2.5 x 106/ml viable SC from TNP-CRBC-primed
mice depleted of T cells as a source of TNP-primed B cells and
either 105/ml trinitrophenylated tumor cells (TNP-FsaR, TNP-
FsaA or TNP-HTN) or 107/ml TNP-CRBC as a source of
haptenated antigen. Into this mixture, which contains an
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excess of TNP-primed B cells, were titrated cells containing
potential T cell help. For suppressor cell assays, cultures were
set up as described with 3 x 105/ml Th cells and into the mix¬
ture were titrated cells containing putative Ts cells. In every
experiment the following controls were performed to deter¬
mine the background response: (a) T cell-depleted TNP-
CRBC-primed SC cells alone, (b) T cell-depleted TNP-
CRBC-primed SC with TNP-tumor cells, (c) T cell-depleted
TNP-CRBC-primed SC with TNP-CRBC, (d) other cell popu¬
lations (either tumor or TNP-CRBC-primed cells, e.g. NW-
passed cells) with their "priming" antigens (either TNP-CRBC
or TNP-tumor), in all cases for every experiment such back¬
ground responses were always less than 80 PFC/106 cells cul¬
tures.

2.9 Plaque-forming cell (PFC) assay

This is essentially the method described by Cunningham and
Szenberg [16]. At the end of the 5-day culture period, quadru¬
plicate cultures were harvested, pooled, washed in HBSS,
resuspended in HBSS and screened for anti-TNP PFC in Cun¬
ningham chambers in the presence of TNP-SRBC, guinea pig
C and rabbit anti-mouse IgG enhancing serum. Results are
expressed as numbers of anti-TNP PFC (djrect + indirect)/
106 B cells, after subtraction of the number detected against
SRBC. It is necessary to use pool cultures because individual
cultures would make the experiments technically unman-
agable. To compensate for this, each experiment was repeated
in its entirety at least 3 times and in part up to 15 occasions.

3 Results

3.1 Tumor-specific helper cells in the spleens of tumor-primed
mice

C3Hf/Bu Kam mice were injected with irradiated, syngeneic
tumor cells of three distinct types, FsaR, FsaA and HTN. NW-
passed SC from such tumor-primed mice were shown repro-
ducibly to contain populations of helper cells capable of col¬
laborating with hapten-primed B cells, but only if the hapten
was carried on the correct priming carrier "antigen" (tumor
cell). The results of one such experiment are shown in Table 1.
The help obtained from animals primed with FsaR was greater
than that from mice primed with FsaA, which in turn was
greater than that from mice primed with HTN; it is interesting

Table 1. The specificity of help in spleens of mice primed with indi¬
vidual syngeneic tumors

Antigen NW-iDassed cells from mice primed with
used in vitro FsaR FsaA HTN TNP-CRBC Nothing

TNP-FsaR 2590*> 10 10 0 10
TNP-FsaA 240 2220 210 290 140
TNP-HTN 110 110 1360 40 40
TNP-CRBC 10 270 250 3690 0

a) Total (direct and indirect) PFC/106 cells generated in 5-day culture
of 106/ml NW-nonadherent ceils and antigen (5 X 105/ml TNP-
tumor cells or 107/ml TNP-CRBC with 2.5 x 106/ml TNP-primed B
cells.
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that this order is the same as that of immunogenicity of tumors
in protection assays [9-13] i.e., FsaR > FsaA > HTN.

3.2 Tumor-specific helper cells are T lymphocytes and require
physical linkage between hapten and carrier

C3FIf/Bu Kam mice were inoculated with 4 x 105 viable FsaR
cells s.c. in the right flank. This inoculum gives rise after
approximately 10 days to a tumor which grows progressively
and kills untreated mice in 30-35 days. Spleens from tumor-
bearing mice were removed when the tumors were between 5
and 12 mm in diameter (10-20 days post-inoculation). NW-
passed SC from these mice contained helper cells which could
cooperate in a specific fashion with hapten-primed B cells.
This help was dependent upon physical linkage between the
hapten and the priming "carrier" antigen (the FsaR cell), as
can be seen from the results shown in Table 2. The source of
this helper activity is associated with the Thy-1.2-bearing SC
i.e., T cells (Fig. 1).

3.3 Appearance and disappearance of Th activity during tumor
growth

In this series of experiments, the kinetics of the appearance
and disappearance of splenic T cells during the period of FsaR
tumor growth was monitored (Fig. 2). It is not possible to
directly compare the numbers of PFC obtained on different
days over a long period of time. To standarize the responses,
they are expressed as percent of the maximum help obtained
on a particular day, where 100% is taken as the number of
PFC generated by 2.5 x 106/ml T cell-depleted TNP-CRBC-
primed SC in the presence of 107/ml TNP-CRBC and 3 x 105/
ml NW-passed TNP-CRBC-primed SC. Each point has been
repeated in a minimum of 3 and a maximum of 15 completely
separate experiments. Tumor-specific Th cells were detected as
early as 4 days post-inoculation with 4 x 105 viable FsaR
tumor cells and remained detectable up until 21 days after. At

Table 2. Spleens of tumor-bearing mice contain specific helper cells
that require hapten-carrier linkage

Antigen used Antigen used Anti-TNP PFC/106 input cells
in vitro to prime T cells Exp. 1 EXp. 2

FsaR FsaR 0 70
FsaR TNP-CRBC 60 ND
CRBC FsaR 10 100
CRBC TNP-CRBC 40 ND

TNP-FsaR FsaR 590 750
TNP-FsaR TNP-CRBC 20 ND
TNP-CRBC FsaR 10 50
TNP-CRBC TNP-CRBC 800 1340

TNP-FsaR + CRBC FsaR 660 840
TNP-FsaR + CRBC TNP-CRBC 80 ND
TNP-CRBC + FsaR FsaR 30 90
TNP-CRBC + FsAR TNP-CRBC 600 ND

a) Irradiated FsaR or TNP-FsaR (105/ml) with or without 107 CRBC
or TNP-CRBC were cultured with 2.5 X 106/ml TNP-primed B
cells in the presence or absence of 5 x lOVml NW-passed SC from
either FsaR tumor bearers or TNP-CRBC-primed mice.

II35*37 11 No. of FsaR boar.r SC/3.106 TNP-primod B cous

Figure 1. Helper activity is contained within the Thy-1.2+ cells of
tumor-bearer spleens. (•—-•) Help obtained with whole SC from
FsaR tumor-bearing mice; (A A) Help obtained with NW-passed
SC (80-90% Thy-1.2+) and (O O) Help obtained with Thy-1.2
+ C-treated SC. Background (Bgd.): no. of PFC generated by 2.5 x
106/ml TNP-CRBC-primed B SC in the presence of TNP-FsaR (105/ml)
alone; 100%: no of PFC generated by 2.5 X 106/ml TNP-CRBC-
primed B cells in the presence of 107/tnl TNP-CRBC and 3 x 105/ml
NW-passed TNP-CRBC-primed SC. Each point represents the mean
± 1SE of spleens from 4 mice, each time point has been repeated 3-15
times?

11 3S97 21 Day poet tumor cell innoculatian

Figure 2. Kinetics of the appearance and disappearance of tumor-
specific help during tumor growth. Numbers of PFC generated by
TNP-CRBC-primed B cells in the presence of TNP-FsaR cells and
NW-passed SC (• • 106/ml, O O 105/ml, x x 104/ml) taken
from mice 4, 7, 14, 21 and 28 days after s.c. inoculation with 4 x 105
viable tumor cells.
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28 days the tumors were very large (18-22 mm diameter), and
concomitant with this, invariably there was an almost total loss
of detectable T cell help.

3.4 Disappearance of T cell help with advanced tumor growth
is coincident with the presence of both specific and
nonspecific suppressor ceils

To determine whether loss of detectable helper activity was
due to the absence of Th cells or the presence of suppressor
cells, SC populations from mice with tumors 18-22 mm in
diameter were titrated into cultures where help would nor¬
mally be found. To measure tumor-specific suppression, cells
were titrated into cell mixtures where the help provided by 10-
to 20-day FsaR tumor-bearing, NW-passed SC and TNP-FsaR
cells were used as antigen. To measure nonspecific suppres¬
sion, cells were titrated into cell mixtures where the help was
provided by TNP-CRBC primed, NW-passed SC and TNP-
CRBC were used as antigen. The results from two such experi¬
ments are presented in Table 3. It can be seen that the spleens
from mice bearing very large tumors contained at least two
distinct populations of suppressor cells capable of abrogating
the activity of tumor-specific Th cells. One population of very
potent suppressors was antigen-specific, and not retained on
NW columns (presumably Ts cells); the other population was
antigen-nonspecific, resistant to treatment with anti-Thy-1.2
antiserum and C, and adhered to NW columns (presumably a
B cell or more likely a macrophage-like cell).

4 Discussion

Immune responses to tumor antigens are mediated at least in
part by T lymphocytes [3, 4], We have shown that the Th com¬

ponent for antibody formation can readily and reproducibly be
measured using haptenized tumor cells as antigen. The Th
responses thus generated follow the same rules as soluble hap-
ten-carrier responses i.e.. the responses show Th cell specificity
for individual tumors and require the hapten to be physically
linked to the appropriate tumor "carrier" antigen. The method
used to demonstrate tumor-specific Th cells is based upon the
ideas of Mitchison [17] and is similar to limited studies per¬
formed previously using tumor [8], parasite [18], and virus [19]
as antigen.

The demonstration of a variety of tumor-specific immune
responses in the spleen of mice with progressively growing
tumors has been made previously and raises the question as to
their value to the host. The Th cell responses in our system are
presumably involved in the production of anti-tumor anti¬
bodies which, it has been suggested, could have a deleterious
influence [20]. We do however know that in the same tumor
system (FsaR) and using T cell populations prepared under
identical conditions to those used in this study, protective
immunity can be demonstrated in a Winn-type assay and that
the kinetics of development of this protective immunity are
identical to the kinetics of development of Th cells [21]. It
therefore seems possible that the Th cells may be involved in
the generation of the protective response. Further studies are
being undertaken to elucidate this point.

In this study it has been shown that Ts cells develop within the
spleen of mice when the tumor burden becomes great. The
suppression has two components. One is tumor-specific and
mediated by T cells. Tufnor-specific Ts cells have been
described in other tumor systems and, from what is known,
appear to be subject to the same regulatory circuits as T sup¬
pressors of conventional responses [22, 23], although little
information is available on their site of action. The T, cells that

Table 3. Suppressor cells in spleens from mice bearing tumors"'

Antigen Source of T help Treatment of spleens from mice % Suppression®' (anti-TNP PFC/10® cells
used in vitro (NW treated SC) with tumors 10® 105 104 103

Expt. Suppressor cells/ml

TNP-CRBC TNP-CRBC-primed Whole spleen 1 69 63 42 21
2 71 56 38 0

TNP-CRBC TNP-CRBC-primed Anti-Thy 1 + C-treated 1 87 52 40 10
2 67 51 18 9

TNP-CRBC TNP-CRBC-primed NW-passed 1 26 4 5 4
2 25 8 11 6

TNP-CRBC TNP-CRBC-primed NW-adherent 1 73 53 38 7
2 65 51 32 8

TNP-FsaR FsaR-bearing Whole 1 73 62 45 46
2 78 82 77 48

TNP-FsaR FsaR-bearing Anti-Thy-1 + C-treated 1 68 46 16 17
2 85 62 26 0

TNP-FsaR FsaR-bearing NW-passed 1 81 80 88 55
2 90 93 83 90

TNP-FsaR FsaR-bearing NW-adherent 1 80 68 57 27
2 78 55 12 2

a) Tumors were 18-22 mm in diameter. Anti-TNP PFC generated in 5-day culture of 1.5 x 106/ml TMP-primed B cells + 3 X ltP/ml helper cells
+ 105/ml TNP-FsaR or 107/ml TNP-CRBC in the presence of varying doses of putative suppressor cell populations.

b) Maximum responses (1) Anti-Thy-1 + C spleen + TNP-CRBC + TNP-CRBC helper cells gave 1260 anti-TNP PFC/106 cells in Exp. 1 and
1420 anti-TNP PFC/10® ceils in Exp. 2. (2) Anti-Thy-1 + C spleen + TNP-FsaR + FsaR helper cells gave 860 anti-TNP PFC/10® cells in
Exp. 1 and 1000 anti-TNPPFC/106 cells in Exp. 2.
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we have demonstrated act directly to inhibit the responses by
primed Th cells i.e., act at the effector phase of the immune
response. Nonspecific suppression of responses by cells from
tumor-bearing mice (and humans) has also been noted before
[23] and attributed to the activities of B cells [24, 25] and
macrophages [26, 27]. These nonspecific suppressors are pre¬
sumably involved in the general depressed immune respon¬
siveness associated with high tumor burden in animals and
humans. This "clean" assay system provides an easy means of
distinguishing between tumor-specific and -nonspecific sup¬
pressor cell responses and studying their interactions.

Suppressor cell development has been used as an argument to
explain why tumors grow [22, 28, 29]. However, from the time
at which suppressor cells appear in our system, we suggest that
at least those that develop within the spleen are unlikely to be
relevant to tumor growth. This does not mean to say that the
same cells in another site, for example within the tumor, might
develop with different kinetics and be more relevant to control
of tumor growth. This possibility is at present under investiga¬
tion.

The authors would also like to thank Mr. D. Walkingshawfor technical
assistance.
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Cellular interactions in thymus-dependent
antibody responses
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The immune system is characterized by the ability to
recognize and to respond specifically to a large
number of foreign molecules (antigens). Classically
two types of specific immune responses may result
from exposure to antigens (a) cell mediated responses
which do not involve secretion of specific antibody and
where the effector cells are T lymphocytes; and (b)
humoral responses where the effector cells are B
lymphocytes and antibody synthesis and secretion
occurs.

Antigens that trigger humoral responses can be
divided into two groups on the basis of the additional
help they need to provoke B cells into optimal anti¬
body production. The 'thymus-independent' antigens
do not require help from T lymphocytes to trigger B
cells whereas 'thymus-dependent' antigens do require
antigen-specific T lymphocytes as well as non-
antigen-specific, non-lymphocytic accessory cells to
help them induce specific antibody production in B
cells.

This review is confined to a discussion of specific
thymus-dependent antibody responses and to the
more established co-operative events involved. We will
not discuss the entire network of cell-cell interactions
involved in antibody production but will focus on the
interactions between antigen-specific T helper cells, B
cells and non-antigen-specific accessory cells. Even
within this limited scope many diverse types of cellular
interaction may end in antibody synthesis and we are
aware that we are describing only certain of these
pathways.

Steps in the induction of thymus-dependent
antibody synthesis

One of the first and most popular explanations of

the need for co-operation between T and B lympho¬
cytes' in antibody production was the antigen bridge,
a link formed by antigen between an antigen-specific
T cell and an antigen-specific B cell2. However,
Mosier5 showed that for antibody synthesis in vitrn at
least three different cell types were required and
Pierce4 demonstrated that at least one cell of the trio
was a macrophage. This led to a new set of bridging
theories in which the macrophage surface acted as the
focus for antigen presentation to T and B cells5.

These bridging theories were consistent with the
independent demonstrations by Mitchison2 and
Rajewsky1' that T and B cells do not have to recognize
the same determinants on an antigenic molecule but
that these determinants do have to be physically
linked on the same molecular complex for proper T-B
co-operation to occur (the hapten-carrier effect).

In the 10 years since these observations were made
many complex interactions between cells of the
immune system have been shown to determine the
outcome of challenge with antigen. Each response by
the immune system is known to be highly amplified
and subject to stringent control. Products of the major
histocompatibility complex (MHC) restrict the ac¬
tivities of T lymphocytes and Jerne* has proposed that
the immune system is a regulatory network based on
self recognition of antibody idiotypes (determinants
associated with the antibody combining site), the
system normally being maintained in a state of active
suppression. Idiotypic determinants have recently
been demonstrated on different T-cell subsets and on

soluble factors produced by T cells'"011. These
idiotypes have also been implicated in idiotypic
network regulation'".

These observations have advanced our understand-



274 Immunology Today, vol. J, No. 10, 1982

ing of the regulation of immune responses and the
essential processes involved in their induction.
Thymus-dependent antibody production may be seen
as the result of the following sequential steps:

Antigen uptake and processing
Presentation of antigen to specific T helper cells
Differentiation and clonal expansion of effector T
helper cells
Delivery of T help to antigen-specific B lympho¬
cytes
Differentiation and clonal expansion of effector B
cells

Antigen uptake and processing
A soluble thymus-dependent antigen alone will not

trigger a response in T helper lymphocytes; it must
first be processed and presented in an immunogenic
form12. On entering the body, it is taken up chiefly by
mononuclear phagocytes. In-vitro studies with radio-
actively labelled antigens indicate that most of the
antigen ingested by macrophages is rapidly
catabolized but that a small percentage (10-20%) is
broken down more slowly13, being retained either in
the form of a component on the macrophage surface14
or as an internal pool15. Some antigenic components
can be released from macrophages as soluble
products161'7'18.

The relationship of these different forms of 're¬
tained' antigen to 'processed' antigen capable of
stimulating T helper cell activity is unknown although
'processing' is an active step requiring a finite time
period for its completion"20. Only a minority of
macrophages can present antigen to T cells12: these
must possess easily demonstrable la antigens21-22.
There are suggestions that this la-associated stimula¬
tory pathway can be fed by antigen retained in Ia-
negative cells, presumably by its transfer from cell to
cell23-24. Pan of the 'processing' step therefore appears
to be the association of antigenic moieties with la
surface molecules.

The form of 'processed' antigen, i.e. what epitopes
are displayed, is an important question with respect to
T and B cell repertoires. T cells may be unlike B cells
in expressing a predilection for determinants defined
by the primary sequence of proteins rather than native
conformational antigenic determinants25. Although
this phenomenon requires further examination it is
possible that any differences observed in functional T
and B cell repertoires could in part reflect differences
in the form in which antigen is presented to them.

Presentation of antigen to T helper cells
To be stimulated T helper cells need to see antigen

and 'self la determinants simultaneously on antigen
presenting cells (APC)21-2226-27. This restriction
imposed by the MHC on T helper cell activity is in
most cases mediated by molecules encoded in the I-A
and/or I-A/E regions28. The importance of la
molecules in the generation of antibody is underlined
by the fact that APCs pretreated with anti-la sera no

longer assist T helper cells to respond12 2'.
Although direct evidence for it is scarce, the most

plausible working hypothesis for antigen-presentation
to T helper cells is that the specific signal presented to
the T helper cell consists of a 'processed' antigenic
moiety complexed with la. If the hypothesis is correct,
arguments about one or two receptor models of T
cell-APC interactions may be largely academic - i.e.
T cells have receptor(s) that can recognize la
associated with an antigenic determinant and this is
the form in which antigen will stimulate them.

The results of Ishii el al.}0 can be taken as further
evidence for the idea that la on APCs acts as a 'linth'
on which antigenic determinants are displayed. They
showed that stimulation of T cells has no absolute

requirement of I region MHC identity between T cells
andAPC. T-helper cell populations lacking allo-
reactive cells were able to interact with MHC non-

identical macrophages, suggesting that populations of
T cells exist that can respond to antigen presented
along with 'foreign' la. The requirement for / region
identity between T helper cells and APC is apparently
more stringent in memory responses than in primary
responses31 - perhaps as a result of clonal expansion
that has taken place in those T cells reactive to the
original priming antigen-la complex.

The requirement that APCs carry /- region deter¬
mined molecules leads inevitably to the question of
whether It genes operate at the level of the APC, i.e.
whether T-helper cell responses are determined by
what is presented to them and whether genetic
differences in la molecules determine whether or not a

response will be made to a particular antigenic deter¬
minant. The extensive discussion of the hypothesis of
'determinant selection'32-33 has reached the stage
where some of the arguments are largely semantic and
as a result only a few selected points will be made
here.

Evidence has recently become available34-35 36 that
antigens or antigenic fragments are presented to T
helper ceiis aiong with defined epitopes of la mole¬
cules and that different antigens can be presented with
different epitopes. Since for an individual immune
system the number of immunogenic determinants is
likely to be vastly greater than the number of la
epitopes available, we believe that physical association
between la and antigen will prove to be fairly
polygamous, i.e. many different antigens will be able
to associate with the same la epitope. If correct this
would imply that it is not an intrinsic macrophage IA-
related function37 to discriminate between different

'foreign' determinants prior to presenting them to T
cells but that the response to a given antigeneic deter¬
minant will depent upon (1) the 'repertoire' of avail¬
able la epitopes within an immune system; (2) the
repertoire of T-cell receptors available to scan the
properly presented antigenic determinants; and (3)
the degree of cross-reactive T-cell priming.

The ease with which anti-la blocks antigen pre¬
sentation contrasts with the relative ineffectiveness of
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Fig. 1. Model for T-cell-dependent antibody production

antibody directed against foreign antigen. This
implies that the influence of MHC elements pre¬
dominates in T-cell recognition. This influence is seen
in T-cell-mediated cytotoxity: sera against H-2K and
H-2D encoded determinants generally block killing
more reliably than antisera to antigen itself, although
recently antigen-binding monoclonals have been
found that can block38. These findings are crucial to
our understanding of how T and B cells perceive anti¬
gen. Like T cells, B cells may preferentially recognize
viral antigen in association with H-2K or H-2D
encoded determinants3' rather than viral antigen on
its own. It remains to be seen whether B cells also

recognize Ia-complexed antigens and how these
findings can be reconciled with the ability of anti¬
bodies to bind antigen per se. Elucidation of the relative
importance in recognition of MHC elements and anti¬
gen is central to our understanding of cell-cell interac¬
tions.

The process of antigen presentation and T-helper
cell activation can in a limited way be observed as it
occurs in vitro. Antigen-specific primed T helper cells
bind rapidly to antigen-fed APC in vitro. This, followed
by the binding of other lymphocytes, leading to the

formation of a cluster which acts as a nidus for cell

proliferation4041. Anti-la inhibits cluster formation,
again being rather more effective than antibody to the
antigen42. Although most studies have only in¬
vestigated the binding of immune T cells to antigen-
fed macrophages, similar events presumably occur
during the primary response, with binding leading to
a series of differentiative and regulatory steps before
effector T helper cells are induced and clonally
expanded.

The requirement for intimate contact between APC
and T cells that these studies suggest is necessary for
antigen presentation may not be absolute since factors
have been described43 44 45, released by what appear to
be macrophages, that contain la determinates and
antigen fragments and can induce antigen-specific
responses by T-helper cells in macrophage-depleted
cultures. Their nature and importance relative to
cell-cell contact in the activation of T helper cells
remains to be established.

Since la-bearing macrophages act as APC, can
all la-positive cells present antigen and/or act as
accessory cells? In addition to antigen presentation,
accessory cell function includes other means of
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enhancing T-cell responses such as the promotion of
cellular interactions or the secretion of stimulatory
molecules. These functions may be possessed to a
varying extent by different cell populations and in
mixed cell cultures more than one cell type may con¬
tribute to accessory cell function. The available data
suggest that la-positive cells such as Langerhans
cells46, B cells47 and neutrophils48 can present anti¬
gen, although it is not clear if they do so in the same
way or stimulate the same type of immune response.
Ia-negative cells49 seem to contribute only other
accessory cell functions.

It is important to remember that la expression by
cells is not constant but can be regulated by a variety
of immune and non-immune stimuli12. This may be
crucial for the regulation or modulation of immune
responses, especially locally.

Differentiation and clonal expansion of
T helper cells

The interaction of T-helper cells with antigen pre¬
sented on the surface of APCs presumably initiates T-
cell differentiation and proliferation. However,
maintenance of clonal expansion appears also to
require non-antigen specific regulatory molecules
produced by stimulated macrophages and lympho¬
cytes.

Among them is interleukin 1 (IL1), a protein of
approximately 15,000 mol. wt12 produced in small
amounts by resting macrophages but to a much
greater extent when they are appropriately stimu¬
lated. One such stimulus is provided by specifically
immune T cells, the interaction being controlled by
the / region of the MHC50. IL1 stimulates the respon¬
siveness of thymocytes to mitogen51'2. A similar,
perhaps identical, factor probably also helps to main¬
tain the proliferative response of T helper cells to
antigen. T cell-APC interaction can therefore be
regarded as mutually stimulatory.

IL1, or IH-like molecules, induce Lyt t+2~3_ T
cells to produce another important mediator, inter-
leukin 2 (IL2), which aids the continued proliferation
of antigen/mitogen activated T-cell subsets. T cells
appear to gain receptors for both IL1 and IL2 after
activation by antigen or mitogen12 53 and in so doing
acquire the ability to respond to these stimuli. IL1 and
IL2 thus have no effect on unprimed cells.

To summarize the current model of T-cell clonal
expansion, antigen and MHC products appear to
select the specific immunocompetent T-helper cells
and initiate their response. Clonal expansion appears
to be perpetuated by non-antigen specific mediators of
macrophage and T-cell origin. The clonal expansion
of T-helper cells has two effects on the immune
system: (1) amplified in this way specific T help can
more effectively reach larger numbers of B lympho¬
cytes; (2) since T helper cells have specific receptors
for antigen molecules, there is concomitant expansion
of T-cell antigen receptor 'idiotypes' which may then
perturb the idiotypic network. The expansion of T-cell

idiotypes could have an important impact on the
nature of the subsequent regulatory events that deter¬
mine the overall nature of the response and its extent.

Investigations into the mechanisms of T-cell help
are complicated by the existence of more than one
type of T helper cell, differing in their functional and
phenotypic expression'4-58. All resting T helper cells so
far described express the phenotype Lyt l+2~3~. The
T helper cells that initially respond to antigen
generate in their wake others that are idiotype" 56 or
isotype59 specific which may have different MHC
restriction requirements for activation" '6.

In most experimental systems the generation of
optimal T-cell help seems to require synergy between
several T helper cell subsets of different specifica¬
tions. Experiments with T-cell clones will be needed to
identify the exact nature and role of these subsets.

Delivery of T-cell help to antigen-specific B cells
Once T-cell help has been generated how is the

'help' signal delivered to the appropriate B cell and
what is its nature? Do T cells need to interact with an

/ region identical B cell? Are accessory cells obligatory
for B-cell responses? Although the literature is con¬
tradictory on these points there is sufficient informa¬
tion to generate a working hypothesis6061. It should be
emphasized that there is probably more than one
pathway by which to activateB cells: the one taken
will depend upon such factors as the dose and form of
antigen, the degree of involvement of non-antigen
specific lymphostimulatory mediators and the extent
of priming.

Direct contact between effector T helper cell and B
cell brought about by antigen bridging2 remains a
likely initiation signal for B-cell activation. However,
helper T cells release antigen-specific soluble factors
(TFh) which can take the place of T helper cells in
generating responses in rfiro62-66, and these may be an
important mechanism of delivery of T cell help. How
these factors interact with B cells is unknown. An

antigen bridge could focus a factor on to the B cell
surface. Alternatively, macrophages or other accessory
cells may be involved67. Accessory cells appear to be
at least desirable if not obligatory for collaboration
between antigen-specific T cells and B cells67 68 69.

Although they are antigen-specific, TFh do not
possess immunoglobulin constant region epitopes but
share idiotypic determinants with antibodies62 and
have la determinants which could be responsible for
the MHC restricted activity found with some of these
factors66.

It is premature to be dogmatic about the properties
of TFh. There appear to be various functional types of
TFh which can enhance different aspects of the
immune response70. The extent of heterogeneity
among TFH is not known and awaits the sort of study
with the products of cloned specific T cell lines that
has illuminated the diversity of T suppressor cell
factors71-72-73. It is worth noting that a TFh w'(h idio¬
typic determinants and la molecules could be a
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powerful in-built stimulator of anti-idiotvpe antibody
production and an important molecule in network
regulation.

B-cell clonal expansion and differentiation
Specific signals from T cells can initiate the

appropriate responses in B cells and to a certain
extent are responsible for B-cell clonal expansion but
they seem insufficient to drive B-cell differentiation to
completion. This role may be taken by non-anti
gen specific lymphostimulatory mediators6061-7475,
although their influence on proliferation and differen¬
tiation is less established for B cells than for T cells.
IL1 and 1L2 may be important mediators of B-cell
responses but there is substantial evidence that at least
one other factor, the 40,000 mol. wt T-cell replacing
factor (TRF), is also involved in driving B cells to
antibody formation76. This non-antigen specific dif¬
ferentiation signal may be produced by a class of T
cells different from the one presenting the antigen-
specific signal60.

Is direct interaction between T and B cells res¬

tricted by MHC elements? Some quite clearly favour
MHC restriction77 while others consider that restric¬
tion is expressed only at the level of the interaction of
T helper cells and APC78. If it is true that T cells see
antigenic moities complexed to la molecules it seems
logical to assume that T helper cells would preferen¬
tially recognize antigen on B cells in the same form,
i.e. restricted interactions would predominate. Some
of the present confusion may be resolved by
the observation that B cells in different states of
differentiation can respond to different activation
signals6179 and that subpopulations of B cells may
exist that do or do not require MHC-identical T-cell
help to trigger them80. This evidence points again to
the existence of diverse pathways of B-cell
stimulation60-6174.

It should be noted that the clonal expansion of B
cells leads to concomitant clonal expansion of idio-
types which feed into the regulatory network circuits
to modulate the subsequent responses and influence
the generation of memory within the system.

Conclusions
Based on the previous discussion we propose one

possible model for a mechanism for T-cell-dependent
antibody production in Fig. 1.
(a) Antigen is processed and presented on the surface

of an APC;
(b) Antigen-specific T cells recognize antigen asso¬

ciated with la on la-positive APC and respond
minimally;

(c) Following interaction with T cells, APC release
IL1 molecules in the vicinity which stimulate
lymphocytes and in particular induce IL2 secre¬
tion by a responding T-cell subset;

(d) IL2 interacts with activated antigen-specific T
cells to expand them clonally;

(e) Antigen-specific T helper cells on their own, or by

releasing antigen-specific, la-positive T helper
factors, along with antigen and possibly through
the agency of accessory cells, activate specific B
cells;

(f) Non-antigen-specific T-cell factors such as inter-
leukins and TRF act on activated B cells to

provide a differentiation signal;
(g) Idiotypes on both responding T-cell and B-cell

populations are fed into the network and lead to
regulation of the response.

Most of the experimental work in this field has of
necessity been performed in vitro where one can study
the various cell populations in isolation and examine
their possible interactions in a controlled fashion. This
has generated a vast body of information on the com¬
plexity of the cellular interactions involved which
could not otherwise have been achieved. But one must

always bear in mind that we examine what is possible
under a particular set of conditions and that this may
bear little or no relation to what is likely to happen in
vivo. Furthermore, the apparent discrepancies between
the findings of various groups tend to be magnified by
their use of different techniques (e.g. for cell separa¬
tion), different antigens, different responses (primary
or secondary) etc. Therefore, although some general¬
izations can be made, a 'unified' theory of humoral
responsiveness applicable in vivo cannot yet be
achieved. New techniques such as the use of cloned
functional populations of cells should bring this goal
nearer.
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£15 ABSTRACT

1 3
Small size inocula (10 -10 cells) of cells from a

syngeneic methylcholanthrene-induced fibrosarcoma (FSA)

injected sc into C3Hf mice induced tolerance. Mice were

unable to respond to subsequent challenge with moderate,

immunogenic doses of FSA. Tolerance was demonstrated in an

in vivo transfer (Winn) assay and an _in vitro tumor-specific

T„ cell assay. Low zone tolerance was associated with theH

presence of tumor-specific Tg cells in the spleen.
4 6

Moderate size inocula (10 -10 FSA cells) were

immunogenic but larger cell doses (greater than 10^) were

again tolerogenic. In the high zone, tolerance was

associated with both tumor-specific T cells and non T
s

suppressor cells that were not tumor specific.

These results support the view that immunogenic tumors,

as they grow from small cell numbers, might be able to escape

host surveillance by specifically tolerizing the immune

system. They also suqgest that large tumor burdens can

interfere with the host's immune response by inducinq

suppressor cells.
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INTRODUCTION
*t
*
r- :

•# *

An important concept in tumor immunology is that tumors

grow only if they can avoid host immune respohses. An

extension of this concept is that immune responses are

selective forces during tumor progression. Numerous

mechanisms have been envisaged and investigated by which

tumors could escape immune defenses. Early research revolved

around lack of immunogenicity of tumors, shedding and

modulation of cell surface antigens and blocking of tumor

reactive lymphocytes by antigen-antibody complexes (Hellstrom

& Hellstrom, 1969). More recent studies take into account

our knowledge that the immune system is composed of complex

interacting and self-regulating networks of cells and soluble

factors and have focused on whether antigens on progressor

tumors have properties that allow them to avoid protective

immunity, for example by preferentially stimulating

suppressor cell circuits (Moser et al., 1983; Greene, 1980;

Fuiimoto et al., 1976; Reinisch et al., 1977; Frost et al.,

1982; Kolsch et al., 1973; Mengersen et al., 1975; North,

1984; Haubeck & Kolsch, 1982).

The ability of many tumors to stimulate Tg has been
established although the conditions under which they are

generated and the extent to which they facilitate growth of

primary tumors still reguires clarification. In our previous

studies with a transplantable murine fibrosarcoma (FSA) we

found both tumor-specific T and non-tumor-specific non-Ts

suppressor cells in the spleens of tumor-bearing mice in the

3
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9 *

later stages of tumor growth (Howie & McBride, 1982; McBride

& Howie, 1984). The tumor grew initially in the face of

developing systemic responses that were demonstrably

protective. Concomitant immunity (Milas et al., 1982) and

tumor-specific responses could be demonstrated by both in

vitro (Howie & McBride, 1982; McBride & Howie, 1984) and in

vivo (Peters et al., 1978; McBride et al., 1980) assays.

Suppressor cells did however appear to act in time to prevent

tumor regression and to facilitate late metastatic spread.

The development of Tg cells under such conditions have been
described by many and most extensively investigated by North

and colleagues (North, 1984). These studies however shed

little light upon mechanisms operating during the initial

stages of primary tumor growth which is presumably the most

important period in terms of tumor escape.

In previous experiments we assessed only the response to

FSA tumors growing from moderate-size inocula (4 x 10^
cells). We subseguently varied the initial tumor load so as

to build up a more complete picture of the host-tumor
1 3

relationship. In this paper we show that both small (10 -10
7 . .

cells) and large (10 cells) size tumor inocula induce Tg
cells and tolerance and only moderate size inocula induce

immunity. This is therefore analogous to the classic 2-zone

tolerance phenomenon seen with certain soluble antigens

(Mitchison, 1964).

4
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Induction of low zone tolerance by methylcholanthrene-

induced cells confirms and extends the findings of Kolsch and

coworkers (Kolsch et al.f 1973; Mengersen et al., 1975;

Haubeck & Kolsch, 1982) in other tumor systems. They have

investigated in detail the Balb/c plasmacytoma ADJ-PC-5 and

have shown that when irradiated plasmacytoma cells are

injected in initially low but exponentially increasing doses,

the first immunological reaction is T cell activation which
s

can prevent iji vitro Tc cell generation. This phenomenon
could explain how immunogenic tumors grow in the first place.

Tumors growing naturally from one or a few cells might, in

the early stages of tumor growth, induce tumor-specific Tg
which would facilitate escape from immune surveillance. This

is a non-mutually exclusive alternative to the more common

explanation that the agents used to induce such tumors are

generally immunosuppressive (Stutman, 1975). As pointed out

by Kolsch, it could also explain the propensity some tumors

have for growing just as readily, if not more readily, from

low as from moderate cell doses - the phenomenon of "sneaking

through" (Old et al., 1975).

MATERIALS AND METHODS

Mice:

C^Hf/Sed//Kam female mice were used. They were about 12
weeks of age at the start of the experiment.

5
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Tumor; . ~ .

The methylcholanthrene-induced syngeneic fibrosarcoma

(FSA) used in these experiments has been described in detail

previously (Howie & McBride, 1982; McBride & Howie, 1984;

Milas et al., 1982; Peters et al., 1978; McBride et al.,

1980). It had been transplanted 7-9 times when used. Tumor

cell suspensions were made as described (Howie & McBride,

1982; McBride & Howie, 1984).

Experimental design:

The aim of these experiments was to examine the effect

of varying doses of FSA upon the immune response.

Preliminary experiments established that 4 x 10^ cells sc

gave a strong response which peaked 7 days after challenge
4

(Howie & McBride, 1982). Less than 10 cells gave no

response while greater than 10^ cells were also less

effective. Varying doses of FSA were injected sc into the

right flank followed 10 days later by 4 x 10^ cells into the

left flank. Spleens were removed one week later and their

anti-tumor activity assayed.

Winn Assay:

T cells were enriched from spleen suspensions by passage

over nylon wool columns (Howie & McBride, 1982). Cells were

4
mixed with 2 x 10 viable FSA and injected sc into 40 sites

in 20 recipient mice per treatment (Peters et al., 1978;

McBride, et al., 1980). Sites were palpated for tumor

6
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growth. The day 21 results are reported which is the first

day when all control sites were 100% positive. The results

represent data from 2 separate experiments.

T^ and T^ Cell Assay:
These assays have been published (Howie & McBride, 1982;

McBride & Howie, 1984). In brief, 2.5 x 10^/ml spleen cells

from mice primed with trinitrophenylated calf red cells were

treated with anti-Thy 1.2 and complement and used as a B cell

source in all cultures. 10^/ml spleen cells from

tumor-bearing mice were treated as described in the text and

were the source of primed T cells. 10^/ml lethally

irradiated (50 Gy) TNP-FSA cells were the source of antigen.

Cultures of admixed T cells, B cells and antigen, with

appropriate controls, were established in #.r ipl icate. The T^
cells are the limiting factor in these assays. Anti-TNP

responses were measured on day 5 by indirect plaguing with

TNP-SRBC as antigen.

Putative suppressor cells were added at 10~* cells/ml to

cell cultures known to be capable of responding i.e.

containing splenic T cells from mice receiving 4 x 10^ FSA

sc 7 days previously. Specificity or non-specificity of

suppression was assayed by examining the ability of the

putative suppressors to inhibit responses of T cells taken

from TNP-CRBC primed mice with TNP-CRBC as antigen (Howie &

McBride, 1982; McBride & Howie, 1984).

7
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The anti-Thy 1.2 used was monoclonal 30:H:12 which was a

kind gift of Dr. Micklem, Department of Zoology, Edinburgh

University.

RESULTS

We used two assays to measure tumor-specific responses.

The first was a Winn assay in which nylon wool, non-adherent

spleen cells from mice were mixed with viable tumor cells and

injected sc into normal recipients (Peters et al., 1978;

McBride et al., 1980). Immunity is dependent upon primed

Lyl+2 cells and is immunologically specific (McBride and

Howie, unpublished). The development of immunity in mice

receiving standard inocula of tumor cells was prevented by

prior inoculation of either low (10^-10"*) or high (greater

than 10^) doses of the same tumor (Figure 1).

Because the Winn assay is not very well-suited to

subpopulat ion analysis we turned to a sensitive _in v i tro

assay for tumor specific cell activity (Howie & McBride,

1982; McBride & Howie, 1984) to analyze this phenomenon

further. The kinetics of responses demonstrated using this

assay have previously been shown to parallel closely those of

the Winn assay (Howie & McBride, 1982; McBride & Howie,

1984 ). The Tit assay relies on the recognition in vitro ofH

tumor-specific determinants on irradiated trinitrophenylated

tumor cells by T„ cells and presentation of TNP to B cells to
n

generate an anti-TNP response. As can be seen in Figure 2 as

1 3few as 10 -10 viable FSA cells prevented the development of

tumor-specific T„ cell activity in the spleen of mice
n

8
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5 6
subsequently challenqed with 4 x 10 cells. Greater than 10

cells had a similar effect. Between these two zones immunity

developed. ~

In both low and high dosage zones, suppressor cells

developed (Figure 2). Spleen cells from these mice could

inhibit anti-tumor responses of spleen cells from mice

receiving only tumor challenge. Low zone suppressor cells

were tumor-specific Tg cells in that they were Thy 1.2
positive (Figure 2) and did not suppress anti-CRBC TH cell
responses (Figure 3). High zone suppressor cells contained

tumor-specific and non-tumor-specific cells in that whole

spleen cells suppressed anti-CRBC and anti-FSA T„ cellH

responses (Figure 3) whereas nylon wool-passed cells only

suppressed anti-tumor responses (Table 1). This is a similar

result to that already found in mice bearing large tumor

burdens (Howie & McBride, 1982; McBride & Howie, 1984).

DISCUSSION

We have shown that this immunogenic fibrosarcoma can

induce 2 zones of immunological tolerance in normal mice. As

few as 10^-10"^ viable cells can induce low zone tolerance

while 10^-10^ cells stimulate powerful responses. Larger

cell doses induce high zone tolerance which is associated

with a more complex and more generalized state of immuno¬

suppression. This last state is probably responsible for the

marked loss in immunity when this tumor grows large and may

allow metastases to develop (Milas et al., 1974).

9
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Low zone tolerance may account for several aspects of

tumor behavior. One of these is "sneaking through" (Kolsch

et al., 1973; Mengersen et al., 1975; Haubeck & Kolsch,

1982). One would predict that for "sneaking through" to be

explained on this basis there would have to be a dose window

where tumor take is inhibited by the development of immunity

but this manifestation of immunity can be masked by larger

tumor cell numbers. Below this window tolerance would be

induced. Furthermore to see "sneaking through," the

transplanted tumor must be sufficiently resistant to natural

immune mechanisms and sufficiently clonogenic to grow from

cell doses that induce tolerance. These requirements would

explain why "sneaking through" is not seen with all tumors

and opens up the possibility that low zone Tg cell induction
may be a more general phenomenon.

It is possible that tumors, even ones capable of

inducing immunity, might have initially escaped the

attentions of the host immune system by inducing tolerance.

It would be interesting to study the highly immunogenic

UV-induced tumors in this regard. It should be noted that,

with the possible exception of certain virus coded products,

there is no compelling reason to consider tumor antigens as

being anything other than self or minimally altered self

components, perhaps exceptional only in the amount and timing

of their expression. One might expect responses to such

antigens to be under close suppressor cell control. Under

natural conditions anti-tumor responses might therefore

10
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require breakage of a tolerant state and could be considered

as largely autoimmune in nature.

Finally, we previously noted that immunotherapy of this

tumor with C_^ parvum was only effective when inocula of

moderate size were used (Peters et al., 1978). Not only were

small-size inocula not rejected but tumor take was actually

enhanced. We can now explain the lack of effect of C_^ parvum

on small size inocula as being due to the presence of a

tolerant state.

These studies reemphasize the need for extreme care when

drawing conclusions from experiments where single doses of

transplanted tumors are used and suggest that tolerant mice

might be a useful tool for studying the effects of the immune

system and immunotherapy on tumor behavior.
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FIGURE LEGENDS

Figure 1: Two zone tolerance to FSA as measured by the Winn

assay. Mice were pretreated with varying doses of FSA by

injecting them into one flank. Ten days later 4 x 10^ FSA

cells were injected into the opposite flank. After a further

7 days, splenic T cells were isolated, admixed with viable

FSA cells at a 33:1 ratio and recipient mice were injected
4

with inocula containing 2 x 10 FSA per site. The percentage

of positive sites on day 21 is shown, a time when all control

sites receiving FSA alone or normal T cells plus FSA, were

positive.

Figure 2: Two zone tolerance to FSA as measured by the TuH

cell assay. Mice were treated in an identical fashion as for

Figure 1 except the level of tumor-specific T cell help

within the spleen cell populations was measured as described

in the Materials and Methods. The control 100% value

represents the PFC response generated by spleen cells from

mice receiving 4 x 10^ FSA cells only (no pretreatment). The

effect of pretreatment with various doses of FSA is shown

(_ ). The possibility that suppressor cells were

responsible for the decreased responses by some of the

pretreated groups was tested for by mixing spleen cells from

these groups with spleen cells from control mice receiving

only challenge with FSA (100% group). Suppressor cells were

present where there was decreased responsiveness ( ).

Treatment with anti-Thy 1.2 plus complement abolished

suppressor cells only in the low zone groups

12
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Figure 3: The specificity of suppressor cells generated ty

low and high doses of FSA. The ability of spleen cells from

mice pretreated with varying doses of FSA and challenged with

4 x 105 FSA cells as per Figure 1 to suppress the generation

of TNP-CRBC responses was tested. The 100% value represents

responses of separated T and B cell populations from TNP-CRBC

primed mice with TNP-CRBC as antigen. Non-specific

suppressor cells were present only in the high dose groups.

&
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Table 1" Suppression of anti-FSA and anti-CRBC
responses by T cells from high zone tolerant mice.

Percent Suppression

Fsa response CRBC response

Whole spleen 98 95

Nylon wool nonadherent
cells 96 25

Nylon wool nonadherent spleen cells and non-separated cells
7

from mice receiving 10 Fsa sc followed by challenge with 4 x

10^ FSa as in Figure 1 were tested for their ability to

suppress anti-FSA and anti-CRBC responses as in Figures 2 and

3.

14
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Summary.—The ability of s.c. injected tumour cells to specifically inhibit the growth
of similar cells injected i.v. 2 days later has been confirmed. The capacity of tumour
cells to elicit this effect varies from tumour to tumour. Furthermore, it is more

readily achieved with cultured than with freshly excised tumour cells. The superior
effect elicited by cultured tumour cells was not overcome by treating them with
trypsin or pronase. The protection achieved was impaired in T-cell-depleted mice
and mice which had been irradiated (400 rad) prior to pretreatment. In contrast, it
was not affected by administration of silica, sodium aurothiomolate or cortisone
acetate. The results imply that T-cell-dependent responses are involved in the
protection conferred by pre-injecting tumour cells shortly before i.v. challenge.

Recently, we reported that the pre-
injection (s.c.) of syngeneic methylcholan-
threne-induced fibrosarcoma cells inhibit¬
ed the growth of homologous tumour in¬
jected i.v. 1 or 2 days later. This effect,
however, was not observed if the s.c. in¬
jection was delayed until one day after
tumour challenge. In addition, this pre¬
treatment frequently enhanced the cyto¬
static effect of peritoneal-exudate cells on
tumour-cell monolayers (James et al.,
1978). These observations were somewhat
unexpected, in view of the many reports
then appearing, suggesting that trans¬
planted tumours might promptly release
products which could impair the host
response against themselves, so permitting
the tumour to escape surveillance (re¬
viewed in James, 1977).

In view of the effectiveness of the pro¬
tection observed and the rapidity with
which it was achieved, we decided this
phenomenon was worth further investiga¬
tion. The present report summarizes the
results of studies undertaken; (a) to estab¬
lish more conclusively the specificity of the
effect, (b) to compare the protection con¬
ferred by tumour-cell inocula prepared in
various ways, and (c) to ascertain the

possible immunological mechanisms in¬
volved.

materials and methods

Mice.—All the investigations were per¬
formed in inbred CBA/Ca male mice age 10-12
weeks. These mice were bred from stock
supplied by the MRC Laboratory Animals
Centre, Carshalton, Surrey.

T-cell-deprived mice were prepared by
thymectomizing 5-week-old mice and sub¬
jecting them 1 week later to 800 rad whole-
body irradiation with thorax shielding. About
7 weeks later the animals were used. The
immune status of the T-cell-deprived mice
was routinely assessed by challenging them
i.p. with 3xl08 sheep erythrocytes and de¬
termining 7-9 days later the levels of circu¬
lating antibodies (both sensitive and resistant
to mercaptoethanol) by standard passive
haemagglutination techniques. The mice were
also checked at the time of sacrifice for thymic
remnants.

In certain instances, the mice were also
subject to 400 rad whole-body X-irradiation
with thorax shielding. A Westinghouse X-ray
machine with the following physical condi¬
tions was used throughout for X-irradiation:
230 kV, 15 mA, with 0-5 mm Cu and TOO
mm Al filters, a target-to-object distance of
75 cm and a delivery rate of 60 rad/min.
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Table I.—Some characteristics of the syngeneic tumours used in the present study
Tumour

designation
CCH1
CCH5
T3

Wo4

Description
Fibrosarcoma
Fibrosarcoma
Fibrosarcoma

Adenocarcinoma

Generation
Kos.*

21 or 22
3

How induced Iinmunogenicityf
3 methylcholanthrene 105-106
3 methylcholanthrene 105
By transplantation of 104

embryo cells spontaneously
transformed in vitro

Spontaneous <104

TDsot
27

830
57'

ND

* Prior to transplantation or establishment in tissue culture. T3 was maintained in culture throughout,
t The challenge dose against which the preinjection of I06 irradiated tumour cells 2 weeks earlier affects

complete protection.
J The number of tumour cells which when injected s.c. gives rise to tumours in 50% of the mice.

Tumours.—The syngeneic tumours used
included two MC-induced fibrosarcomas (de¬
signated CCH1 and CCH5), a spontaneous
adenocarcinoma (\V54) and a fibrosarcoma
(T3) which had been obtained after injection
of CBA mice with syngeneic embryo cells
which had undergone spontaneous transfor¬
mation in vitro. Further details on these
tumours are in Table I and elsewhere (James
et al., 1978; Woodruff et al., 1978). Cultured
tumour cells were generally used for pretreat-
ment and challenge. These cells had been
maintained in culture for varying periods of
time, under conditions previously described
by Ghaffar et al., (1974). The culture line was
routinely examined for viral contamination,
as previously described (James et al., 1978)
and shown to be free of viruses and other
micro-organisms.

The tumour cells were generally harvested
from the culture flasks by incubating the
washed tumour-cell monolayers in Dulbecco
A containing 0-2% (w/v) EDTA for 10 min.
On certain occasions (see later) the cells were
harvested by incubating for 3-5 min in Dul-
becco/EDTA containing 0-5 mg/ml trypsin
(Koch-Light, Colnebrook, England) whilst
on other occasions cells recovered without the
aid of trypsin were subjected to further treat¬
ment with pronase for 20 min at 37°C. The
conditions used for treatment of the cultured
tumour cells were similar to those used in pre¬
paring tumour-cell suspensions from freshly
excised tumours, apart from the omission of
treatment with deoxyribonuclease (see Wood¬
ruff & Boak, 1966).

Other materials.—The silica (Dorentrup
Quartz Nr 12 1-5 /am) was sterilized by dry
heating at 160°C for 2 h. It was then suspend¬
ed in sterile 0-1 5m saline and vigorously
mixed before injection. The cortisone acetate
(Glaxo Pharmaceuticals Ltd, Greenford,

England) was suspended at a concentration
of 12-5 mg/ml in sterile 0-15M saline. Finally
the sodium aurothiomalate (Myochrysine,
45% metallic gold; May and Baker Ltd,
Dagenham) was diluted frith sterile 0-15m
saline to a concentration of 10 mg/ml.

In vivo experimental model.—The basic
protocol involved injecting mice s.c. with 106
syngeneic tumour cells 2 days before i.v.
challenge with homologous tumour or other
syngeneic tumours. The mice were killed 14
days after challenge, the lungs removed and
fixed in Bouin's solution and the number of
tumour nodules per lung counted. Each
experimental group initially contained a
minimum of 8 mice. Further experimental
details are recorded elsewhere in the text or

in the footnotes to tables and figures.
Presentation of results.—The number of

tumour nodules observed in the lungs of in¬
dividual mice has been presented in scatter-
gram or tabular form and the significance of
the results has been determined by the
Wilcoxon Rank-Sum test. Values of P<0-05
were regarded as significant.

RESULTS

Specificity of short-term protection
Our initial studies suggested that sig¬

nificant inhibition of the growth of i.v.
administered CCH1 tumour cells could
only be achieved by the pre-injection of
homologous tumour cells, other syngeneic
and allogeneic tumours exerting little, if
any, effect. The present experiments were
performed to see whether specific protec¬
tion could also be achieved in other tumour
models. The results of these studies are

presented in Figs. 1 and 2.
9
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Fig. 1.—The effect on the growth of i.v.
injected MC fibrosarcoma CCH5 of the pre-
injection of various syngeneic tumour cells.
Mice injected s.c. with 106 cultured
tumour cells on Day —2 and challenged
i.v. on Day 0 with 5 x 104 cultured CCH5
tumour cells. 14 days after challenge the
only significant reduction (PcO-Ol) was
seen in mice pretreated with homologous
tumour. Pretreatment: A—No pretreat-
ment; B—CCH1; C—CCH5; D—T3; D—
W54.
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Fig. 2.—The effect on the growth of i.v. in¬
jected T3 of the preinjection of various
syngeneic tumour cells. Mice injected s.c.
with 106 cultured tumour cells on Day —2
and challenged on Day 0 with 5 x 104 cul¬
tured T3 cells. None of the pretreatments
significantly inhibited lung tumour nodule
formation. Pretreatment as in legend for
Fig. 1.

T3 tumour cells failed to inhibit the growth
of T3 tumour injected i.v. 2 days later.

It will be observed from Fig. 1 that the
lung-colonizing ability of i.v. injected
CCH5 tumour cells was severely impaired
by the s.c. injection of 106 CCH5 cells 2
days prior to i.v. challenge. The pre¬
injection of other syngeneic tumour cells
was without effect, thus confirming and
extending our previous specificity studies
with CCHl tumour (James et al., 1978).

However, additional studies revealed
that the effect observed is not universal,
for certain tumours (at least at the doses
used) were not able to elicit a protective
effect in this short-term pre-treatment
model. This is illustrated in Fig. 2, where
it can be seen that the s.c. injection of 10®

A comparison of the protection achieved by
tumour-cell suspensions processed in various
ivays

An overall analysis of the data obtained
in our original studies indicated that while
a highly reproducible protection could be
achieved after short-term pre-treatment
with cultured tumour cells, a somewhat
inconsistent effect was seen after the pre¬
injection of tumour-cell suspensions ob¬
tained by pronase digestion of freshly
excised tumour cells (James et al., 1978).
We decided, therefore, to compare directly
the ability of both cultured and freshly
excised tumour cells to inhibit tumour
nodule formation after challenge with
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Fig. 3.—The effects on the growth of i.v.
injected CCH1 tumour cells of the preinjec-
tion of cultured or freshly excised homolo¬
gous tumour. Mice injected s.c. with 106
cultured or freshly excised tumour cells on
Day — 2 and challenged i.v. on Day 0 with
5 X 104 cultured or freshly excised tumour
cells. Preinjection of cultured cells signifi¬
cantly inhibited (P<0-01) tumour nodule
formation as measured 14 days after i.v.
challenge with either tumour cell prepara¬
tion, while the freshly excised preparation
had no effect. Observe also the superior
lung-colonizing properties of the freshly #

excised cells. Pretreatment: A and C—No*
pretreatment; B and D—Cultured cells;
C and F—Freshly excised cells.

either cultured or freshly excised tumour
cells.

It will be seen from Fig. 3 that the lung-
colonizing ability of freshly excised tumour
cells was superior to that of cultured
tumour cells. In addition, the tumours
resulting from s.c. pre-treatment with
freshly excised cells were larger (mean
diam. 15-2 mm) than those after s.c.
transplantation of cultured tumour cells
(mean diam. 12-8 mm). Nevertheless, it is
also readily apparent that cultured cells
alone were capable of significantly inhibit¬
ing (PC0-01) tumour-nodule formation
after i.v. challenge with either freshly
excised or cultured tumour cells.
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Fig. 4.—A comparison of the protective effects
achieved by the preinjection of enzyme-
treated and untreated cultured tumour
cells and foetal calf serum. Mice were in¬

jected s.c. on Day —2 with 106 enzyme-
treated or untreated cultured CCH1 tu¬
mour cells or 0-1 ml of 10% (w/v) foetal
calf serum, and challenged i.v. with 5 x 104
CCH1 tumour cells on Day 0. Both un¬
treated and enzyme-treated cultured tu¬
mour cells significantly impaired tumour
nodule formation, whereas the preinjection
of foetal calf serum was without effect.
Pretreatment: A—RPMI; B—RPMI plus
FCS; C—Untreated tumour cells; D—
Trypsin-treated tumour celis; E—Pronase-
treated tumour cells.

Additional experiments were undertaken
to ascertain whether the superior protec¬
tive effect obtained with cultured cells
might be reduced by submitting these cells
to a similar enzyme treatment to that used
in the preparation of tumour-cell suspen¬
sions from freshly excised tumours, a pro¬
cedure which undoubtedly removes certain
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cell-surface antigens. These studies re¬
vealed that both pronase- and trypsin-
treated cultured cells were as effective as

non-enzvme-treated cultured tumour cells
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Fig. 5.—The effect of silica treatment on the
protection achieved by preinjecting tumour
cells 2 days before i.v. challenge. Mice were
injected daily on Days — 4 to 0 with either
0*2 ml of physiological saline (Groups A and
B) or 0'2 ml of saline containing 2-5 mg
silica (Groups C and D). These injections
were given by both the i.p. (Days —4, —2
and 0) and the i.v. routes ( — 3 and —1).
Mice in Groups B and D were also injected
s.c. with 10® cultured CCH1 fibrosarcoma
cells on Day — 2. All mice were challenged
i.v. on Day 0 with 5 x 104 cultured CCH1
cells, and the number of tumour nodules
per lung counted 14 days later. The protec¬
tion conferred by preinjection of tumour
cells was not overcome by silica treatment.
Pretreatment; A—Saline; B—Saline plus
tumour; C—Silica alone; D—Silica plus
tumour.

in eliciting the short-term protective effect
(Fig. 4). Further studies undertaken in
parallel with the above, indicated that the
pre-injection of 0-1 ml of a 10% v/v solu¬
tion of FCS in RPMI medium had no effect
on the growth of tumour cells injected i.v.
2 days later.
Possible mechanisms whereby sliort-term
protection is achieved

A number of experiments have been
undertaken to help clarify the possible
means whereby protection is conferred in
this short-term pre-treatment model. Al¬
though these experiments failed to estab¬
lish the precise mechanism involved, they
nevertheless have enabled us to exclude
some of the possible explanations original¬
ly advanced (James et al., 1978).

In order to assess the possible role of
macrophages we compared the protection
achieved in normal mice and mice receiving
a course of silica injections, which is known
to severely impair macrophage function
(e.g. Jones and Castro, 1977). In essence
this involved injecting mice i.p. with 2-5
mg of silica in 0-2 ml of physiological saline,
on Days —4, —2 and 0, relative to i.v.
challenge with tumour cells. Additional
i.v. injections of 2-5 mg of silica were also
given on days —3 and —1. As indicated
in Fig. 5, this intensive course of silica
treatment failed to influence the protec¬
tion due to short-term pre-treatment with
homologous tumour cells. Further studies
revealed that the protection was also not
ablated by treatment with sodium aurio-
thiomalate (1 mg/day on Days —5 to 0)
adding further support to the contention
that the observed effect was not macro¬

phage mediated (see Fig. 6).
The possible involvement of T-depen-

dent immune processes in this phenome¬
non was investigated in B-cell-deprived
mice. In these experiments, mice which
had been T-cell-depleted as described
earlier were injected s.c. after a 7-8-week
interval with 10® lethally irradiated
(22,000 rad) or untreated cultured CCH1
tumour cells and challenged i.v. with 106
cultured CCHl tumour cells 2 or 11 days
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Fig. 6.—The effect of sodium aurothiomalate

treatment on the protection achieved by
preinjecting tumour cells 2 days before i.v.
challenge. Mice in Groups C and D received
daily i.p. injection of 1 mg of sodium auro¬
thiomalate on Days —5 to 0. In addition,
animals in Groups B and D were injected s.c.
with 106 cultured CCH1 fibrosarcoma cells
on Day —2. All mice were challenged i.v.
with 5xl04 cultured CCH1 fibrosarcoma
cells on Day 0 and the number of tumour
nodules per lung was counted 14 days later.
The protective effect conferred by pre-
injection of tumour cells on Day —2 was
not overcome by sodium aurothiomalate
treatment. Pretreatment: A—No pretreat-
ment; B—Tumour alone; C—Sodium
aurothiomalate alone; D—Sodium auro¬
thiomalate and tumour.

later. Similar experiments were simul¬
taneously undertaken in intact or sham-
thymectomized X-irradiated mice. The
number of lung tumour nodules seen 2
weeks after challenge is indicated in Table
II. It will be seen that in T-cell-deprived
mice the s.c. injectionof tumourcells fails to
inhibit significantly the growth of tumour

cells injected i.v. 2 days later. This contrasts
markedly with the effect noted in intact
or sham-thvmectomized X-irradiated
mice. It should also be stressed that sero¬

logical analyses revealed that the capacity
of the T-depleted mice to mount a 7S
antibody (mercaptoethanol resistant) re¬
sponse to sheep erythrocytes was severely
impaired relative to that seen in sham-
thymectomized X-irradiated mice and
intact mice. This confirms the effective¬
ness of the T-cell-depletion procedure.

Whilst the above observations revealed
that T cells were involved in short-term
protection, additional studies in cortisone-
treated mice showed that the cortisone-
sensitive T-cell subset did not play a
crucial role (Table III). However, protec¬
tion was somewhat impaired (though not
ablated) in mice which had been subjected
to 400 rad whole-body irradiation before
s.c. pre-treatment (Table IV).

It should be noted that throughout these
studies the pre-injection of 106 viable syn¬
geneic tumour cells almost always pro¬
duced tumours with diameters of 10 mm

or more when they were killed 14 days
after i.v. challenge.

DISCUSSION

The present results confirm our initial
observations that the pre-injection of
syngeneic tumour cells into mice shortly
before i.v. challenge with the same tumour
impairs the development of lung tumour
nodules. They also indicate that (a) the
effect is specific and more readily achieved
with some tumours than others, (b) cul¬
tured tumour cells are more effective than
freshly excised ceils at evoking protection
and (c) T-dependent cells, though not
macrophages, play a crucial role in this
phenomenon.

Why this short-term protection can be
readily achieved with the 2 MC-induced
fibrosarcomas and not with the T3 fibro¬
sarcoma remains to be established. It may
simply reflect a difference in the immuniz¬
ing capacity of the tumours, for the 2 MC
fibrosarcomas are known to be more im-
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Table II.—A comparison of the effects of pretreatment at various times on lung tumour
metastasis in B mice

Day* tumour
cells injected

Group Immune status s.c. Tumour nodules/lung Ff
"A Not injected 3, 5, 6, 7, 7, 9, 10, 11, 12

B Intact -2 0, 0, 0, 1, 1, 2, 4, 4, <001
C -11 0, 0, 0, 0, 0, 0, 0, 0, 0, 2 <0-01

D Sham Not injected 1, 7, 7, 8, 8, 9, 15, 16, 18, 28
E thymectomized _ 2 2, 3, 4, 4, 4, 5, 5, 7, 7, 10 0-02
F and irradiated -11 0, 0, 0, 0, 0, 0, 0, 1, 1, 1 <001

G Thymectomized Not injected 1, 8, 9, 11, 12, 15, 15, 16, 16, 18
H and irradiated -2 1, 1. 3, 3, 3, 3, 7, 9, 14, 19 >0 05
I -11 0, 0, 0, 0, 1, 2, 3, 3, 5, 8, 11 <001

rA Not injected 133, 211, 232, 241, 242, 260, 270, 347, 350, 455
B Intact -2 0, 0, 0, 0, 0, 0, 1, 1, 198 <001
C -11 0, 0, 0, 0, 0, 0, 0, 1, 1 <001

D Sham Not injected 12, 13, 102, 169, 173, 183, 201, 222, 300
E thymectomized -2 0, 3, 14, 25, 45, 58, 101, 108, 134, 157 005
F and irradiated -11 0, 0, 1, 16, 16, 21, 72, 74, 79, 114 0 05

G Thymectomized Not injected 142, 143, 254, 270, 306, 400, 438
H and irradiated -2 12, 13, 102, 169, 173, 183, 201, 222, 300 >0 05
I -11 6, 9, 14, 150, 164, 178, 300, 304, 330, 340 0-10

* The mice were injected s.c. with 106 cultured irradiated (Exp. 1) or unirradiated (Exp. 2) CCHl tumour
cells either 11 days or 2 days prior to i.v. challenge with 1 x 105 (Exp. 1) or 2 X 103 (Exp. 2) cultured CCH1
tumour cells. The i.v. challenge in all groups were given on the same day.

t All values compared with respective non-pretreated counterparts.
Note that the protection achieved in the pretreated thymectomized group is less marked than that in the

pretreated intact and sham-thymectomized groups.

Table III.—Effect of cortisone acetate (CA)
on the protection conferred by short-term
preinjection of tumour cells*

Tumour nodules/
lung P

13, 29, 32, 41, 45,
88, 96, 217, 243,
297
0, 0, 0, 17, 23, 24, <0 01
28, 30, 35, 88

Exp. Group Treatment
^ CA alone1

B CA+
tumour
cells

2 A CA alone 17, 25, 40, 42, 52
76

B CA+ 0,0,0,0,0,10, <001
tumour 15, 26
cells

3 A CA alone 85, 219, 232, 254,
276, 304, 354, 398,
444, 493 <0 01

B CA+ 14, 19, 22, 44, 83,
tumour 94, 126, 345
cells

* In both groups 2-5 mg of cortisone acetate in
0*2 ml of saline was administered i.p. on Days —3,
— 1 and +1- Group B was also injected s.c. with 106
CCH1 fibrosarcoma cells on Day —2. All mice were
challenged i.v. with 105 CCH1 cells on Day 0, and
the number of tumour nodules counted on Day 14.

In all experiments the preinjection of homologous
tumour cells significantly inhibited the number of
tumour nodules produced by the i.v. injection of
tumour cells

munogenic than the T3 tumour (see Table
I). Furthermore, as the protection elicited
by CCHl is dose dependent (see James et
al., 1987) it is possible that higher doses
of T3 might have proved effective.

The reason why cultured CCHl fibro¬
sarcoma cells evoke a better protection
than freshly excised cells is still far from
clear. However, it should be noted that
differences in host response to syngeneic
cultured and freshly excised tumour cells
have been noted by others. For example,
recent reports indicate that cultured tu¬
mour cells elicit a more rapid infiltration
of host cells than do their freshly excised
counterparts (Moore and Moore, 1977) are
more susceptible to immunological des¬
truction in vivo (Pasternack et al., 1978)
and may also generate a more significant
cytotoxic response (Galili et al., 1978). In
addition, in our own laboratory we have
seen differences in the growth rates of
freshly excised and cultured tumours (see
Fig. 3) and in their host immunoglobulin
content (Bessos, Merriman and James,
unpublished observations).
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Table IV.—Effect of prior irradiation
(400 rad) on the protection conferred bp
short-term preinjection of tumour cells

Treatment

Tumour Day
cells irradi¬ Tumour

Group s.c.* ated! nodules/lung P
A No Not 37, 43, 85, 131,

irradi¬ 135, 140, 142, 002
ated 160, 163

B Yes 0, 0, 2, 5, 5, 14,
33, 40, 88, 300 +

C No -3 63, 240, 300+,
- 300+ , 300 +

D Yes -3 15,26,110, =0-05
138, 183, 195,
202

E No - 1 72, 124, 190,
200, 200, 250,
270, 280, 300, +
300+ <001

F Yes -1 5, 17, 32, 57,
69, 120, 130,
131, 137, 170

G No + 1 120, 180, 220,
260, 270, 270,
300+ , 300+ <0 01

H Yes + 1 0, 5, 23, 26,
41, 73, 73, 87,
113, 208

A No Not 34, 46, 47, 77,
irradi¬ 128, 146, 172,
ated 190, 300+ <0-01

B Y'es 0, 0, 0, 0, 0, 1,
2, 12, 13

C No -3 116, 117, 131,
176, 180, 194,
220, 252 =0-05

D Yes -3 0, 12, 50, 94,
120, 123, 234,
300 +

E No -1 146, 197, 210,
245, 246, 268,
279, 309 0-02

F Y'es -1 0, 0, 0, 0, 10,
15, 33, 59, 144

G No + 1 86, 103, 146,
158, 180, 193,
205, 206, 278,
278 <0-01

H Yes +1 0, 0, 2, 2, 5,
18, 44, 78, 118

* 106 CCH1 tumour cells injected s.c. 2 days before
i.v. challenge on Day 0 with 105 CCH1 tumour cells.

t Day 400 rad whole-body X-irradiation (thorax
shielded) performed in relationship to i.v. challenge
on Day 0.

Though the protective effect was not ablated by
irradiation, it was less pronounced in animals irra¬
diated before s.c. injection of tumour cells.

Initially, we were inclined to the view
that the observed effects were due to in¬
herent differences in the antigenicity of

the 2 preparations. One possibility was
that the use of proteolytic enzymes in the
preparation of tumour-cell suspensions
had stripped tumour-specific transplanta¬
tion antigens from the cell surface. Al¬
though such antigens would eventually be
regenerated after s.c. transplantation, the
delay in their expression would most likely
produce a delay in the stimulation of host
defence mechanisms. Thus, by the time
they were eventually expressed, the i.v.
injected tumour would be irreversibly
established. An alternative explanation is
that the cultured tumour cells had ab¬
sorbed foetal-calf serum proteins from the
culture media and these exogenous pro¬
teins modulated the immune response. In
this context it is interesting to note that
others have reported that mammalian cells
(Kerbel and Blakeslee, 1976) and virus
(Snyder and Fox, 1978) may absorb foetal
calf serum proteins from culture media.
Such absorbed proteins may evoke a
cellular or humoral response against them¬
selves.

The observation that the trypsin or
pronase treatment of cultured cells fails to
modify the protective effect they elicit
suggests, at least indirectly, that the in¬
ferior effect of freshly excised cells is prob¬
ably not due to the removal of antigens
by these enzj'mes during cell preparation.
Nevertheless, it must be borne in mind
that deoxyribonuclease treatment was
also used in the preparation of cells from
freshly excised tumours and this could
conceivably have altered the properties of
the cells.

The alternative explanation, that the
effects may be due to foetal-calf serum
proteins absorbed during prolonged cul¬
ture, is also unlikely. In the first place, the
protective effect is tumour specific and in
the second, the effect cannot be reproduced
by injecting a relatively large dose of
foetal calf serum 2 days before i.v. chal¬
lenge. It is conceivable, however, that
certain foetal-calf serum proteins are in¬
tegrated into the tumour-cell surface, and
that their presence augments the immu-
nogenicity of tumour-specific transplanta-
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tion antigens, in tlie same way that viral
antigens are believed to potentiate the
immune response to weakly immunogenic
tumours (Hellstrom et al., 1978; Kuzamaki
et al., 1978).

While the above suggestions are of
theoretical interest we feel that the dif¬
ferences are most probably due to the
presence in the freshly excised tumour-cell
preparations of host lymphoreticular cells,
which somehow modulate the immune
response to the tumour cells after trans¬
plantation into "a new host. For example,
in the light of previous observations from
our laboratory on the CCH1 tumour used
in these studies (Szvmaniec and James,
1976) it is conceivable that freshly excised
tumour-cell suspension contained suppres¬
sor cells (either T cells or macrophages)
which interfered with the development of
prompt and effective anti-tumour immu¬
nity. In this context it could be argued
that the superior lung-colonizing proper¬
ties of freshly excised tumour, over their
cultured counterparts (see Fig. 3), was due
to the presence of suppressor host cells in
the freshly excised tumour-cell suspension.
It should be noted however that others
have recently shown that differences in
the growth characteristics of freshly ex¬
cised and cultured tumour cells are related
to their capacity to produce inhibitors of
macrophage chemotaxis (Pasternack et al.,
1978).

An additional possibility is that the
larger tumours which arise after trans¬
plantation of freshl}' excised cells give less
protection due to an "eclipse" phenome¬
non. Whatever the explanation for the
differences in host responses to freshly
excised and cultured tumour cells, these
recent observations are undoubtedly of
importance in relation to all studies using
tumour isotransplants, and certainly war¬
rant further investigation.

Although the mechanisms by which
short-term protection is achieved still re¬
mains to be established, our observations
to date indicate that T-cell-dependent
immune responses are important, and that
macrophages probably play an insignifi¬

cant role. Furthermore, the fact that the
effect can be achieved in cortisone, acetate-
treated mice suggests that a steroid-
resistant T-cell population is involved,
thus excluding a role for steroid-sensitive
suppressor-cell precursors (Schechter and
Feldman, 1977). Whatever the cells in¬
volved, our studies indicate that a radia¬
tion-sensitive precursor exists. The mature
effector cells, however, are resistant to low
doses of X-irradiation. It should be stressed
that the protective effect conferred may
be yet another example of concomitant
immunity. Nevertheless, it is interesting
to note that the protection conferred is not
related to the size of the s.c. tumour at the
time of sacrifice, and can be readily
achieved in the absence of a tumour bur¬
den, namely after s.c. injection of lethally
irradiated tumour cells (e.g. Table II and
James et al., 1978). In addition it should
be noted that while the s.c. injection of
tumour as late as one day before i.v. chal¬
lenge inhibits the growth of lung tumour
nodules, such treatment is ineffective if
delayed until the time of i.v. challenge,
even though there is no detectable differ¬
ence in the size of the s.c. tumours when
the animals are killed (see James et al.,
1978). Finally, whilst we have not per¬
formed studies to see whether the pre-
injection of tumour cells i.v. can inhibit the
growth of tumour cells injected s.c., such
effects have been reported by others
(Yuhas et al., 1975).

Our studies to date do not exclude the
involvement of antibody-mediated pro¬
cesses. Among the untested possibilities
are the rapid development of antibodies
which might render the i.v. injected tu¬
mours susceptible to either complement-
mediate lysis or antibody-dependent cel¬
lular cytotoxicity mechanisms. In this
connection it is interesting to note that
others have observed the rapid appear¬
ance, within 2 days of tumour injection,
of humoral factors which are capable of
inducing antibody-dependent cellular cyto¬
toxic reactions (Pollack and Nelson, 1975).
Finally, the possibility also exists that pre-
injection of tumour results in the rapid
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appearance of hoinocvtotrophic antibody
which might hind to mast cells in the lungs.
The subsequent injection of tumours
would elicit an immediate hypersensitivity
response, which in some way might inhibit
tumour growth.

In conclusion, the present results clearly
establish that certain tumours rapidly
evoke a specific immune response against
themselves rather than switch off anti-
tumour responses, as has been suggested
by others (see James, 1977). However, the
precise means by which this is achieved
and its relevance to the initial phases of
tumour growth still remains to be estab¬
lished.
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I. INTRODUCTION

Over the last 15 years the presence of macrophages

within tumors, sometimes in high numbers, has been

established beyond reasonable doubt (for review see 1-6).

Considerable less certainty exists about the roles they play.

In addition to their basic scavenging function, macrophages

from various sites in the body have been found to serve a

multiplicity of functions. These can change in a kaleido¬

scopic fashion as a result of stimulation. Many of the

functions attributed to macrophages (Table 1) could

critically influence tumor growth and progression, the

metastatic process or the response to therapy. Because they

operate at the tumor-host interface a comprehensive

understanding of the functions of tumor-associated

macrophages (TAM) would tell us a great deal about the nature

of the macrophage-neoplastic cell relationship _in vivo and

may indicate how TAM might best be manipulated to benefit the

host.

Before embarking upon detailed consideration of the

nature and the roles of TAM, some general discussion of the

complexities of the participating cellular systems is

necessary. The answer to the question "what is the function

of TAM" inevitably reflects these complexities. Evidence

only from experimental systems will be presented.

IA. The mononuclear phagocyte system and TAM
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TAM belongs to the mononuclear phagocyte system (MNPS).

In fact they can represent a significant proportion of that

system. The percentage of TAM in tumor cell suspensions

varies from 0-80%. Most contain 20-30% (1-6). A tumor

9
containing in the order of 10 cells (approximately 10 mm

diam), could therefore contain several hundred million

macrophages. This may be more than the total number of

macrophages in a normal mouse which has been conservatively
g

estimated as 10 (7). It is worth noting that most analyses

of tumor-macrophage relationships are performed using tumors

that have already had a major impact upon a host's MNPS and

that the nature of the relationship may be different during

the early stages of tumor growth.

In addition to having a quantitative effect on the MNPS,

a tumor may also cause marked qualitative changes. The cells

of the MNPS are renowned for their heterogeneity (for review

see 8). Subpopulations of macrophages can be distinguished

by their distinctive and sometimes even mutually antagonistic

functions. Following stimulation these subpopulations can

change kaleidoscopically in a stimulus-related way. We must

therefore ask what degree of heterogeneity is expressed by

TAM and to what stimuli can they respond.

The origins of macrophage heterogeneity can be ascribed

to several sources (8). First, the MNPS is hierarchical and

cells traverse several distinct steps during differentiation.

The sequence of promonocyte (bone marrow) -*■ monocyte (blood) -*

free and fixed macrophages (tissues) with accompanying loss
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of proliferative capacity has recently been extended by the

finding of macrophage progenitor cells in a variety of

peripheral tissues (9-15). These local progenitor cells can

contribute to maintenance of macrophage levels within a site.

In addition to this developmental pathway, several stages on

the pathway of macrophage "activation" to kill tumor cells

have been operationally defined (14-19) that also seem to

involve differentiation. The important question of whether

macrophages have one or several distinct developmental

lineages along which to differentiate remains unanswered (8).

A second major source of heterogeneity is that the

biochemistry, morphology and functions of macrophages at

particular stages of differentiation can be independently

modulated. The term "modulation" is used here to describe

reversible changes maintained by continuous stimulation (8).

Acquisition of the lytic apparatus required to kill

neoplastic cells falls into this category, as do responses to

chemotactic stimuli, la expression and many

microenvironmental influences e.g. C>2 tension.
Microenvironmental and other modulatory signals contribute a

great deal to the differences seen between macrophage

populations from different body sites and are likely to be

important determinants of TAM function.

The heterogeneity expressed by the MNPS is influenced by

external stimuli but, because it is internally regulated, the

system tends to respond as a coordinated whole. For the most

part soluble factors orchestrate proliferation (e.g. colony
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stimulating factors), differentiation (e.g. differentiation

factors) and functional modulation (e.g. chemotactic,

activation factors) of those cells of the MNPS that are

receptive and responsive to them.

These physiological signals may come from cells outside

the MNPS and it is easy to see that neoplastic transformation

of such cells could have a major effect upon TAM and the MNPS

as a whole. Certain tumors have been shown to produce colony

stimulating factors (20-25), macrophage chemotactic factors

(26), macrophage chemotaxis inhibiting factors (27-31) and

substances that prevent macrophage activation (32). Other

reports will surely follow. The local and systemic influence

of these tumor-derived factors and of other signals generated

by the tumor-host interaction, e.g. by complement activation

or lymphokine release, may be crucial in determining the

nature and the number of macrophages within tumors. Such

factors are presumably the reason why a given inoculum of

tumor cells from an established cell line will usually

develop into a tumor with a TAM content that is predictable

at a particular stage of tumor growth (1-6). They are also

the reasons why the nature of the tumor-macrophage relation¬

ship varies so much from tumor to tumor (1-6).

IB. Tumor heterogeneity and TAM

It is clear that the dynamic process of tumor growth has

great potential for generating tumor variants. The final

extent of tumor heterogeneity will depend upon a number of

intrinsic and extrinsic factors, including selection by host
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responses (33-36). Macrophages may play a role. In spite of

the fact that difficulties have been experiences in selecting

for macrophage-resistant tumor variants _in vitro (34, 37) and

in vivo (38), macrophage-mediated selection does seem

possible. There are several reports that metastatic tumors

are more resistant than the parent line to

macrophage-mediated lysis (39-44). A progressively growing

variant of a UV-induced regressor tumor (36) was also found

to be more resistant to lysis than the original tumor. The

local presence of thioglycollate-induced macrophages has been

found to influence the properties of 3LL tumor variants

(35,45). It seems possible therefore that TAM, depending

upon the properties they express, could help mould the nature

of the tumor during its evolution.

It is of considerable interest that TAM have recently

been shown to be endowed with some mutagenic potential by

virtue of their ability to produce free oxygen radicals (46).

They may therefore also play a role in generating diversity.

This property was more often found associated with metastatic

than non-metastatic tumors although the relationship was

imperfect (46). It seems that only a minority subpopulation

of TAM have mutagenic potential and its expression may be

related to the activation status of the macrophages. It may

be no coincidence that when examining the TAM content of

primary murine tumors induced by Woodruff et al (38,47) with

methylcholanthrene we found that those tumors arising early

had a higher activation/maturation status (as measured by
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their avidity for antibody - see section ITC) than those that

arose late (Fig. 1). No correlation was found between

latency period and percentage of TAM.

Obviously TAM may play several roles in cancer

development and interpretation is complicated by the

contribution of other factors. What is clear from these

considerations of the effects macrophages have on tumor cells

and vice-versa, is that when we investigate established

tumor-macrophage relationships we are studying a relatively

stable, late outcome of what may have earlier been a dynamic

mutual selection process. There is some evidence that the

tumor-macrophage relationship evolves over the first few

transplant generations (47,48); in most cases a decrease in

the percentage of TAM is noted. Presumably this reflects

ongoing selection processes.

Before considering in more detail the functions of TAM

that could be important in determining the nature of the

tumor-host relationship, it is first necessary to examine

some of the methods used for the isolation, identification

and characterization of these cells.

II. TAM MARKERS

IIA. Techniques for obtaining and purifying TAM

A variety of techniques have been used to establish the

fact that neoplasms contain macrophages and to isolate TAM

for functional studies. These have been described in detail

elsewhere (49) and will not be considered here. However, it

is worth reiterating the caution that certain functions may
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be affected by the procedures used to obtain cell suspensions

from solid tumors - usually enzymatic and mechanical

disaggregation. Rigorous controls are essential to ensure

this does not happen.

TAM can be studied in tissue sections, in tumor cell

suspensions or as purified populations. TAM can be easily

isolated from tumor suspensions by exploiting their capacity

for rapid _in vitro adherence to surfaces. We have found that

the addition of low concentrations of the enzyme Dispase

(Boehringer Mannheim) in the presence of 20% fetal calf serum

discourages adherence of tumor cells and non-macrophage host

cells (50). With proper washing of the monolayers, more than

75% of TAM can be isolated from tumor cell suspensions with

minimal tumor cell contamination. The digestion and plating

procedures we use (50) do not affect expression of Fc

receptors, Mac-1 or la molecules, or macrophage-mediated

tumor cell killing, antigen presentation or phagocytosis.

IIB. Histological and histochemical techniques for

identification of TAM

It is extremely difficult to distinguish macrophages

from other cells by direct examination of H & E stained

tissue sections. Ultrastructual studies are possible (51)

but are limited in number and scope.

Histochemical stains have been used extensively to

identify TAM in both tissues and cell suspensions with

considerable success. Esterase staining, in particular

alpha-naphthyl butyrate esterase, can be used to identify the
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majority of mature macrophages (52,53) while 5' nucleotidase,

alkaline phosphodiesterase, leucineaminopeptidase, acid

phosphatase and peroxidase seem associated with particular

macrophage subpopulations (54-61). In general, histochemical

stains are useful but they do have several disadvantages. 1)

No single enzyme activity can unequivocally differentiate

between macrophages and all tumor cells. 2) Due to

macrophage heterogeneity there is a wide variation in

staining intensities. 3) Enzymes that within one site of the

body appear to reflect activation or differentiation, need

not have the same connotation for macrophages are taken from

another site. It must however be said that the same caveats

apply to all detection methods, including those that use

monoclonal antibodies.

Injection of dyes that are taken up by macrophages in

vivo was used by Aschoff (62) to originally define the

reticuloendothelial system (now MNPS). This technique has

also been used to identify TAM. Coincidentally it

demonstrates that these cells are functional rn vivo at least

with respect to phagocytosis. Most recently, Bugelski and

co-workers (63-66) have effectively used injection of

Prussian Blue and colloidal iron/dextran to study TAM in

micrometastases and the kinetics of infiltration of hepatic

metastases by macrophages.

9



IIC. Fc receptors on TAM

Perhaps the most universal macrophage markers are the

receptors for the Fc region of certain IgG molecules (FcR).

They are gained early during differentiation and generally

increase with maturity and activation status (58,67-69). TAM

have been identified in sections of frozen tumor tissue by

their ability to bind antibody-coated red cells (70-73). At

one time there was debate as to whether it was TAM that were

being detected. This has essentially been resolved. While

it is true that some neoplastic cells and normal cells other

than macrophages can express FcR (74), operationally this is

not often a problem. Macrophages express FcR of far higher

avidity than most cells (75) and are present in most tumors

in higher numbers than any other host cell (1-6). In tumor

cell suspensions, it is our experience (47,58,76,77) and that

of others (78-83) that the vast majority of FcR-positive

cells are macrophages as judged by criteria such as

phagocytosis, esterase positivity etc. In comparative tests,

phagocytosis tended to slightly underestimate the percentage

of TAM (47; see Table 3). The fact that more than 95% of TAM

usually express FcR supports the view that they are reliable

indicators of TAM under most circumstances.

Expression of FcR by TAM can be useful in another way.

The avidity of FcR for Ig IgG increases with maturation and

activation. Rhodes (67-69) was the first to use this fact to

characterise TAM populations. Moore and McBride (58,76,77)

subsequently showed that TAM could be separated by velocity
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sedimentation into subpopulations that differed in FcR

avidity, enzyme content, and function (see Section IIG). The

technique was also used to study macrophages associated with

a number of primary methylcholanthrene-induced tumors (47).

FcR avidity of TAM was found to vary greatly from tumor to

tumor (Fig. 2) but to be a characteristic of a given tumor

(47). No correlation was found with the percentage of TAM

(Fig. 2). In general, the level of TAM maturation or

activation was considerably higher than that expressed by

resident peritoneal macrophages and lower than C.

parvum-activated macrophages (47,58).

IID. Monoclonal antibodies to macrophages

The advent of monoclonal antibodies raised hopes that

they could be used to identify TAM and to characterise

subpopulations of macrophages with limited spectra of

functional capabilities. Several groups have raised

monoclonals against murine macrophages. Some of the antigens

they detect have been designated Mac 1-4 (84-91), M43, 57,

102, 143 (92), MB 1, F4/80 (7, 92-95).

In general the patterns of reactivity of the monoclonals

reflect the heterogeneity within the MNPS as a whole. Some

of the antigens appear to be lineage-related and present on

granulocytes and other closely related cells (e.g. M57,

Mac-1). Others seem to characterise the stage of macrophage

differentiation, for example MB-1 is present on macrophage

precursors while monoclonal 158.2 (96) binds to "primed"

macrophages (see section IIIA for definition). Some
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monoclonals preferentially bind to macrophages from one

particular anatomical site. For example, ER-TR9 (97)

recognizes splenic marginal zone macrophages while the VEP6

antibody recognizes rat alveolar but not peritoneal

macrophages (98).

In some cases a function can be ascribed to the

macrophage-markers. One antibody (AcMl) binds to "activated"

tumoricidal macrophages (92) and confirms findings using

conventional antisera (99,100) that such cells are

antigenically distinguishable. Others bind to Fc receptors

(101-103) and Mac-1 appears to be the type 3 complement

receptor (87). The F4/80 antigen is expressed by virtually

all mature macrophages and has been used to quantitate total

macrophage content of tissues (7).

HE. Class II MHC determinants on TAN

The percentage of TAM that express class II MHC (la)

determinants is characteristic for a particular tumor grown

from a given inoculum in normal mice (50). Class II MHC

molecules are of particular interest because these

determinants are essential for effective presentation of

antigen to T helper/inducer cells (104,105). Care must be

taken to make sure that class II molecules expressed by cells

within a tumor suspension are actually on macrophages. A

variety of other cells, including tumor cells, can express

la, especially under pathological conditions (106-110).
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In general, la expression by macrophages is a T

cell-dependent property associated with relatively young

cells (105,111). Dougherty and McBride (50) recently showed

that la was not expressed by macrophages from a murine

sarcoma (FSA) if the tumor was grown in syngeneic nude mice.

Furthermore la was lost if TAM from FSA grown in normal mice

were cultured overnight, confirming that la expression is a

modulated characteristic. Cells that constitutively produce

la were either absent from this tumor or present only in very

low numbers.

It seems possible that la expression by TAM might

correlate with tumor immunogenicity. If it does then the

presence of HLA-DR positive macrophages in human tumors (112)

would take on considerable significance.

IIF. Characteristics of TAM from two murine sarcomas

In general the percentage of TAM remains constant during

most of the period of tumor growth i.e. the numbers increase

in parallel with tumor cell numbers (1,2). Exceptions to

this rule have been found in that micrometastases (up to 700

cells) had a higher percentage (63-66) and larger tumors

tended to have a lower percentage (113).

The percentages of TAM in two murine sarcomas and their

status as measured by FcR avidity are shown in Table 2. The

FSA tumor is methylcholanthrene-induced and strongly

immunogenic (114,115). The NFSA tumor arose spontaneously

and is very weakly immunogenic (23,24). Both arose C3Hf/Kam

mice. Very small tumors of both FSA and NFSA had higher

numbers of more mature or activated TAM than larger tumors.
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The NFSA tumor is remarkable in that it contains

approximately 80% macrophages (10 mm diam. tumors). Because

of the high percentage of macrophages in NFSA we were obliged

to show that it was not in fact a tumor of the MNPS. In this

we were guided by the earlier work of a number of

investigators (48,80,116,117) who had used one or more of the

following criteria to prove that TAM were host-derived.

1. The rapidly adherent cells were macrophages on the

basis that they were FcR-positive, phagocytic,

esterase-positive and had other macrophage characteristics.

2. The FcR-positive cell population isolated by

adherence, or by density gradient centrifugation of cells

rosetted with antibody-coated red cells, did not grow when

reinjected into mice.

3. Cells that grew in long-term culture from

suspensions plated at low densities were FcR-negative,

non-phagocytic, esterase-negat ive and did grow upon

reinjection into mice.

4. Tumors that grew when FcR-negative cultured cells

were injected into F^ hybrid or allogeneic nude mice
possessed FcR-positive cells distinguishable by antisera to

class I antigens of the host genotype.

The reason NFSa possesses such a high percentage of

host-derived TAM is probably because it produces macrophage

growth factors (23). In primary _in vitro cultures of NFSA,

clones of macrophages develop. To grow the tumor cells we

have found it necessary to plate cell suspensions at low
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density. It takes several _in vitro passages and about one

month in culture before all macrophages are lost.

The factors that maintain macrophage levels within a

tumor are complex and are discussed in detail elsewhere in

this volume. What is clear is that the presence of immature

TAM populations does not necessarily mean they are blood

monocyte-derived. Proliferating TAM progenitors have been

isolated from the EMT6 tumor (118,119) as well as the NFSA

and Evans and Cullen (120) recently concluded from their

studies that _in situ proliferation of TAM made a major

contribution to the maintenance of the population in three

sarcomas (see also section IIG).

A more detailed description of some of the markers

associated with TAM from FSA and NFSA tumors is given in

Table 3 for tumor cell suspensions and TAM monolayers (50).

The tumors were 8-10 mm diam and grown in syngenic athymic

(nude) or normal mice.

There is some controversy as to whether TAM content is T

cell dependent or not. Some workers (121-124) have found it

is. Others (50,78), including ourselves (Table 3), have

found it is not. The role of immunogeneity in determining

the numbers of TAM is also uncertain. Some reports suggest

it can be important (121,122) while negative reports

(125-128, Table 3) suggest that other factors more commonly

obscure its effect. Of the two tumors shown in Table 3, NFSA

is much less immunogenic yet has a very high TAM content.
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Qualitative differences do seem to exist between TAM

from tumors grown in T cell-deprived and normal mice even if

no quantitative differences are apparent. Taniyama and

Holden and co-workers (129,130) described a lack of

cytotoxicity in macrophages from MSV-induced tumors grown in

nude mice. We find that la expression by TAM from NFSA and

FSA tumors is absent or drastically reduced (Table 3). Not

surprisingly these TAM cannot act as antigen presenting cells

(50). Fc receptor expression by TAM from these tumors is not

greatly affected by lack of T cells (McBride, unpublished).

There has been surprisingly little work published using

monoclonal antibodies to characterize TAM. Interestingly we

have been unable to detect the Mac-1 antigen, recognised by

the Ml/70 monoclonal, on any more than a small percentage of

TAM from FSA and NFSA (50; Table 3). Mac-1 is a very

prevalent macrophage marker and is associated with the type 3

complement receptor specific for iC3b (87). There are

several reports that complement receptors are difficult to

detect on TAM (5,73,117) and certain inflammatory macrophage

populations (131,132). In addition, Kupffer cells have been

reported to be Mac-1 negative (87). On the basis of

available data, any explanation for the absence of Mac-1 on

these TAM is purely speculation but its absence may reflect a

restricted TAM population limited in functional ability with

respect to binding and killing.
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IIG. Heterogeneity of TAM

Macrophages from tumors, as from other sites of the

body, display heterogeneity. As was mentioned in section IA,

this heterogeneity can come from several sources. Several

groups have used velocity sedimentation to characterise TAM

heterogeneity (40,58,76,77,129,130). In most studies, two

major subpopulations of TAM have been identified which

sediment at approximately 3-5 mm/hr and 5-8 mm/hr.

Subpopulations differing in size have been isolated from

macrophages taken from several other sites of the body

(133,134) so TAM are not unique in this respect.

Moore and McBride (58) using the FSA tumor (Tables 2 and

3) showed that the smaller sized macrophages had a

considerably lower FcR avidity than the larger sized

population and contained a greater percentage of

peroxidase-positive cells (20% compared with 3%). They

suggested that the large cells were derived from the small

ones: peroxidase activity is lost upon macrophage maturation

(135) and FcR are gained. The small sized TAM contained the

majority of la-positive TAM (McBride, unpublished) and had

anti-tumor activity in the Winn assay (136). Changes in the

characteristics of this small sized population that are

associated with tumor regression have been described (see

section HIE). In earlier studies (129,130) cytotoxicity of

TAM from progressively growing MSV-induced tumors was found

associated with the small size fraction but with both small

and large TAM if the tumors were regressing.
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More information is needed on the relationships between

TAM subpopulations and the influence of tumor on their

activities. This may come from elutriation studies of TAM

and their more extensive histochemical analyses (59-61).

III. FUNCTIONS OF TAM

IIIA. Cytotoxicity of TAM

"Activated" macrophages selectively recognise neoplastic

cells and may destroy them or impede their growth.

Macrophage-mediated cytotoxicity (MCC) may be most efficient

when cell-cell contact is established but a number of

cytotoxic soluble factors have been found in _in vitro

macrophage supernatents that have anti-tumor activity. These

include arginase (137), the C3a complement component (138)

H2O2 (139), serine proteases (140) and a family of
monocytotoxins (141-144) which includes tumor necrosing

factors (TNF). Which of these is most important in MMC is

still an open question and may depend upon prevailing

conditions•

The early work on the cytotoxic potential of TAM will be

summarised only briefly as it has been extensively reviewed

elsewhere (1-6). Using MSV-induced regressor and progressor

tumors, a general _in v i tro- in v ivo correlation has been

demonstrated (129,130). Cytolytic activity was found

predominantly (but not totally) associated with regressor TAM

populations. It was absent in TAM from tumors grown in nude

mice.
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In these and some other studies (145-148; see Table 4)

spontaneous cytotoxicity of TAM taken from progressively

growing tumors for a variety of targets has been

demonstrated, but this is not a totally reproducible finding.

The lack of a general pattern may be due to variation in TAM

function from tumor system to tumor system. However, some of

the inconsistencies are because different assays give

different results. The nature of the target cell is

important; they vary in their sensitivities to different

cytotoxic mechanisms. Also, the effector-to-target cell

ratio is crucial in demonstrating cytotoxicity. It is

probably safe to say that there is very little _in vitro

evidence that TAM from progressively growing tumors are

cytotoxic for their homologous tumor at effector-to-target

cell ratios that one might expect to be present _in vivo

(2,39). It must also be remembered that within tumors,

macrophages may be operating under very different conditions

(hypoxia, nutrient deficiency, etc.) from those prevailing in

vitro and that many TAM are spatially isolated from tumor

clones and unlikely to achieve the effector-to-target ratios

or spatial contact suggested by their percentage

representation.

Some information of the activation status of

non-cytotoxic TAM population is however available.

Activation appears to be a multistep process (14-19) that can

be at least operationally defined. Inflammatory (usually

thioglycollate-induced) macrophages are considered
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"responsive" in that they can be "primed" by lymphokines to

respond cytolytically to low (ng) concentrations of

endotoxin. The physiological correlate of the endotoxin is

probably another lymphokine (149). Russell (6) was the first

to show that TAM from progressively growing MSV tumors were

"primed" in this sense and able to respond. In general, it

seems that some level of cytotoxicity can be induced in TAM

populations by _in vitro stimulation. In this respect, as in

their expression of FcR (section IIC), they seem superior to

resident peritoneal macrophages. The question whether the

activation process _in vivo is subverted by tumor cells or

whether the activation process is not generally completed

because of a lack of appropriate stimuli remains to be

answered.

In addition to MMC, macrophages can destroy tumor cells

rapidly in the presence of antibodies (antibody-dependent

cell-mediated cytolysis-ADCC). Evidence from several sources

is confirming the view that TAM can cooperate with

host-derived or administered antibodies to have a beneficial

anti-tumor effect. The macrophage subpopulations involved in

ADCC are not always the same as those that mediate MMC. Also

the form of cytolysis is dependent upon the isotype of the

Ig. Recently, Adams et al. (150) have shown that TAM from

human tumors grown in nude mice were increased in number if

IgG2a monoclonal anti-tumor antibody was administered and

were activated for the distinct form of ADCC dependent upon

antibodies of this isotype. Such findings supports earlier
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work by Haskill et al. (151,152) showing that ADCC effector

cells and IgG2a anti-tumor antibody could be effective in

situ.

IIIB. Stimulation of tumor growth by TAM

In recent years many groups have found that TAM from

progressively growing tumors were not only not cytotoxic for

tumor cells jin vitro but actually stimulated tumor growth

(1-3). Growth stimulation has been observed both _in vitro

(153-155) and rn vivo (156-162). Little is known as to the

characteristics of the macrophages that are involved but as

in the cytotoxicity assays effector-to-target cell ratio is

crucial.

The effects of TAM from NFSA and FSA tumors on their

growth are presented in Table 4. It was no surprise to find

that at high effector to target cell ratios TAM from NFSA,

which represent 80% of the cellular composition of the

tumors, were growth stimulatory. TAM from FSA (20% of

cellular content) were cytotoxic at high ratios. Neither of

the TAM populations were very effective at low effector-to-

target cell ratios.

On occasion, low molecular weight tumor growth

stimulatory materials have been reported released by TAM into

culture supernatents (2,153). The production of such soluble

stimulatory factors is consistent with the knowledge that

macrophages are renowned for their ability to produce factors

that affect the growth of a variety of cells (163).
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In vivo, TAM or their products could stimulate tumor

growth directly or indirectly by stimulating endothelial cell

proliferation and angiogenesis (164,165).

IIIC. Immunoregulatory functions of TAM

Macrophages have well documented immunoregulatory roles

(104,105). On the one hand they can present antigen in

association with class II (la) MHC molecules to T

helper/inducer cells, an essential step in the optimal

generation of most immune responses. On the other hand, they

can non-specifically down-regulate or enhance immune

responses. By these mechanisms they not only regulate T and

B cell responses but, by controlling lymphokine production,

control their own population behaviour. Different macrophage

subsets may be involved in specific antigen presentation and

non-specific immunoregulation (133). Any of these diverse

reactions occurring at the site of tumor growth could be

important in determining the tumor-host relationship.

Recently we showed that 50% of TAM within FSA expressed

la molecules (50; Table 2). This population could present

both tumor and red cell antigens to appropriately primed T

cells, indicating that they were fully functional antigen

presenting cells. TAM from the same tumor grown in nude mice

were la-negative (Table 2) and unable to present antigen

(50) .

TAM capable of suppressing lymphocyte responses have

been described (129,130,166-170). Larger sized macrophages

appear most effective (130). The mechanism by which
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suppression occurs is not clear but release of prostaglandins

may be involved (46,132,166,171), a property which certain

tumor cells also possess (172).

In our studies (50,173) we found no evidence for

suppressor macrophages. In fact, TAM from FSA

non-specifically enhanced antigen-specific lymphocyte

responses. Primary responses were more affected than

secondary responses. The immunoenhancing activity was

associated with release of interleukin-1-1ike soluble

factors. These factors were produced by la-negative

macrophages, including TAM from tumors grown in nude mice,

showing that T cells are not needed.

It is important to realize that the TAM used in these

studies came from tumors in the middle of their growth

period. The same results may not be true at other times. In

fact, Evans (174) recently showed that TAM could enhance or

suppress _in vitro mitogen responses dependent upon the stage

of tumor growth. TAM from early or late in tumor growth were

suppressive while in between they enhanced. Such changes in

TAM function presumably reflect the self-regulatory potential

of the macrophage system (132).

HID. TAM and metastasis

The dissemination of tumor cells and their growth at

distant sites depends not only upon intrinsic properties of

the tumor cells but also upon host factors. Early reports

that the percentage of TAM was correlated with metastatic

potential suggested a role for TAM (121,122). However this
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was not confirmed by later studies (127). In spite of these

reports it is impossible to rule out a role for TAM because

of the varied and diverse functions they perform. Possible

roles TAM could play to enhance metastasis, and which require

investigation, include modifying the adhesive interactions

between tumors and their surrounding tissues (175), breakdown

of basement membranes (163,176-178), bone resorption (179)

and enhanced deposition or clearance of fibrin deposits

( 180-182) .

The possible importance of TAM in tumor cell selection

processes and in the generation of tumor cell heterogeneity

were discussed in section IB.

IIIE. TAM and response to therapy

The general conclusion that TAM do not constitute an

effective anti-tumor force in progressively growing tumors is

inescapable. The question that remains is can they be

modulated to express anti-tumor activity. TAM from

progressively growing tumors appear to have cytolytic

potential that can be stimulated (section IIIA). In

addition, recruitment of monocytes from the circulation could

provide a source of fresh effector cells. The rate of

recruitment of such cells and their activation status may be

critical in determining the tumor-host relationship.

The efficacy of intralesional BCG treatment has been

linked to tumor macrophage content (183). Alterations in TAM

as a result of systemic immunotherapy have also been seen.

Although several groups have failed to link the anti-tumor
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action of systemic parvum to changes in number of TAM

(184-186), our laboratory has demonstrated qualitative

changes. In general, the FcR avidity of TAM, a measure of

the extent of activation and differentiation of macrophages,

is increased by systemic parvum (47,76,77) just prior to

tumor rejection. At this time the number of TAM is

unaltered. Using the FSA tumor (Table 3) we showed that this

increase was predominantly in the small-sized TAM population,

a population that possesses demonstrable cytotoxic activity

(136; McBride, unpublished). This small-sized population

also contains the majority of peroxidase-positive TAM (58)

and la-positive macrophages. In fact, the percentage of

la-positive TAM in FSA increases from about 12 to 20% in C.

parvum-treated mice i.e. from 50 to 80% of TAM become

la-positive at this time. Mac-1 expression is unaltered

(McBride, unpublished observation). These data suggest that

changes in relatively immature TAM are seen preceding tumor

regression. It is not known if such changes are T cell

dependent or whether they reflect the complex C.

parvum-induced alterations in T cell reactivity which are

seen at the same time (187).

The evidence is indirect but taken in conjunction with

reports that TAM from regressor and progressor MSV-induced

tumors show functional differences (6), it suggests that TAM

can be manipulated to benefit the host.
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An interesting area of recent research is the

interaction of cytotoxic therapeutic agents with the

mononuclear phagocyte system (reviewed in 188). This is

outside the scope of this review but it is worth remembering

that they can have profound effects on the MNPS, particularly

progenitor cell populations. Furthermore, because mature

macrophages have less proliferative potential than most tumor

cells, and most conventional therapeutic agents affect cell

division the macrophage to tumor cell ratio may change

following therapy. The possible importance of such changes

have recently been demonstrated by Evans (189).

IV. CONCLUDING REMARKS

The presence of macrophages within tumors is an

established fact. Functional studies of TAM are incomplete

but they suggest that TAM are heterogeneous populations that

vary from tumor to tumor while being characteristic for any

one tumor. Presumably this balance is a reflection of an

earlier dynamic process of mutual selection and tumor

progress ion.

Inevitably TAM functions are influenced by the tumor and

the microenvironment. Some functions appear detrimental to

the host. The good news is that TAM are not unresponsive to

manipulation and future research into the impact of therapy

on TAM should lead us to ways to turn TAM to work more in

favor of the host.
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Table 1. Some macrophage functions that could affect tumor behavior.

Killing or inhibiting growth of ti
Stimulation of growth of

Immunoregulation

Regulation of coagulation pathway

Production and secretion and
other enzymes

Mutagenic function

Clearance and recycling of waste

cells
- tumor cells
- connective tissue cells
- bone marrow stem cells
- endothelial cells

(angiogensis)

- antigen presentation
- non-specific enhancement production

(e.g. via interleukin 1 production)
- non-specific suppression production

(e.g. via prostaglandin production)

- procoagulant production
- fibrinolysis

- collagenase
- lysosomal hydrolases
- serine proteases

- free radical production
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Thble 2. Characteristics of TAM in FSA and NFSA during tumor growth.

NFSAa FSAa

Day Tumor Diam
(mm)

Macrophages
(% FCR+ve)

FcR Avidity
(x + range)

Tumor Diam
(mm)

Macrophages
(% FCR+ve)

FcR Avidity3
(x + range)

9 4.5 85.1+6.0 80(64-100) 4.5 25.9+3.6 122(91-158)

14 6.7 75.2+1.2 26(20- 33) 5.4 20.6+1.4 20(14- 30)

19 10.9 72.3+2.0 29(21- 38) 9.5 20.8+2.1 24(17- 36)

24 14.6 75.2+1.2 37(36- 38) 12.4 19.4+1.9 33(28- 40)

3 5
4 x 10 cells from tumor suspensions injected sc into C3Hf/Sed//Kam syngeneic mice day
0.

FcR avidity measured by EA^q (58,69).
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Thble 3. Identification and characterisation of TAM from 2 murine sarcomas.

POSITIVE CELLS

FSA tumor suspension
FSA tumor suspension - nude mice
Adherent cells from FSA
Adherent cells from FSA grown
in nude mice

NFSA tumor suspension
NFSA tumor suspension - nude mice
Adherent cells from NFSA

FcR positive

24.0+0.8
24.5+0.6
94.0+0.8
93.7+0.6

79.0+2.0
80.8+4.5
95.1+2.1

Whole resident peritoneal cells 45.2+
Adherent resident peritoneal cells 97.7+1.4

Latex

Phagocytosis

19.1+1.8
20.1+1.5
91.1+1.1
89.1+0.9

ND
ND

90.1+1.3

43.8+1.0
93.0+2.1

I-A

9.1+0.7
0.8+0.1

50.2+0.9
0.8+0.2

18.1+0.2
0.6+0.2

16.1+0.9

ND

36.8+1.9

Mac-1

0.8+0.4
ND

4.2+0.5
ND

0.2+0.1
ND

3.6+1.0

46.0+4.5
91.5+1.0

All tumors 8-10 mm diam size.

Techniques for preparing tumor cell suspensions and adherent monolayers described in 50.
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Table 4. The effect of TAM on tumor growth _in vitro.

80:1

FSA Targets

1:1
b

NFSA Thrgets

80:1 l:r

NFSA TAM

FSA TAMC

C. parvum-elicited macro¬
phages

Gontrol

ND ND

620+ 25d 1109+ 61

310+120 890+120

1010+160

1816+160

ND

298+ 63

1008+51

ND

741+61

891+63

In vitro cultured short term passage cells (3 times).

Effector:Target Cell Ratios estimated on the basis of plating efficiency of TAM
in 24 well plates. 10 target cells were added per well (1 ml final volume).

c •

Monolayers prepared as in 50.

H-thymidine incorporation after 3 days _in vitro, mean c/min + 1SE, 8
replicates.
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FIGURE LEGENDS

Figure I

Correlation between FcR avidity expressed by TAM and

time to development of primary methylcholanthrene-induced

tumors. Details of the tumors are given in ref. 38 and 47.

They were induced in CBA or Balb/c mice either by sc

injection of 0.1 or 0.5 mg 20-methylcholanthrene (MC) or by

sc implantation of a Millipore disc impregnated with 0.1 mg

MC. FcR avidity (EA^g) was measured on monolayers of TAM as
described (47). It represents the log reciprocal of the

dilution of rabbit anti-calf red cell IgG needed to give

rosettes with 50% of TAM.

Figure 2

Lack of correlation between percentage of TAM (%EA)

within primary methylcholanthrene-induced tumors and their

FcR avidity (EAj-g). The tumors were the same as in Fig. 1.
The %EA and EA^g was measured as described (47).
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Introduction

In the 1970's the production of a series of conventional
and monoclonal antibodies enabled the T cell system to
be divided into subsets each expressing unique cell sur¬
face determinants and able to perform distinct functions
(inducer, suppressor, cytotoxic). As a consequence the
generation of T cell-dependent immune responses is now
seen to involve complex interactions between various T
cell subsets. Although the best defined example, the T
cell system is not the only cell system which exhibits
functional heterogeneity. Much effort in recent years has
gone into the characterization of macrophage hetero¬
geneity but, as yet, very little is known about the mechanism
of its generation.

Macrophages are widely distributed throughout the
body and are found in every organ and tissue. On the
basis of their common origin and shared morphological,
biochemical and functional characteristics, all macro¬

phages and their precursor cells are said to belong to the
same cell system, the Mononuclear Phagocyte System
(MPS) (1). The generic term "macrophage" is however
frequently used to describe all cells of the MPS.

Macrophages perform a large number of diverse and,
on occasion, mutually antagonistic functions. They do for
instance on one hand constitute a major line of host
defence against the establishment and spread ofmicrobial
(2-4) and neoplastic (5-8) disease, while on the other
hand they are able to support the growth of certain
microorganisms (9) and tumour cells (10-13). Similarly,
macrophages act as accessory cells in the induction and
expression of humoral and cell-mediated immune re¬

sponses (14-16) but may also inhibit the proliferation
and differentiation of lymphocytes (10,17-19) and other
cells (20,21). Other functions ascribed to macrophages
include the secretion of biologically active substances
(6,22) and numerous homeostatic functions unrelated to
host defence, such as removal of senescent red blood cells.

Correspondence: Dr. Graeme J. Dougherty, Department of Bacteriology,
University of Edinburgh Medical School, Teviot Place, Edinburgh EH8
9AG, UK.

turnover of lung surfactant and bone remodelling and
resorption (23,24). The range of capabilities is so diverse
as to raise the question of whether one cell can perform all
these functions or whether distinct subsets of macro¬

phages exist, each capable of performing only certain
functions.

It is the aim of this article to present our personal view
of how macrophage heterogeneity is brought about. We
have not attempted to be comprehensive but have instead
focussed on examples which best illustrate the proposed
mechanisms.

Identification and Characterization ofMacrophage Hetero¬
geneity

Although all macrophages show common morpho¬
logical, biochemical and functional properties they are by
no means uniform in these respects. As long ago as 1925
Sabin et al. (25) using supravital staining techniques
described the similarity between resident murine macro¬
phages in the spleen, peritoneal cavity and liver and
pointed out that such cells differ in many respects from
monocyte-derived exudate macrophages elicited by i.p.
administration of blood. The development in recent years
of various assays of macrophage function, the identi¬
fication of cell surface and intracellular antigens using
heteroantisera and monoclonal antibodies, and the use of
assays which identify and quantitate intracellular and.
extracellular enzyme activities, have produced a wealth of
data documenting macrophage heterogeneity.

Studies of macrophage heterogeneity have, in the main,
utilized easily obtainable populations of cells from the
peritoneal cavity or alveolar spaces of rodents and the
peripheral blood of humans.

It should be noted that although the nature and degree
of macrophage heterogeneity is constant for a given
population under defined experimental conditions it may
vary with animal species and strain and be readily in¬
fluenced by alterations in environmental stimuli (26).
Recently bone marrow-derived macrophages grown in
vitro have proven useful in the investigation of macro¬

phage heterogeneity (27-29) but the exact relationship of
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SID
these cells to their in vivo counterparts is unknown. The
same argument applies even more strongly to the use of
macrophage tumour cell lines (30,31) and macrophage
hybridomas (32,33).

Allowing for these qualifications, two major types of
heterogeneity can still be shown to exist in resident
macrophage populations. The first is termed "Interpopu-
lation" heterogeneity and refers to differences between
populations from different sites. The second is termed
"Intrapopulation" heterogeneity and refers to differences
between subpopulations of macrophages obtained from
within a particular site. Detailed descriptions of macro¬
phage heterogeneity can be found in several recent re¬
views and this aspect will not be covered here (34—36).

Mechanisms for the Generation of Macrophage Hetero¬
geneity

It is relatively easy to think of possible mechanisms by
which macrophage heterogeneity could be generated but
somewhat more difficult to find good experimental evi¬
dence showing the contribution such mechanisms actually
make to the observed hererogeneity. Ostensibly macro¬
phage heterogeneity results largely from two main mech¬
anisms—differentiation and modulation. However the
issue is further complicated by the question of whether
macrophages constitute a single highly adaptable cell
lineage or whether several sublineages exist each with
distinct as well as overlapping characteristics. If the latter
is true subpopulations could be derived from distinct
progenitor cells and may be restricted in their tissue
distribution. We will first consider the contributions dif¬
ferentiation and modulation make to macrophage het¬
erogeneity before considering the contentious issue of
sublineages.

Differentiation
It is now generally accepted on the basis of a large body

of experimental evidence, that macrophages originate
from multipotential haematopoietic stem cells (CFU-S)
located mainly in the bone marrow (37). CFU-S divide
and differentiate giving rise to colony forming cells which
are heterogeneous in nature and variably committed to
produce cells of both the granulocyte and macrophage
series (GM-CFC) (38-41). When acted upon by appro¬
priate colony stimulating factors (CSF) they divide and
differentiate giving rise to monoblasts, the most immature
cell so far recognized which is entirely committed to
macrophage production (42,43). In the normal steady
state, murine monoblasts have a cell cycle time of about
12 hr (44) and division of 1 cell produces 2 promonocytes
which in turn divide after approximately 16 hr (44) to
give 2 monocytes. These proliferation and differentiation
events are absolutely dependent, at least in vitro, upon
the presence of CSF-1 (45,46). CSF-1 appears to be
largely a proliferative signal and distinct differentiation
signals (D factors) are probably also involved in the

sequence of events (47). Monocytes do not remain in the
bone marrow for long and are rapidly liberated into the
circulation (44). Their half-life in the blood is about 17 hr
(44) and they are thought to pass into the tissues where
they further differentiate to form relatively long lived
tissue macrophages (48).

However, the generation of macrophages may be more
complex than this. A number of studies have demon¬
strated that a small proportion of mononuclear phago¬
cytes (MNP) isolated from sites, in addition to the bone
marrow, such as the peritoneal cavity, blood, lung, liver,
thymus and lymph nodes are capable of generating macro¬
phage colonies when cultured in the presence of CSF
(49-53). Unlike GM-CFC, such cells can survive the
initial absence of CSF, only proliferate in vitro after a

delay of 1-2 weeks, and generate small colonies com¬
posed solely of macrophages (54). These macrophage
colony forming cells (M-CFC) are more mature than
bone marrow GM-CFC in that they are already com¬
mitted to macrophage production.

The quantitative significance of local proliferation in
the generation of tissue macrophages in vivo, as com¬

pared to the derivation of such cells directly from blood
monocytes without further division is the subject of con¬
siderable debate. Proliferating cells represent a variable
percentage of MNP in a tissue. For example, the peritoneal
cavity contains a very low percentage of proliferating
MNP (55) while the lung contains as many as 20 °0
(56,57). It seems likely therefore, that the extent to which
local proliferation contributes to the macrophage pool
will vary from tissue to tissue. The nature and origin of
these proliferating cells remains to be established. They
are probably local M-CFC although some may be im¬
mature cells recently derived from the bone marrow (44).

Exudate macrophages elicited by administration of in¬
flammatory agents show varying degrees of proliferative
response in vivo depending on the nature of the inflam¬
matory stimulus used (58), perhaps reflecting the involve¬
ment of cells at various differentiation stages and with
different proliferative capabilities. It seems unlikely how¬
ever that local macrophage production could contribute
much numerically in inflammatory situations where large
numbers of exudate macrophages are derived from blood
monocytes (59).

Macrophage heterogeneity within a population could
at least in part be due to differences in the differentiation
stage. The differentiation pathway of MNP is presumably
irreversible and linked to the coordinated expression of
various gene products. Although the mechanisms regu¬
lating the flow of genetic information need not concern
us, it is useful to note the possibility that genetic rearrange¬
ments of the type seen during B cell differentiation (Ig
switching) may be involved and identification of these
could help better define the existence of differentiation
subsets of macrophages.

While certain MNP characteristics are stably expressed
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during differentiation, the expression of others depends
upon differentiation stage and may vary in a quantitative
and qualitative manner. For example, during the differen¬
tiation of macrophages from bone marrow precursors in
vitro the expression of receptors for C3b, the ability to
pinocytose horse radish peroxidase and lysozome activity
all increase (42,43). Similarly, Bursuker et al. (60) have
suggested that expression of the lysosomal enzyme /?-
galactosidase may be used to determine the differentiation
stage of MNP's. Enzyme activity increases with differen¬
tiation stage but unlike many other characteristics (e.g.,
C3b receptor expression) /l-galactosidase levels are not
influenced by exposure to modulating signals.

Monoclonal antibodies (McAb's) constitute a powerful

tool for the analysis of cell surface antigen expression.
Several rat McAb's have been produced which show a

degree of specificity for mouse macrophages. Some of
these recognise antigens expressed on all mouse macro¬
phages (table 1) while others recognise antigens which
are only expressed on certain subpopulations (table 2).
The expression of at least 2 cell surface antigens defined
by monoclonal antibodies varies during differentiation of
macrophages from bone marrow precursors in vitro. As
the precursor cells differentiate expression of antigen
MB-1 decreases while expression of antigen F4/80 in¬
creases (88). Such antigens may prove useful in better
defining the stages in MNP differentiation.

As they differentiate MNP may express different func-

Table 1 Antigens expressed on mouse macrophages defined by monoclonal antibodies

Cellular distribution
Monoclonal Rat Antigen designation
antibody subclass and structure Positive Negative Functional activities References

Ml/70
(1-21 J also
almost

certainly
recognizes
Mac-1'2®)

IgG2b Mac -1 —Type three
complement receptor
(CR3) 2subunits, a
subunit of 170 K and

fi subunit of 95 K.
non covalently
linked in a,/!,
complex, ot subunit
bears epitope

Resident and exudate

peritoneal macrophages,
splenic, lymph node,
alveolar macrophages,
histocytes in lamina
propria of intestine
macrophage cell lines
(P388D„ J774)
granulocytes, peripheral
blood monocytes and
natural killer cells

Kupffer cells,
Langerhans cells, den¬
dritic cells, interdigitating
cells, thymocytes, most
lymph node and spleen
cells, B and T lymphoid
lines, cell line P815,
immature Myelomono-
cytic leukaemia cell line
M1 (becomes + ve after
induction with phorbol
ester or lymphokines)

Inhibits CR3
mediated rosetting of
erythrocytes coated
with IgM and com¬
plement (E-IgM-C)

61-71

M3/84 IgG, Mac-3
110K-170K. poly¬
peptide depending
on population from
which it is isolated.

Probably reflects
different degrees of
glycosylation

Tissue macrophages,
macrophage cell lines,
granulocytes. Langer-
hans and interdigitating
cells, liver parenchymal
and Kupfler cells,
epithelial and endothe¬
lial cells in a variety of
tissues

Follicular dendritic cells N.D. 65, 72-75

2-4G2 IgG FcRII (binds IgG2b
and IgG,). Two gly¬
cosylated poly¬
peptides of 47K and
60K

Macrophages, mono¬

cytes, B-lymphocytes,
PMN, macrophage cell
line J774. Several

lymphoid cell lines of T
cell or null cell origin
bearing FcRII

Dendritic cells, most T
cells

Inhibits binding of
IgG2b or IgG,
opsonized erythro¬
cytes. Interferes with
ADCC activity of
BCG elicited

macrophages. Acts
as B cell mitogen
stimulating a
polyclonal antibody
response

76,77

F4/80 IgG2b F4/80
160K polypeptide
75K trypsin diges¬
tion fragment bears
epitope

Resident and induced

peritoneal macrophages.
Macrophage cell lines
(P388D, and J774),
bone marrow derived

macrophages, cell line
P815

Lymphocytes, mast cells,
erythrocytes, platelets,
PMN, dendritic cells,
fibroblasts, cell lines
L929, YAC, BW5174,
WEH1231, MS-1,
11-4.1, PG19 and 416B

Does not inhibit
binding of opsonized
erythrocytes by
FcRII or C3b

receptors. Does not
block mannosyl-
fucosylreceptor

78-81
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tional characteristics. For example, the MNP exhibiting
natural killer-like activity isolated from a Corynebacterium
parvum-ehdted peritoneal exudate or generated in vitro
during bone marrow culture were identified as pro¬

monocytes while more mature cells did not perform this
function (89).

Differentiation of monocytes into macrophages in vivo
and in vitro is accompanied by a considerable increase

Table 2 Antigens expressed on subpopulations of mouse macrophages defined by monoclonal antibodies

Cellular distribution
Monoclonal

antibody
Rat

subclass
Antigen designation

and structure Positive Negative Functional activities References

M3/38
M3/31

IgG*
IgM

Mac-2
32K polypeptide

54-2 IgG*

AcM.l Ig2c

Mac-4
180K polypeptide

AcM.l
Two polypeptide
chains of 67K and
44K

Thioglycollate elicited
peritoneal macrophages.
Mature macrophage cell
lines, Langerhans and
interdigitating cells,
Kupffer cells, certain
epithelial cells. (Resident
and other elicited

peritoneal macrophages
express 10-30 fold lower
amounts of Mac-2 than

thioglycollate)

Thioglycollate elicited
peritoneal macrophages,
bone marrow derived

macrophages, mast cells

Pyran and
Corynebacterium parvum
elicited peritoneal
macrophages

Follicular dendritic cells,
bone marrow cells,
granulocyte lymphoid
and primative erythroid
and mylemonocytic cell
lines

N.D.

Resident peritoneal and
alveolar macrophages,
blood monocytes, lymph
node thymus and bone
marrow cells,
neutrophils

Resident and

thioglycollate protease
peptone and mineral oil
elicited peritoneal
macrophages, blood
monocytes, neutrophils,
spleen cells, bone
marrow cells and

thymocytes

N.D.

AcM.l plus
complement treat¬
ment abolishes

approx. 80 % of
cytotoxicity ex¬
hibited by pyran
elicited peritoneal
macrophages

phages that perform
ADCC. M102 plus
anti-rat Ig and
complement elimin¬
ates macrophages
with natural killer
like activity Ml43
N.D.

MB 1 MB 1 Non-adherent macro¬

phage precursors found
in bone marrow cultures
in L-cell conditioned
medium

Adherent macrophages
in bone marrow cultures
in L-cell conditioned

medium, peritoneal
macrophages PMN

65,72,
82,83

84,85

86

M43 IgM 30-40 % of resident and Splenic T and B M43 plus comple- 86
M57 IS" thioglycollate or Cory¬ lymphocytes, mouse ment eliminates
M102 nebacterium parvum fibroblasts, cell line macrophages that
M143 IgG* elicited peritoneal L929, rat macrophages. are activated by

macrophages, granulo¬ granulocytes (M43, lymphokine to
cytes (M57 only), bone M102 and M143) cytotoxicity, and
marrow macrophages macrophages that
(reactivity developed in perform ADCC.
parallel with M57 plus anti-rat Ig
macrophage different¬ and complement
iation) eliminates macro-
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in cell size (32,90) making it possible to separate out
cells at different developmental stages. Using such an

approach, Lee (90,91) has shown that resident and C.
paroum-elicited peritoneal macrophage populations, and
macrophages differentiated in culture from bone marrow

precursor cells can be fractionated into functionally dis¬
tinct subpopulations. For example, only small, presumably
poorly differentiated, macrophages expressed la antigen
and presented macrophage-bound antigen to primed T
cells in an antigen-specific proliferation assay. Lee pro¬
posed that as MNP differentiate they lose la expression
and accessory cell activity (73). Inflammatory agents
produce dramatic alterations in the functional character¬
istics of a population of MNP. They do this in part by
causing an influx of relatively immature cells into a site
thereby altering the proportion of cells in different dif¬
ferentiation stages (60).

Proliferation of exudate MNP may also add to the
degree of heterogeneity. It has been reported that the
expression of several cell surface components varies with
the cell cycle (129-130). The heterogeneity of Fc receptor
expression in the macrophage tumour cell line P388D1
(94) and other cell lines may be due to cell cycle variation.
Sorg and Neuman (95) have suggested that MNP express
distinct functions at different stages in the cell cycle and
that macrophage heterogeneity could result from the
presence in a site of cells at various stages.

Modulation
In this article we use the term "modulation" to describe

those induced changes in MNP morphology, biochemistry
or function that result from continuous exposure to a
signal; when the signal is removed the changes are re¬
versed and the cell returns to a quiescent state. Many
of the responses a macrophage makes to its micro-
environment appear to fall into this category, as does the
acquisition of enhanced ability to kill neoplastic cells, or
facultative and obligate intracellular bacterial or pro¬
tozoal parasites—i.e., the attainment of an "activated"
state.

Macrophages from different tissue sites differ consider¬
ably with respect to a large number of characteristics and
modulation is assumed to be the major source of such
interpopulation heterogeneity. The implication is that
cells entering different sites are essentially identical and
that all the events which lead to interpopulation hetero¬
geneity occur entirely within a site as a result of ex¬
posure to environmental modulating signals. For example,
alveolar macrophages function in a high oxygen environ¬
ment, are largely aerobic and generate their energy by
oxidative phosphorylation, while peritoneal macrophages
function in a low oxygen environment, are largely anaero¬
bic and generate their energy by glycolysis. Conse¬
quently, the 2 populations differ in their expression of key
enzymes of the oxidative phosphorylation and glycolysis
metabolic pathways (96-98). Bar-Eli et al. have shown

that the progeny of single bone-marrow macrophage
precursors exhibit different metabolic enzyme profiles
depending upon culture conditions. If cultured in a high
oxygen environment they expressed the enzymes of oxi¬
dative phosphorylation and if cultured in a low oxygen
environment they expressed the enzymes of glycolysis.
These environmentally induced changes were reversibly
acquired and when cells adapted to low oxygen tension
were exposed to high oxygen conditions there was a time-
dependent recovery of oxidative phosphorylative enzyme
activity.

In so much as such enzyme expression is readily altered
by the cellular environment, it is a modulated character¬
istic. Many other aspects of interpopulation hetero¬
geneity may be the result of environmental modulation.
Although a feature of modulated changes is that they are
reversible, it is possible to imagine a situation where
modulating signals exert such a profound effect on cellular
physiology that some induced characteristics are more
permanently acquired.

In addition to the effect of continuous exposure to
normal microenvironmental stimuli, the expression of a
number of important macrophage characteristics may
also be altered by non-microenvironmental modulating
signals. For example, macrophage la expression is under
both positive and negative regulatory control. Some, but
not all, la negative macrophages or marcophage cell lines
can be induced to express la by exposure to lymphokines
(100-103). Interferon may be the major mediator of the
response (101,104). The same signal may also increase the
number of Class I molecules on the cell surface (105,106).
Upon removal of the modulating signal, la expression is
gradually lost and Class I antigen expression returns to
normal. Macrophage la expression can also be actively
down regulated by various modulating signals including
prostaglandins (101,102). The fact that macrophages can
produce both interferon and prostaglandins, the relative
concentrations of which control the nature of the response
generated, raises the interesting possibility that certain
macrophage subpopulations can regulate the activities of
others via an interacting network of signals.

It is important to realise that not all macrophages
respond, or respond in the same way, to modulating
signals. For instance, although interferon and prosta¬
glandins alter la expression on certain macrophages others
constitutively express la (102,107). The variable respon¬
siveness of cells to modulating signals adds greatly to the
degree of heterogeneity evident in a site.

Modulating signals produced by inflammatory stimuli
induce dramatic changes in the morphological, biochemical
and functional characteristics of macrophages within a
site. The response generated depends upon the nature of
the inflammatory stimulus. Some workers refer to these
macrophages as "activated" (108,109), while others re¬
strict the use of the term "activated" to describe only those
cells with a greatly enhanced ability to kill facultative
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intracellular parasites (110) or cause extracellular lysis of
tumour cells (111), preferring to use the terms "primed",
"stimulated" or "angry" to refer to other states of altered
activity.

It is clear that within a population of macrophages
elicited by inflammatory stimuli, not all macrophages
are "activated" in the strict sense of having acquired
the ability to kill intracellular parasites or tumour cells
(111-112). Furthermore, different subpopulations may be
described as "activated" depending upon which function
is measured and how it is measured (113). For example,
populations of cells with the ability to kill tumour cells
can be physically separated from cells with enhanced
bactericidal ability (114). In addition the enhanced ability
to kill tumour cells or intracellular bacteria is not a

property of cells sharing particular physical, morpho¬
logical or biochemical characteristics, but varies with
the system under investigation. In some systems small
cells appear to be particularly cytolytic for tumour
cells (115) while in others large cells are more effective
(116-118).

It is important to consider the nature of the processes
which lead to the generation of "activated" macrophages
in order to explain the functional heterogeneity exhibited
by populations of macrophages elicited by inflammatory
stimuli.

It is likely that there is more than one pathway which
leads to "activation". Some agents e.g., LPS, pyran, poly
I: C and certain lymphokines can "activate" populations
of resident peritoneal cells in vitro to a state where they
can kill tumour cell targets (119-122). These agents can
act directly on macrophages and the process does not
have to involve other cell types or their products. Macro¬
phage "activation" in vivo may be more complex. Inflam¬
matory stimuli induce an influx of relatively poorly
differentiated MNP from the blood such that recently
arrived cells quickly make up the majority of cells in a
tissue site (60). In addition, the modulating signals may be
distinct from the eliciting agent and produced as a result
of its interaction with host-elements, particularly lympho¬
cytes (120) and the complement system (123).

The activation process appears to proceed via a series
of steps driven by modulating signals. Hibbs (112) was the
first to propose that macrophages exist in a continuum of
interconvertible states ranging from resident to cyto-
lytically activated. More recently Ruco and Meltzer (124)
divided the process leading to the production of cyto¬
lytic macrophages into 3 phases. The first involves the
recruitment and differentiation of immature MNP into

lymphokine-responsive cells by factors generated at the
site of inflammation. In the second phase, these cells enter
a primed state in response to certain lymphokines. The
third phase involves triggering of these cells by other
diverse signals to develop functional activity. The simplest
interpretation of these studies is that cell differentiation
plays an important part in a complex well regulated
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system that leads to acquisition of the ability to respond
to the signals that induce effector activity.

Several lymphokines may be involved in macrophage
activation (MAF) forming a network of interrelated signals
(125) some of these may actually cause differentiation
rather than activation (47). Elucidation of the way lympho¬
kines act on macrophages will be greatly helped by the use
of well-defined factors derived from antigen- or mitogen-
stimulated continuous T cell clones (125).

The degree of macrophage heterogeneity which results
from administration of inflammatory stimuli might then
be explained in terms of the nature of the signals gener¬
ated and the responsiveness of macrophage subpopu¬
lations to these signals. Macrophage responsiveness is
likely to depend upon differentiation stage and previous
exposure to modulating signals. It is important to re¬
member that those subpopulations that do respond to a
single signal may do so in different ways, generating
functional heterogeneity.

Subpopulations
The possible existence of subpopulations of macro¬

phages derived from distinct bone marrow precursors
provides an additional level of complexity to the subject
of macrophage heterogeneity. These precursors may pro¬
duce cells with a preferred tissue destination and functional
capabilities, and stimuli such as those generated by in¬
flammation may lead to preferential involvement of
certain subpopulations.

The evidence in support of the existence of distinct
macrophage subpopulations is not conclusive. However,
it appears that macrophage precursor cells are inherently
heterogeneous with respect to physical, biochemical and
functional characteristics (38-41) and that these profiles
are altered by acute and chronic inflammatory stimuli
(126). Colonies of macrophages, clonogenically derived
from individual bone marrow precursors may express
different phenotypes. For example, Claesson and Olsson
(127) have found that only selected colonies of mouse
bone marrow-derived macrophages, expressed strong
natural cytotoxicity for tumour targets. The authors did
not however examine the differentiation stage of the cells
in each colony. Previously, promonocytes have been
identified as the cells responsible for natural cytotoxicity
(127) and in this connection, it is interesting to note that
colonies consisting exclusively of promonocytes have re¬
cently been described in cultures of mouse bone marrow
(128).

Bursuker and Goldman (129) have shown that in
cultures of bone marrow from normal mice, macro¬

phage clones exclusively expressed either high or low 5'-
nucleotidase activity. The expression of the ectoenzyme
5'-nucleotidase has proven a useful marker to distinguish
resident and inflammatory peritoneal macrophages. The
resident population expressed high 5'-nucleotidase acti¬
vity while inflammatory macrophages express low activity
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Fig. 1. Models for the generation of macrophage clonal heterogeneity.
(a) Multiple lineage model—Macrophage progenitor cells are in¬

dependent although they may be derived from a common precursor.
(b) Single lineage model—Macrophage progenitor cells are derived

one from another on the same differentiation pathway.

(129,130). These results have been taken to suggest that
resident and inflammatory macrophages may arise from
distinct bone marrow precursors. This conclusion was
reinforced by the finding that in cultures of bone marrow
from animals undergoing an inflammatory reaction, the
percentage ofmacrophage clones expressing low 5'-nucleo-
tidase activity was significantly increased (130). In this
instance, there appeared to be no major differences in the
degree of differentiation between bone marrow derived
macrophages from normal and inflammation bearing
animals as determined by the expression of /?-galactosidase,
although clonal expression of this enzyme was not simul¬
taneously examined.

Recently Walker (131) has shown that only certain
bone marrow derived macrophage clones express la anti¬
gens, suggesting that la negative and la positive MNP
have separate and distinct progenitors.

The progeny of individual macrophage precursors ap¬
pear to retain certain distinctive characteristics during
differentiation in vitro. Assuming that there is no internal
regulation within a clone which results in collective ex¬

pression of particular characteristics, these experiments
show the existence of distinct macrophage lineages. They
do not however tell us anything about the relationship
between progenitor cells, whether they are derived one

from another or independently from a common pre¬
cursor (fig. 1). It is likely that many of the characteristics
expressed by macrophage lineages can be altered by
exposure to modulating signals and in vivo considerable
overlap between the different lineages may be expected.

Summary and Conclusions

Macrophages perform a large number of diverse and on
occasion mutually antagonistic functions. It seems un¬
likely given the magnitude of the task, that any one cell
could carry out all these different demands. This raises
the possibility that distinct subsets of macrophages exist
each capable of performing only certain functions. It is
indeed the case that although all macrophages have
many features in common thay are by no means uniform.
Two major types of macrophage heterogeneity have been
described. The first is termed "Interpopulation" hetero¬
geneity and refers to differences between populations of
macrophages obtained from different tissue sites. The
second is termed "Intrapopulation" heterogeneity and
refers to differences between subpopulations of macro¬
phages obtained from within a particular site. We propose
that such macrophage heterogeneity could be generated
by 2 main mechanisms—"Differentiation and Modulation".
It is assumed that as macrophages differentiate from bone
marrow precursor cells they sequentially express a series
of functionally distinct phenotypes. Such phenotypes are
however relatively dynamic and may be readily altered
by exposure to various microenvironmental and non-
microenvironmental modulating signals. The responsive¬
ness of cells to modulating signals is likely to depend both
on their differentiation stage and previous exposure to
other such signals.

Assuming that the cells entering different tissue sites
are essentially identical, then "Interpopulation" hetero¬
geneity may be generated as a direct result of different
microenvironmental modulating signals acting on the
cells. "Intrapopulation" heterogeneity on the other hand
may be generated by both differentiation and modulation.
Macrophages at various differentiation stages are found
within a tissue. Some cells will have recently arrived from
the blood stream while others may have resided in the
tissue for some time. In addition, the cells within a tissue
may have been exposed to a different spectrum of modu¬
lating signals, or exposed to the same signals for various
periods of time.

The suggested existence of distinct macrophage sub-
lineages adds an additional level of complexity to the
subject of macrophage heterogeneity. It has been shown
in a relatively small number of experiments that colonies
of macrophages, clonogenically derived from individual
bone marrow precursor cells in vitro, may express dif¬
ferent phenotypes. These experiments although not con¬
clusive do nevertheless point towards the existence of
distinct macrophage sublineages. The actual number of
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such sublineages remains to be determined, although it
seems unnecessary to postulate that many will be found
and heterogeneity is likely to be generated mainly by
differentiation and modulation of one, or at the most a

few, highly versatile macrophage lineages.
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We have separated subpopuiations of macrophages
from an immunogenic fibrosarcoma by the technique of
unit gravity velocity sedimentation. The activation state
of these subpopuiations was determined by measure¬
ment of the Fc receptor avidity of adherent cells, and by
their 5' nucleotidase and acid phosphatase activity. The
subpopuiations were compared to resident peritoneal
macrophages and the peritoneal macrophage subpopu¬
iations elicited by injection of proteose peptone or C.
parvum. The results show that two macrophage sub¬
popuiations exist within the tumour. The smaller,

roxidase-positive population, with a sedimentation
f /iocity of 1-5 mm/h, is similar to proteose peptone-
stimulated macrophages with respect to Fc receptor ex¬
pression, while the other, rapidly sedimenting popula¬
tion (5-9 mm/h) is partially activated. However, neither
population achieved the level of activation demon¬
strated by rapidly sedimenting, C. parvum-activated
macrophages. Analysis of the enzyme activity of rapidly
adherent macrophages indicated that tumour, proteose
peptone or C. parvum macrophages were all activated
when compared to resident peritoneal macrophages.
No significant differences were found with respect to
the elevated levels of acid phosphatase in the three acti¬
vated macrophage populations, but the 5' nucleotidase
activity of C. parvum-elicited macrophages was signific¬
antly lower than either the proteose peptone or tumour
macrophages. This again demonstrated that the tumour
macrophages were less activated than C. parvum mac¬
rophages. These data show that tumour-infiltrating
macrophages are a heterogeneous population com¬
posed of at least two subpopuiations existing in different
activation states and that within the tumour microenvi-
ronment they are not capable of differentiating to the
higher activation state, demonstrated by C. oarvum
macrophages.

..- Macrophages identified within a range of experi¬
mental (Evans, 1972; Moore and Moore, 1977) and
human (Wood and Gollahon, 1977) tumours are
generally considered to reflect a response that is
beneficial to the host. In vivo experiment (Wood
and Gillespie, 1975) imply a role for them in the
control of metastasis by immunogenic tumours. An
alternative role for the tumour macrophages was
suggested by the demonstration that inhibition of
macrophage infiltration was associated with a cessa¬
tion of tumour growth (Evans, 1977).

Macrophages are known to have diverse effects
upon in vitro immune responses. They are required
for the in vitro sensitization of B lymphocytes
(Glaser, 1980) and for mitogen responsiveness
(Rosenstreich et al., 1976). In contrast, removal of
macrophages from tumour-bearer spleen cells aug¬
ments the generation of secondary anti-tumour re¬
sponses (Mokyr et al., 1979) and restores lympho¬
cyte responses to mitogens (Padarathsingh, 1979).
There is some evidence that these different roles are

performed by distinct subsets of macrophages (Lee

and Berry, 1977) and that these subsets may actually
possess mutually antagonistic properties (Lee et al.,
1979). It seems likely that the outcome of the
tumour-host relationship may be influenced not only
by the absolute numbers of macrophages within a
tumour but also by the relative proportions and state
of activation of the macrophage subsets and their
interaction within an ongoing in situ immune re¬
sponse.

As an initial investigation into the cellular interac¬
tions within a tumour we have separated mac¬
rophage subpopuiations from an immunogenic fib¬
rosarcoma by velocity sedimentation and compared
their activation state with identically fractionated
peritoneal macrophages elicited by Corynebacterium
parvum (C. parvum) or proteose peptone.

Analysis of Fc receptor avidity and enzymic activi¬
ty indicates the presence of two distinct tumour mac¬
rophage subpopuiations and that within the progres¬
sing tumour complete macrophage activation does
not occur.

material and methods

Mice

C3H/Buf/Kam strain mice aged between 6-10
weeks were used as a source of cells in all experi¬
ments.

Tumour

The tumour used was a highly immunogenic fi¬
brosarcoma originally induced in C3H/Buf mice by
methylcholanthrene (Suit and Kastelan, 1970). It
was maintained by serial passage and macrophages
were isolated from passage 13 to 19 tumours.

Preparation of cell suspensions for fractionation
All manipulations were performed in siliconized

glassware. Peritoneal exudate macrophages (PEM)
were harvested 3 days after intraperitoneal injection
of 1.5 ml of 10% proteose peptone (Difco, Michi¬
gan, 111., USA) or 0.25 mg C. parvum (Wellcome,
Beckenham, England) in 0.25 ml saline. Mice were
killed by cervical dislocation and the cells from 10
mice washed out of the peritoneal cavity with 10 ml
of ice-cold Hanks' solution, pooled, washed twice in
Hanks' and resuspended in 0.3% bovine serum
albumin (Cohn fraction V, Poole, Sigma Ltd., Eng¬
land) in Dulb'ecco's solution.

Present address: Ontario Cancer Foundation, London
Clinic, Victoria Hospital, South St., London, Canada N6A
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Tumour-cell suspensions were prepared from a
pool of tumours excised 14-16 days after subcutane¬
ous inoculation of 5 x 105 in vivo-derived tumour
cells, Non-necrotic tissue was cut into small pieces
with a scalpel and disaggregated by stirring for
30 min at room temperature in Hanks' solution con¬
taining 0.05% Dispase (Boehringer Corp., London,
England) and 0.001% deoxyribonuclease (Type I,
BDH Ltd., Glasgow, Scotland), Undigested tissue
fragments were allowed to settle and the supernatant
cell suspension washed twice before suspension in
0.3 % bovine serum albumin.

Cell fractionation by velocity sedimentation
Cell suspensions were fractionated by velocity

sedimentation at unit gravity using the technique de¬
scribed by Miller (1973). Briefly, 108 cells were
sedimented for 4 h through a 1-2% bovine serum
albumin gradient in Dulbecco's solution contained in
an 18-cm diameter "Staput" chamber (Johns Scien¬
tific, Toronto, Canada). The sedimentation time was
standardized at 4 h for all separations. This was the
longest time that would allow total recovery of host
cells within tumour-cell suspensions, all of which
sedimented at less than 9.5 mm/h.

%

Four fractions were collected which contained
cells sedimenting at 1-3 mm/h (Fraction IV), 3-5
mm/h (Fraction III), 5-6.3 mm/h (Fraction II) and
6.3-9 mm/h (Fraction I). Cells were washed twice in
Hanks' solution and-resuspended in Eagle's minimal
essential medium (MEM) for preparation of macro¬
phage monolayers.

Preparation of macrophage monolayers
For measurement of Fc receptor avidity. Unfrac-

tionated PEM or cell fractions were suspended at a
concentration of 5 X 105 viable cells/ml in MEM con¬

taining 20% foetal calf serum (FCS). One-half ml
was added to 16-mm diameter well Costor tissue cul¬
ture plates (Arnold R. Horweii Ltd., London, Eng¬
land) and incubated for 30 min at 37° C. Non-adher¬
ent cells were removed by washing three times with
Hanks' solution and 0.5 ml of Hanks' was finally
added to each well before rosetting.

Cell fractions isolated from tumour cell prepara¬
tions and suspended at 106 cells/ml were allowed to
adhere in the same manner but with the addition of
0.05% Dispase to the MEM to the to prevent adher¬
ence of tumour cells.

Samples of all monolayer preparations were incu¬
bated with 1.1 pm diameter polystyrene latex for 2 h
in the presence of 20 % FCS to enumerate the per¬
centage of phagocytic mononuclear cells present.
Untreated monolayers were stained with Giemsa
stain and checked microscopically for the presence
of adherent tumour cells and polymorphs. The
number of peroxidase-positive mononuclear cells
was enumerated after staining by the method of
Graham and Karnovsky (1966).

For quantitative enzyme assays. Rapidly adherent
macrophages were selected for analysis by the
technique previously used to prepare cytolytic
tumour macrophages (Russell etal., 19776). Unfrac-
tionated cells were suspended at a concentration of

2x 106 viable cells/ml in MEM containing 20% FCS
and 0.5 ml was added to Costor plate wells. The
plates were incubated for 5 min at 37°C, non-adher¬
ent cells were resuspended and after a further 5 min
incubation non-adherent cells were removed by
washing three times with 0.5 ml Hanks' solution. In
order to provide a sufficient cell density, this proce¬
dure was repeated twice for proteose peptone or C.
parvwm-elicited macrophages and three times for
tumour macrophages. After the final adherence, the
monolayers were washed in saline to remove phenol
red before enzyme analysis.

Monolayers of resident peritoneal macrophages
were prepared by 30 min adherence as few unstimu¬
lated cells adhered within 10 min.

Measurement of Fc receptor avidity
One-ml aliquots of a suspension of 5% washed

bovine erythrocytes (Tissue Culture Services,
Slough., England) were sensitized with doubling di¬
lutions of Sephadex G-200 purified hyperimmu
rabbit IgG by incubation at 37°C for 30 min. Tlic*
sensitized erythrocytes (EA) were washed three
times and suspended in 3 ml of Hanks' solution, then
0.25 ml of each EA suspension was sedimented on to
macrophage monolayers by centrifugation at 300 g
for 5 min and incubated at room temperature for 30
min. Non-adherent EA were washed off and a total
of 200 cells was counted to determine the percentage
of EA rosette-forming cells (EARFC) binding more
than three erythrocytes. •

Occasionally less than 100 %, but never less than
95%, of the adherent cells formed EA rosettes
under optimal conditions (150 uejm\ sensitizing
IgG). The assumption was made that all EARFC
were being detected under these conditions and, for
the purposes of comparing different macrophage
preparations, the numbers of EARFC identified
with suboptimal concentrations of sensitizing IgG
were expressed as a percentage of those forming
rosettes at 150 /zg/ml.

For each population the EA50, as a measure of Fc
receptor avidity, was calculated as follows:

Concentration of sensitizing antibody, in /ig/ml,
required to cause 50 % of total EARFC to form rosettes

Quantitative enzyme assays
Acid phosphatase and 5' nucleotidase were assayed

by the method of Raz et al. (1977). Appropriate con¬
trols were included to allow forendogenous phosphate
and alkaline phosphatase activity. Phosphatase activi¬
ty was expressed as //mole phosphate released per
minute per mg of protein assayed by the Lowry
method (Lowry et al., 1951) using a calibration curve
constructed with a casein (Casein Hammarsten, BDH
Ltd., England) standard solution.

RESULTS

Fc receptor avidity ofunseparated macrophage popu¬
lations

The number of resident unstimulated PEM form¬
ing EA rosettes dropped rapidly as the concentra-
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Figure 1 — EA rosette formation by unfractionated
macrophages. O—O, resident peritoneal macrophages;
A—A, Proteose peptone-elicited peritoneal macrophages;
•—• , C. parvum-elicited peritoneal macrophages. Each
result is the mean of an analysis of four cell preparations.
Error bar ± se.

tions was revealed by measuring the Fc receptor
avidity of macrophages separated by velocity
sedimentation.

All fractions were found to contain a high propor¬
tion of macrophages when examined microscopically
following Giemsa staining (fraction 1 = 97% mac¬
rophages ; II = 97 %; III = 81 %; IV = 73 %). The ma¬
jority of macrophages had sedimentation velocities
in excess of 3 mm/h and in a typical separation frac¬
tion I comprised 29.5% of total macrophages re¬
covered; fraction II comprised 31.0%; III, 34.0%;
and macrophages IV, 5%.

Large vacuolated macrophages with sedimenta¬
tion velocities between 5 and 9.0 mm/h, Fraction I
and II, were highly activated when compared either
to the smaller, more slowly sedimenting fractions III
and IV (Fig. 2) or to the normal resident PEM. Frac¬
tion IV had an EA binding profile similar to that of

table i

eam values of macrophage subpopulations

EA50
Macrophage source

Fraction I1 Fraction II2 Fraction III3 Fraction IV4 Unfractionated

Resident peritoneal 23 ±(3)
FSA/R tumour 319±(26)5 249±(31) 75±( 7) 63±(17) —

C. parvum elicited 464 ±(24) 347±(75) 53±( 8) 26±( 2) —

Proteose peptone elicited 87±( 2) 80±(15) 40±(12) 22±( 2) ~~

Sedimentation velocities: '6.3-9.0 mm/h. - 25.0-6.3 mm/h. - 33.0-5.0 mm/h. - 41.0-3.0 mm/h. - 5Each result is the mean of 4 fractionations
(± se). Significance assessed by Student's test: FSA/R. I vs II NS., I vs III or IV p<0.0005; II vs III p<0.005; III vs IV NS. C. parvum. I vs II NS., I vs
III or IV p<0.0005; II vs III or IV p<0.01; III vs IV p<0.01. FSA/R. I vs C. parvum. I p<0.05. Resident vs FSA/R. IV p<0.01.

tions of sensitizing antibody decreased (Fig. 1). The
EA50for this unstimulated macrophage population
was 23 ±3 (x±SE). Following stimulation by in¬
traperitoneal injection of 10% proteose peptone
there was a slight but significant increase in EA50 to
64 ±11, indicating an increase in the relative avidity

, c these cells for EA. A dramatic increase to
L j±34 was found in the EA50 value for mac¬
rophages isolated from the peritoneal cavity 3 days
after C. parvum inoculation.

Fc receptor avidity offractionated C. parvum elicited
peritoneal macrophages

The EA rosette-forming profiles of unfractionated
C. pavwm-activated macrophages only represented a
mean value. Heterogeneity within these cell popula-

resident, unfractionated PEM whilst fraction III
macrophages were partically activated with a slightly
elevated EA50 value.

The smaller mononuclear cells comprising frac¬
tions III and IV contained a high proportion of
peroxidase-positive cells (Table II). This enzyme
was almost absent from the macrophages of fractions
I and II with only 5 % or less of the cells exhibiting
activity.
Fc receptor avidity offractionated tumour-infiltrating
macrophages

In order to assess the heterogeneity of tumour-
infiltrating macrophages (TIM), populations were
isolated with the same sedimentation velocities as

those previously shown to yield functionally differ-

>able ii

peroxidase-positive cells identified within macrophage subpopulations

% peroxidase-positive cells
Source of macrophages

Fraction II Fraction III Fraction IV

FSA/R tumour 2±(1.5)1 4 ±(1.5) 26±(5.0) 12±(2.0)
C. parvum elicited 3±(1.0) 5.5±(l.5) 43±(5.0) 29±(5.oj

'Each result is the mean of four fractionations (± se).
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Figure 1 — E-A rosette formation by unfractionated
macrophages. O—O, resident peritoneal macrophages:
▲—▲, Proteose peptone-elicited peritoneal macrophages;
•—• , C. parvum-elicited peritoneal macrophages. Each
result is the mean of an analysis of four cell preparations.
Error bar ± se.

tions was revealed by measuring the Fc receptor
avidity of macrophages separated by velocity
sedimentation.

All fractions were found to contain a high propor¬
tion of macrophages when examined microscopically
following Giemsa staining (fraction I = 97 % mac¬
rophages; II = 97 %; III = 81 %; IV = 73 %). The ma¬
jority of macrophages had sedimentation velocities
in excess of 3 mm/h and in a typical separation frac¬
tion I comprised 29.5% of total macrophages re¬
covered; fraction II comprised 31.0%; III, 34.0%;
and macrophages IV, 5%.

Large vacuolated macrophages with sedimenta¬
tion velocities between 5 and 9.0 mm/h, Fraction I
and II, were highly activated when compared either
to the smaller, more slowly sedimenting fractions III
and IV (Fig. 2) or to the normal resident PEM. Frac¬
tion IV had an EA binding profile similar to that of

TABLE I

EA„ VALUES OF MACROPHAGE SUBPOPULATIONS

EA50
Macrophage source

Fraction I1 Fraction II2 Fraction III3 Fraction IV4 Unfractionated

Resident peritoneal _ _ 23±(3)
FSA/R tumour 319±(26)5 249±(31) 75±( 7) 63±(17) —

C. parvum elicited 464 ±(24) 347±(75) 53±( 8) 26±( 2) —

Proteose peptone elicited 87±( 2) 80±(15) 40±(12) 22±( 2) —

Sedimentation velocities: '6.3-9.0 mm/h. - 25.0-6.3 mm/h. - 33.0-5.0 mm/h. - 41.0-3.0 mm/h. - 5Each result is the mean of 4 fractionations
(± SE). Significance assessed by Student's test: FSA/R. I vs II NS., I vs III or IV p<0.0005; II vs III p<0.005; III vs IV NS. C. parvum. I vs II NS., I vs
III or IV p<0.0005; II vs III or IV p<0.01; III vs IV p<0.01. FSA/R. I vs C. parvum. I p<0.05. Resident vs FSA/R. IV p<0.01.

tions of sensitizing antibody decreased (Fig. 1). The
EA50for this unstimulated macrophage population
was 23 ±3 (x ±SE). Following stimulation by in¬
traperitoneal injection of 10% proteose peptone
there was a slight but significant increase in EA50 to
64 ± 11, indicating an increase in the relative avidity

5 these cells for EA. A dramatic increase to
J ±34 was found in the EA50 value for mac¬

rophages isolated from the peritoneal cavity 3 days
after C. parvum inoculation.

Fc receptor avidity offractionated C. parvum elicited
peritoneal macrophages

The EA rosette-forming profiles of unfractionated
C. pavum-activated macrophages only represented a
mean value. Heterogeneity within these cell popula-

resident, unfractionated PEM whilst fraction III
macrophages were partically activated with a slightly
elevated EA50 value.

The smaller mononuclear cells comprising frac¬
tions III and IV contained a high proportion of
peroxidase-positive cells (Table II). This enzyme
was almost absent from the macrophages of fractions
I and II with only 5 % or less of the cells exhibiting
activity.
Fc receptor avidity offractionated tumour-infiltrating
macrophages

In order to assess the heterogeneity of tumour-
infiltrating macrophages (TIM), populations were
isolated with the same sedimentation velocities as

those previously shown to yield functionally differ-

^TABLE II

PEROXIDASE-POSITIVE CELLS IDENTIFIED WITHIN MACROPHAGE SUBPOPULATIONS

Source of macrophages
% peroxidase-positive cells

Fraction I Fraction II Fraction III Fraction IV

FSA/R tumour
C. parvum elicited

2±(1.5)1
3±(1.0)

4 ±(1.5)
5.5±(l.5)

26±(5.0)
43±(5.0)

12±(2.0)
29±(5.0)

lEach result is the mean of four fractionations (± SE).
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rophages TIM monolayers were prepared by 10-min
adherence to plastic for enzyme assays.

Non-selected, resident PE macrophages adhered
for 30 min, had a high level of 5' nucleotidase (AM-
Pase) activity and a low level of acid phosphatase
(APase) activity (Table II). The reciprocal relation¬
ship of these two enzymes was found to be reversed
upon in vivo activation by C. parvum. The AMPase
activity was only 4% of the resident value but the
APase activity was increased 9 times. Proteose pep-
tone-elicited PEM appeared to be in an intermediate
activation state. Although the AMPase activity was
significantly reduced by 76%, it did not fall to the
levels achieved after C. parvum activation and a
minor but significant increase in APase activity was
found.

In concordance with their FcR avidity TIM were
partially activated with respect to AMPase and AP¬
ase. However, unlike Fc receptor avidity, activation

^Myond the level of proteose peptone-stimulated
•'acrophages was not demonstrated.
Tumour cells alone expressed low levels of activity

of both enzymes and the minimal numbers found
within the TIM preparations (<4%) were disre¬
garded as any contribution they may have made to
the enzyme assays was considered insignificant.

DISCUSSION

Following suitable in vivo stimuli, macrophage
FcR function can be detected at differing levels of
avidity. As might be expected, proteose peptone, an
agent which does not yield cytolytic or cytostatic
(Hibbs et al., 1977) macrophages, produced a lower
level of FcR activation than the more efficient ac¬

tivating agent C. parvum. However these macro¬
phage populations are heterogeneous, being com¬
posed of subpopulations each exhibiting a different
level of activation. In order to further investigate the
mechanism of macrophage maturation at the site of
an inflammatory response, we isolated functionally
distinct subpopulations differing in FcR avidity from

^yth peritoneal and tumour-infiltrating macro-
Spiiages by unit gravity velocity sedimentation.

Macrophages elicited following intraperitoneal in¬
jection of C. parvum were composed of at least three
subpopulations. The FcR avidity varied with size;
the large, rapidly sedimenting macrophages expres¬
sing high avidity FcR (Fractions I and II), intermedi¬
ate size cells having lower FcR avidity (Fraction III)
and the smallest cells (Fraction IV) with an EA
rosette profile close to that of resident PEM.

Both the more slowly sedimenting fractions were
enriched for peroxidase-positive cells. Peroxidase
activity is progressively lost upon macrophage mat¬
uration from the promonocyte (Van Furth, 1976)
and this, in conjunction with the demonstration that
this activity was associated with smaller cells, sug¬
gests that fraction III especially, with 43% peroxid¬
ase-positive cells, represented a population of re¬
cently emigrated monocytes which have yet to
undergo differentiation to the highly activated frac¬
tions I and II.

Examination of TIM indicated that the influx of
relatively immature peroxidase-rich macrophages is
present, as might be expected, in response to the
inflammatory stimulus of a growing tumour. Also
present were larger, more mature macrophage with
low peroxidase activity and high FcR avidity (Frac¬
tions I and II). However, these cells did not achieve
the same high avidity level as those activated with C.
parvum.

Using the data derived from examination of PEM
(Table I) it is possible to propose a scheme of mac¬
rophage differentiation within a single population
characterized by an increase in FcR avidity as the
macrophage matures and loses peroxidase activity.
The resident peritoneal macrophage defines the
non-stimulated, non-activated state (EA50 of 23).
These cells are also found as a subpopulation within
elicited PEM but are absent within the tumour. The
next level of differentiation is defined by the cell
types elicited by proteose peptone in vivo. The cells
expressing FcR with avidities up to EA50 of 100 rep¬
resent peroxidase-rich macrophages which are de¬
rived from recently emigrated monocytes respond¬
ing to an inflammatory stimulus. The peroxidase-
positive macrophages may be the lymphokine-re-
sponsive cell (Meltzer et al., 1979) and require a
further signal to become converted to either the
primed or the highly activated state found after C.
parvum activation (EAS0 of 464). This model is
analogous to that proposed by Hibbs (Hibbs et al.,
1977) although their -data were derived from unfrac-
tionated macrophages taken after various stimuli.

Comparison of TIM subpopulations with our
model demonstrates that cells equivalent to resident
macrophages are absent from the tumour. This is not
unexpected as both monocytes and inflammatory
macrophages exhibit evidence of membrane activa¬
tion compared to resident macrophages (Bursuker
and Goldman, 1979).

Thus, inflammatory macrophages do not pass
through the resident PEM state of non-activation
and enter a site of inflammation already partially
stimulated. Within the tumour these cells are cap¬
able of at least a further partial activation of FcR
function although they never acquire the high avidity
FcR exhibited by C. parvum-activated macrophages.

Confirmation of a possible defect of differentia¬
tion of intratumoral macrophages was provided by
analysis of AMPase activity of highly activated, rap¬
idly adherent TIM. Activity of this ectoenzyme has
been demonstrated to decrease within inflammatory
macrophage populations (Edelson and Cohn, 1976).
We confirmed this by demonstrating that AMPase
activity of C. parva/n-activated macrophages was
dramatically reduced in comparison to resident
PEM. A smaller, but significant, decrease was seen
following proteose peptone treatment. As was found
with FcR avidity, the most highly activated TIM
were again less activated than C. parvum-activated
macrophages. In this respect they appeared identical
to the proteose peptone-activated macrophages.

Two hypotheses seem plausible to explain a defect
in intratumoral macrophage differentiation. Al¬
though the inflammatory stimulus required to induce
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extravasation of monocytes is present at the site of
tumour growth, analagous to the proteose peptone-
stimulated peritoneal cavity, the signal(s) required
to enable progression to the final highly activated
state may be lacking. This has been thought to be
responsible for the lack of macrophage activation
beyond the primed state within progressor MSV
tumours (Russell et al., 1977a) where a further in
vitro stimulus with bacterial lipopolysaccharide was
required for full activation.

Alternatively, the requisite signal may be present
within the tumour but an inhibitory tumour-cell-de¬
rived factor may act as an escape mechanism to pre¬
vent activation. There is considerable evidence that
progressively growing tumours can act systemically
to inhibit macrophage function in vitro (Snyderman
and Pike, 1976) or in vivo to inhibit delayed hyper¬
sensitivity reactions (Eccles and Alexander, 1974).
Particularly pertinent to the present investigations is
the demonstration that tumour-cell culture superna-

tants can inhibit the in vitro activation of monocyte
FcR function (Rhodes et al., 1979). Such tumour-cel-
products would be at their highest concentration ir
the microenvironment of the tumour and therefore
at their most efficient in inhibition of macrophage
function. In confirmation of this, it has been demon¬
strated that a tumour may act as a privileged site foi
the growth of Listeria monocytogenes whilst the
same organism injected contralateral^ to the grow¬
ing tumour is effectively eradicated (Spitalny and
North, 1977).

In order to differentiate between these two hy¬
potheses, it will be necessary to study further the
differentiation of TIM subpopulations following
their removal from the influence of the tumoui
microenvironment.
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we present the results as a viable technique
for the measurement of this T-cell function in
lymphocytes extracted from malignant and
pre-malignant tissue.

AUTOREACTIVE LYMPHOCYTES IN
COLONIC CARCINOMA. B. M. Vose*,
M. Moore*, P. Gallagher-)- & P. F.
ScHOFiELDf, *Department of Immunology,
Patterson Laboratories and |Department of
Surgery, Withington Hospital, Manchester
The cytotoxicity of lymphocytes from blood,
mesenteric lymph node and tumour have been
tested for cytotoxicity against autologous
colon tumour cells. A short term (4h) 51Cr-
release assay was used. Significant cytotoxic
reactivity was recorded in 15/23 cases, with
most of the positive reactions occurring in
Dukes' Stages B and C. Blood lymphocytes
from 2/15 healthy individuals were also
reactive. In Stage B blood lymphocytes were
cytotoxic more frequently than node lympho¬
cytes. Nodes distant from the tumour in¬
duced damage in only 1/10 cases, whereas
those within 2 cm of the neoplasm were posi¬
tive in 4/13 patients. In Stage C reactivity in
blood and proximal and distal mesenteric
lymph nodes occurred together. When pre¬
sent, cytotoxicity could be concentrated in
cells resetting with sheep erythrocytes or by
filtration through nylon-fibre columns.

Lymphocytes isolated from 6 tumours
showed killing of neither autologous tumour
nor the K562 cell line, even in cases where
effectors from other sites were reactive. Con¬
centration of tumour-infiltrating T cells by
passage through nylon columns did not induce
cytotoxicity. Autoreactive cytolytic lympho¬
cytes can thus be detected in colonic neo¬
plasia. The association of these with the
clinical course of disease and prognosis is
currently under investigation.

THE INTESTINAL CYTOTOXIC CELL
RESPONSE TO AN i.p. INOCULATED
ALLOGENEIC TUMOUR. M. D. J.
Davies & D. M. V. Parrott, Dept of Bac¬
teriology and Immunology, Western Infirmary,
Glasgow

Responses to i.p. inoculated tumours in
organized lymphoid tissues and the peri¬
toneal cavity are well documented. Mucosal
surfaces, which frequently contain many

lymphocytes, have received less attention.
Using a new preparation technique, it has
now been possible to examine lymphoid cells
of the lamina propria of murine small in¬
testine. 5 days after i.p. injection of P-815
tumour cells into C57BL mice, there is a very
high level of specific cytotoxic T cells in the
lamina propria, which cannot be explained by
contamination by Peyer's patch cells. At this
time, the specific cytotoxic T-cell levels in
other organs are at very low levels. The
lamina propria cytotoxic cell levels remain
high, while those throughout the lymphoid
system increase. A pertinent question is
whether this phenomenon is similar to the
preferential localization of intestinally acti¬
vated lymphocytes in the intestine rather
than in peripheral sites.

CHARACTERIZATION OF MACRO¬
PHAGE SUB-POPULATIONS WITHIN
AN IMMUNOGENIC MURINE FIBRO¬
SARCOMA. K. Moore & W. H. McBride,
Department of Bacteriology, Edinburgh Univer¬
sity Medical School
Peritoneal-exudate macrophages can be frac¬
tionated by velocity sedimentation at unit
gravity into sub-populations differing in
their states of activation as determined by
FC-receptor avidity in the binding of IgG-
sensitized erythrocytes, to form EA rosettes.
Activation was associated with macrophages
sedimenting at 5-9 mm/h, whilst those
sedimenting at 1-5 mm/h were less activated
and contained a higher proportion of per-
oxidase-positive cells.

The sedimentation profile of EA-rosette-
forming cells within cell suspensions prepared
from the immunogenic fibrosarcoma FSA-R
was identical to the profile of peritoneal-
exudate cells, and isolation of tumour-
infiltrating macrophages indicated at least 2
sub-populations.

Comparison of tumour macrophages with
peritoneal macrophages indicates that the
highly activated, rapidly sedimenting fraction
is in the same state of activation as corres¬

ponding Corynebacterium parvum-activated
macrophages, and both are more highly
activated than proteose/peptone-elicited
macrophages. The less rapidly sedimenting
tumour-macrophage fraction was more highly
activated than the corresponding C. parvum
fraction, which was in turn more activated
than proteose/peptone-elicited macrophages.
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Thus the macrophage component of the
host-cell infiltrate within a solid tumour is a

heterogeneous population composed of differ¬
ent stages of differentiation.

IMMUNOPEROXIDASE STAINING OF
AN ANTI - NCA - FREE ANTI - CEA
IMMUNOGLOBULIN WITH LUNG
TUMOURS ONLY AFTER TRYPSIN-
IZATION. C. H. J. Ford, A. J. Salter &
C. E. Newman, Clinical Oncology Unit,
University of Birmingham, Queen Elizabeth
Hospital, Birmingham

An absorbed anti-CEA Ig (donated by
IDRL, University of Birmingham), shown to
localize in vivo (Dykes et al., 1980, Br. Med. J.,
i, 220) has been further absorbed with a
glutaraldehyde-fixed polymer of normal
human spleen to remove anti-NCA anti¬
bodies. Immunoperoxidase (Heyderman &
Neville, 1977, J. Clin. Pathol., 30, 138) was
used to investigate cellular localization after
absorption. Chronic myeloid leukaemia cells
or sections of formalin-fixed spleen were used
as targets, as they express NCA. After
absorption, the Ig still contained a high titre
of anti-CEA antibodies in an enzyme-linked
immunosorbent assay. However, by immuno¬
peroxidase it failed to stain a lung tumour
previously known to localize anti-CEA anti¬
bodies, and showed only weak, restricted
staining of liver metastases containing CEA,
or a breast or colon tumour, all of which had
been strongly positive before absorption.
Only after treatment of sections with 0-1%
trypsin for 2 h was it possible to demonstrate
tumour-cell staining in sections from 15/27
lung-cancer patients. Of 11 patients who had
raised serum CEA levels (>40 ng/ml) pre-
operatively, 9 were positive; of 10 who de¬
veloped raised levels postoperatively, 4 were
positive; of 6 who had normal levels through¬
out follow-up, 2 were positive. Although an
absorbed non-immune sheep Ig did not stain
tumour cells after 2h trypsinization, both
this, and the absorbed anti-CEA Ig, showed
considerable staining of collagen. As little is
known of the effect of trypsin on antigenic
determinants in tissue sections, these pre¬
liminary results must be treated with
caution. However, they illustrate the prob¬
lems of working with a highly absorbed anti-
CEA Ig, and raise the possibility that some
reports of anti-CEA localization in vitro in

lung tumours may be due to specific anti-
NCA antibodies, or antibodies directed at

antigenic determinants common to both
CEA and NCA.

LIMITED SPECIFICITY OF AN ANTI-
LUNG TUMOUR ANTISERUM IN A
FUSED-ROCKET IMMUNOELECTRO¬
PHORESIS (FRIEP) TECHNIQUE. C. S.
Woodhouse, C. H. J. Ford & C. E. Newman,
Clinical Oncology Unit, University of Birming¬
ham, Queen Elizabeth Hospital, Birmingham

An antiserum raised to a cultured human
small-(oat-)cell carcinoma line (OCCI) (Ford
& Newman, 1979, Carcino-Embryonic. Pro¬
teins, 2, 541) was investigated using FRIEP.
Extracts prepared from normal lung and lung
tumour tissues were used as a reference panel
against which antibody specificity could be
judged, by comparison with the pattern pro¬
duced by "monospecific" antisera. The un-
absorbed antiserum showed relatively high
titre reactivity against no more than 4 anti¬
gens in any one extract and produced no pre¬
cipitates against human serum in crossed-
immunoelectrophoresis.

Using this antiserum, an antigen has been
demonstrated in a saline extract of a

squamous-cell lung carcinoma from the panel
of extracts. The antigen is not detectable by
FRIEP in extracts of normal lung adjacent
to the tumour, of a second squamous-cell
carcinoma nor of several normal lung tissues.
Comparison with antisera to 25 serum pro¬
teins (CEA, AFP, Ferritin, retinol-binding
protein, HCG a unit, SPI, PAG or tumour-
associated antigens described by Veltri
(Veltri e< al., 1977, Cancer Res., 37, 1313),
Irie (Irie et al., 1976, Cancer Res., 39, 2902)
and Gennings (Gennings et al., 1979, Carcino-
Embryonic Proteins, 2, 553) has failed to
identify the antigen. It is soluble in 50o/o-
saturated ammonium sulphate and shows an
<*2 electrophoretic mobility in agarose at pH
8-6. The presence of this antigen in extracts
of several other lung tumours is now being
examined.

The ability to identify the uniqueness of
this antigen by the unabsorbed antiserum and
its limited reactivity are notable, since xeno¬
antisera raised to tumour cells characteristic¬
ally require extensive absorption before
selectivity can be shown.



Accessory Cell Activity of Murine

Graeme J. Dougherty 3-4-5 and William H. McBride 3 6

ABSTRACT—The accessory cell activity of macrophages asso¬
ciated with the murine 3-methylcholanthrene-induced fibrosar¬
coma FSa was investigated. On the basis of Fc receptor expression
and phagocytic activity. 20-25% of cells present within enzymati-
cally disaggregated tumor cell suspensions could be classified as

macrophages. These cells were approximately 50% t-Ak positive
but did not express the Mac-1 antigen. T-cells played an important
role in regulating l-Ak expression, and macrophages obtained from
tumors grown in nu/nu mice were l-Ak negative. Tumor-associated
macrophages were shown to possess potent accessory cell activity
and were fully capable of reconstituting the primary anti-calf red
blood cell plaque-forming cell (PFC) response of Sephadex G-10-
passed spleen cells. This function required the presence of the
l-Ak-positive subpopulation, and macrophages treated with anti-la
serum and complement or obtained from tumors grown in nu/nu
hosts lacked accessory cell activity. Tumor-associated macro¬

phages were also able to provide the essential accessory cell func¬
tion required for cooperation between tumor-specific TH cells and
normal B-cells in the generation of an anti-trinitrophenyl (TNP)
PFC response in the presence of TNP-coupled FSa antigen. These
results suggest that progressive growth of the FSa tumor in vivo
cannot be readily attributed to a defect in the accessory cell func¬
tion of tumor-associated macrophages.—JNCI 1986; 76:541-548.

A large number of studies have demonstrated that
immune cells isolated from the lymph nodes, spleen,
peritoneal cavity, or circulation of tumor-bearing ani¬
mals may express potent antitumor reactivity in vivo
and in vitro (/, 2). Several distinct cell populations have
been implicated in such responses including activated
macrophages, cytotoxic T-Iymphocytes, natural killer
cells, and granulocytes. In spite of the presence of these
potentially protective effector cells, however, most pri¬
mary tumors continue to grow progressively. To belter
understand why this is the case, it would be useful to
have comparable data on the functional capabilities of
immune cells isolated from within the tumor itself. It is
often assumed that systemic and local or in situ tumor
immunity are equivalent. It is, however, quite possible
that certain antitumor effector cells may be preferen¬
tially attracted to or retained within a tumor site,
whereas others may be unable to enter the tumor or are
somehow prevented from coming into close contact with
tumor cells. Indeed, in the few studies where direct
comparisons have been made between systemic and in
situ tumor immunity, both quantitative and qualitative
differences were usually found (3).

Of the various host-derived cells most often found
within tumors, it is the presence of macrophages that
has perhaps stimulated most interest (4, 5). Macro¬
phages obtained from other tissue sites have been shown
to play an essential role in the induction, expression,
and regulation of both humoral and cell-mediated
immune responses (6, 7), and these activities, if they also
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C J9
occurred in situ, could have important implications
with respect to tumor growth and metastasis. To dale,
however, most studies on the functional capabilities of
tumor-associated macrophages have examined only the
cytotoxic activity of these cells. Instead, it was the aim of
the present study to investigate their accessory cell
activity.

A large proportion of the macrophages associated
with the highly immunogenic murine MCA-induced
fibrosarcoma FSa were found to express the I-Ak anti¬
gen, and these cells were fully capable of providing the
accessory cell function required for the generation of
antibody responses against erythrocyte and tumor anti¬
gens in vitro.

METHODS

Antisera.— Hybridomas secreting the Ml/70.15.11.5
rat monoclonal antibody reactive with the macrophage-
granulocyte "specific" antigen Mac-1 (8) or the 10-2.16
mouse monoclonal antibody reactive with I-Ak (9) were
obtained from the American Type Culture Collection,
Rockvilic, Ml). ATH anti-ATL, a broadly reactive ana-
la1, antiserum, was purchased from Sera-Lab Ltd., Craw¬
ley Down, England.

Complement.—Pooled normal guinea pig serum
served as a source of complement for use in hemolytic
plaque assays and anti-la cytotoxicity. The serum was
absorbed for 1 hour at 4°C with 30-40% (vol/vol) packed
erythrocytes (for PFC assay) or FSa tumor cells (for anti-
la cytotoxicity).

Erythrocytes.—CRBC in Alsever's solution was pur¬
chased from Tissue Culture Services, Slough, England.
SRBC in Alsever's solution was a gift from Mr. C. Bir¬
red Is, Moredun Research Institute, Edinburgh, Scotland.

Abiikh ia I ions esn): CRj = ly|>e 3 complement icccploi; OR BO =
calf reel bhxxl cells: FCS = fetal calf scrum: ItBSS = Hanks' balanced
sail solution: Ia = l-region asscxiated; MO.A = 3-mc-lliylc liolaniluene;
PFC=plaque-forming ccll(s); SRBC = sheep led blcxxl cells; TNI' =
(linilrophenyl.
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P Mtce.^^kle C3Hf/Kam mice 8-18 weeks of age were
ibr® in thPanimal unit, Department of Bacteriology,
'UwR'er^BPof Edinburgh. Syngeneic athymic nude
(nu/nu) mice and their phenotypically normal hetero¬
zygous («u/+) littermate controls were derived from
breeding stock provided by Dr. C. R. Reeder, NCI-
Frederick Cancer Research Facility, Frederick MD.

Tissue culture medium.—RPMI-1640 medium con¬

taining 2.0 g NaHCOj/liter (Flow Laboratories Ltd.,
Irvine, Scotland) was supplemented with 10% heat-in¬
activated FCS (Gibco Bio-Cult Ltd., Paisley, Scotland),
2 mM glutamine, 5X10-5 M 2-mercaptoethanol, 200 U
penicillin/ml, and 100 ng streptomycin/ml.

Tumor.—The FSa tumor is a highly immunogenic,
MCA-induced fibrosarcoma syngeneic for C3Hf/Kam
mice (10, 11). It was maintained by serial passage in vivo
and used at transplant generations 8-18. Experimental
tumors were induced by sc inoculation of 5X105 viable
tumor cells into the right flank and were used 18 days
later.

Preparation of tumor cell suspensions.—Tumor cell
suspensions were prepared by enzymatic disaggregation
of tumor tissue in 0.05% dispase (Boehringer Mannheim,
Federal Republic of Germany) solution as previously
described (10).

Preparation of resident peritoneal cell suspensions.—
Cells harvested from the peritoneal cavity of at least 5
animals by vigorous lavage with HBSS were pooled,
centrifuged at 200Xg for 10 minutes, and washed twice
with HBSS.

Preparation of macrophage monolayers.—Macro¬
phages were enriched from tumor cell suspensions or
resident peritoneal cell suspensions by adherence to
glass or plastic surfaces. Graded numbers of cells were
added to tissue culture wells and incubated at 37°C for
30 minutes in the presence of 20% FCS (peritoneal cells)
or 0.1% dispase and 20% FCS (tumor cell suspensions).
Nonadherent cells were removed by vigorous washing,
and the number of adherent cells was determined by
inverted-plia.se microscopy. Approximately !8—20% of
the cells present within resident peritoneal or tumor cell
suspensions were adherent under these conditions.

Ia-positive tells were depleted from adherent cell
monolayers by treatment with ATH anti-ATI. anti¬
serum plus complement. Monolayers were overlaid
with 0.5 ml 1:50 ATH anti-ATI. iti RPMI-1640 medium
+ 10% FCS and incubated at 4°C for 30 minutes. They
were then washed, overlaid with 0.5 ml of a 1:20 dilu¬
tion of complement, and incubated at 37°C for 1 hour.
Dead tells were removed by washing three times with
wanned tissue culture medium.

Identification and characterization of macrophages.—
Fhe percentage of macrophages present within cell sus¬
pensions and adherent cell monolayers was determined
by FA rosette formation and/or latex particle phago¬
cytosis as previously tlescribed (10, 12). I-A^-positive
and Mac-1-positive cells were identified by indirect
imm.uno|;>eroxidase.

Tr.initrophenylation of tumor cells and erythrocytes.—
Irradiated (5,000 rad) FSa tumor cells or washed CRBC

or SRBC at 10% (vol/vol) were TNP coupled as pre¬
viously described (11).

Preparation of spleen cell suspensions.—Accessory
cells were depleted from spleen cell suspensions by pas¬
sage through a Sephadex G-I0 column as described by
Ly and Mishell (13). Tumor-specific T» cells were
enriched by passage of spleen cell suspensions obtained
from FSa tumor-bearing animals over a nylon wool
column as described by Julius et al. (14).

Determination of macrophage accessory cell activity.—
The ability of macrophages to reconstitute the primary
anti-CRBC or anti-TNP PFC response of Sephadex
G-10-passed spleen cells was used as a measure of their
accessory cell activity. Cultures (2-ml) containing graded
numbers of adherent macrophages, 5X106 Sephadex
G-10-passed spleen cells, 107 CRBC or 10s TNP-FSa,
and in some experiments, IX106 tumor-specific Tn cells
were set up in Nunc 24-well tissue culture plates (Gibco
Euroj>e Ltd.). Cultures were incubated at 37°C in a 5%
CO2 atmosphere for 4 days, and the number of PFC was
determined by the method of Cunningham and Szenberg
(15) with the use of either CRBC or TNP-SRBC indica¬
tor cells.

RESULTS

Separation and Characterization of Tumor-
Associated Macrophages

Macrophages were enriched from tumor cell suspen¬
sions by virtue of their capacity to adhere lightly to glass
or plastic surfaces. As shown in table 1, more than 90%
of these tumor-derived adherent cells could be classified
as macrophages on the basis of Fc receptor expression
and latex particle phagocytosis. In contrast, despite pre¬
vious reports that the Mac-1 antigen constitutes a uni¬
versal macrophage marker (16), only around 4% of
tumor-derived adherent cells were found to be Mac-1
positive (table 1). In control studies, an excellent corre¬
lation was found between the tx'rcentage of whole or
adherent resident peritoneal cells that expressed Fc
receptors and/or phagocytosed latex particles and the
percentage of Mac-1-positive cells present within these
populations (table 1). Furthermore, the low level of
Mac-1 expression by tumor-derived adherent cells could
not be readily ascribed to the enzymatic disaggregation
procedure used to obtain the cells since similar treat¬
ment of resident peritoneal cells had no significant effect
on their Mac-1 expression (data not shown). In addition,
tumor-derived adherent cells maintained in vitro for up
to 18 hours did not reexpress the Mac-1 antigen (data
not shown).

The generation of thymus-dependent immune re¬
sponses has been shown to require coojieration between
immunocompetent lymphocytes and various nonlym-
phoid accessory cells of which the macrophage is per¬
haps the best characterized example (6). One essential
accessory cell function is to take up and process anti¬
genic material and present the appropriate epitopes to
T-cells in association with la molecules (7). As a first
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Table 1.—Identification and characterization of FSa tumor-associated macrophages"

Specification Fc receptor4 —

Phagocytosis'

Positive cells, %

l-Avd Mac-1'

Whole resident peritoneal cells ND 43.8±1.0 ND 46.0±4.5
Adherent resident peritoneal cells 97.7±1.4 93.0±2.1 36.8±1.9 91.5±1.0
FSa tumor cell suspension 24.5±0.8 20.0±0.4 9.1±0.7 0.3±0.2
Tumor-derived adherent cells 96.4±1.1 92.1±1.7 56.0±1.1 4.2±0.5

° Each result represents the mean of three experiments ± 1 SEM. ND = not determined. 1
4 Fc receptor-positive cells were identified by EA rosette formation. [
'Phagocytic cells were identified by uptake of latex particles.
d I-Ak-positive cells were identified by an indirect immunoperoxidase assay with the use of monoclonal antibody 10-2.16.
' Mac-l-positive cells were identified by an indirect immunoperoxidase assay with the use of the rat anti-mouse-macrophage monoclonal

antibody Ml/70.

step toward understanding the accessory cell activity of
tumor-associated macrophages, the expression of la
determinants on these cells was investigated. It can be
seen in table 1 that around 9% of tumor cells and around
56% of tumor-derived adherent cells expressed I-Ak. The
I-Ak-positive cells always appeared by morphologic
criteria to be macrophages, although they did vary con¬
siderably with respect to staining density, presumably
reflecting quantitative differences in I-Ak expression.
The percentage of I-Ak-positive cells within the tumor
remained constant during serial passage (passages 8-18)
and throughout the observed period of tumor growth
(days 7-28) (data not shown).

The question arises as to what mechanisms operate in
situ to induce and maintain I-Ak expression on such a
large proportion of tumor-associated macrophages. The
possible involvement of T-cells was examined by com¬
paring the expression of I-Ak on macrophages obtained
from tumors grown in nu/+ and nu/nu mice. It can be
seen in table 2 that, although tumor cell suspensions
prepared from tumors grown in nw/+ or nu/nu mice
did not differ significantly in their content of Fc-
receptor-positive cells, I-Ak-positive cells were almost
totally absent from the tumors grown in nu/nu mice.
These results suggest that, although T-cells do not play
an important role in determining the number of macro¬
phages present within this particular tumor, they do
nevertheless constitute a major regulatory mechanism
controlling I-Ak expression by these cells.

Table 2.—I-A1 expression by macrophages obtained from tumors
grown in nu/+ or nu/nu mice"

Tumor-bearing
Fc receptor-positive

cells, %'' I-Ak-positive cells, %'

mice
Whole
FSa

Adherent
FSa

Whole
FSa

Adherent
FSa

nu/+
nu/nu

24.0±0.8
24.2±0.6

94.0±0.8
93.7±0.6

11.1±0.6
1.1±0.2

50.2±0.9
0.8±0.2

° Each result represents the mean of three experiments ± 1 SEM.
4 Fc receptor-positive cells were identified by EA rosette forma¬

tion.
' l-Ak-positive cells were identified by an indirect immuno¬

peroxidase assay with the use of monoclonal antibody 10-2.16.

Accessory Cell Activity of Tumor-
Associated Macrophages

Many different assay systems have been used to exam¬
ine macrophage accessory cell activity. Of these, tech¬
niques involving the generation of antibody responses
to heterologous erythrocytes have proven particularly
useful (6). In the present study, whole normal spleen
cells cocultured with CRBC for 4 days generated a
highly reproducible primary PFC response (text-fig. 1).
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Tf.xt-fic.ure 1.—Reconsiiiution of the primary anii-CRBC PFC

response of Sephadex G-10-passed spleen cells by adherent resident
peritoneal cells. 5X106 whole normal spleen cells (•) or 5X106
Sephadex G-10-passed spleen cells and various numbers of adherent
resident peritoneal cells (O) were incubated with 107 CRBC, and the
primary anti-CRBC PFC response generated was determined on day
4. Each point represents the mean ± 1 SEM of triplicate cultures.
Equivalent cultures that did not receive CRBC generated <70 anii-
CRBC PFC/culture.
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This response was dependent on the presence of acces¬
sory cells, and removal of these by passage of the spleencell suspension through a Sephadex G-10 column greatlyreduced the magnitude of the response generated (text-
fig. 1). The Sephadex G-10-depleted response could,
however, be reconstituted in a dose-dependent fashion
by the addition of adherent resident peritoneal cells that
serve as a source of accessory cells (text-fig. 1). Optimal
responses were obtained in cultures containing 1-2%
peritoneal macrophages, and exceeding this number
resulted in a reduction in the response generated.

The accessory cell activity of tumor-associated macro¬
phages was investigated by means of the same system.The results presented in text-figure 2 demonstrate that
tumor-derived adherent cells also constitute a potent
source of accessory cells and are fully capable of recon¬
stituting the Sephadex G-10-depleted response. The
degree of reconstitution obtained depended on the num¬
ber of adherent cells added. Maximum responses were
obtained in cultures containing 1-2% tumor-associated
macrophages, and exceeding this number caused a con¬
siderable reduction in the magnitude of the response
generated.
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Ttxi-hfiimt. 2.—Reconsritutioii of the primary anti-CRBC PFC

response of Sephadex G-10-passed spleen cells by tumor-derivedadherent cells. 5XI06 whole normal spleen cells (•) or 5X106Sephadex G-10-passed spleen cells and various numbers of tumor-
derived adherent cells (O) were incubated with 107 CRBC, and the
primary anti-CRBC PFC response generated was determined on day4. Each point represents the mean ± 1 SEM of triplicate cultures.Equivalent cultures that did not receive CRBC generated <70 anti-CRBC PFC/culture.
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Tf.xt-ficure 3.—Effect of anti-la serum plus complement treatment
on the ability of tumor-derived adherent cells to reconstitute the
primary anti-CRBC PFC response of Sephadex G-10-passed spleencells. 5XI06 whole normal spleen cells (•) or 5X106 Sephadex G-10-passed spleen cells (O) were incubated with 107 CRBC. and the
primary anti-CRBC PFC response generated was assayed on day 4.The effect of the addition of various numbers of untreated ( A) oranti-la plus complement-treated (a) tumor-derived adherent cells
on the response of Sephadex C-10-passed spleen cells was deter¬mined. Each point represents the mean ± 1 SEM of triplicatecultures. Equivalent cultures that did not receive CRBC generated<30 anti-CRBC PFC/cuIture.

Further Characterization of Tumor-Associated
Accessory Cells

Monolayers of adherent tumor-associated macrophages
were depleted of cells expressing la antigens by treat¬
ment with anti-la serum plus complement. This proce¬dure resulted in the loss of approximately 40-50% of the
macrophages from the monolayers (data not shown). Asshown in text-figure 3, treatment of tumor-associated
macrophages with anti-la serum and complement abol¬ished the ability of these cells to reconstitute the primaryanti-CRBC PFC response of Sephadex G-10-passedspleen cells. The use of various macrophage doses rules
out the possibility that this finding was the result of an
inappropriate number of macrophages remaining in theculture well after anti-la serum plus complement treat¬
ment. Instead, it appears that la-positive cells are abso¬
lutely required for the expression of tumor-associated
macrophage accessory cell activity. Evidence to supportthis conclusion came from studies that compared the
accessory cell activity of adherent cells derived from
tumors grown in nu/+ and nu/nu mice. Macrophagesobtained from tumors grown in nu/+ animals were

approximately 50% I-Ak positive (table 2) and were fullycapable of reconstituting the primary anti-CRBC PFC
NCI. VOL. 76. NO. 3. MARCH 1986



Text-figure 4.—Reconstitution of the primary anti-CRBC PFC
response of Sephadex C-10-passed spleen cells by adherent cells
derived from rumors grown in nu/+ or nu/nu mice. 5X106 whole
normal spleen cells (•) or 5XI06 Sephadex G-10-passed spleen cells
(O) were incubated with 107 CRBC, and the primary anti-CRBC
PFC response generated was determined on day 4. The effect of the
addition of various numbers of adherent cells derived from tumors

grown in nu/+ (A) or nu/nu (a) mice on the response of
Sephadex G-10-passed spleen cells was determined. Each point
represents the mean ± 1 SEM of triplicate cultures. Equivalent
cultures that did not receive CRBC generated <70 anti-CRBC
PFC/culture.

response of Sephadex G-10-passed spleen cells (text-
fig. 4). In contrast, less than 1% of macrophages obtained
from tumors grown in nu/nu animals expressed I-Ak
(table 2), and these cells were unable to reconstitute the
Sephadex G-10-depleted response (text-fig. 4).

Recently, it has been demonstrated that the spleens of
animals bearing the FSa tumor contain a population of
tumor-specific Th cells that can collaborate in vitro
with hapten-primed B-cells to generate an anti-hapten
antibody response in the presence of haptenated tumor
cells (11). The response thus generated followed the
same rules as previously noted for soluble hapten-carrier
systems in that it exhibited Th specificity for individual
tumors and required the hapten to be physically linked
to the appropriate tumor cell carrier. In the present
study, this assay system was further developed to investi¬
gate the accessory cell activity of tumor-associated macro¬
phages in the expression of tumor-specific Th cell func¬
tion. Cultures containing whole normal spleen cells
(source of B-cells and accessory cells), nylon wool-passed
spleen cells from an animal bearing a day 14 tumor
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(source of tumor-specific TH cells), and irradiated TNP-
FSa generated a large anti-TNP PFC response (text-
fig. 5). If accessory cells were removed by passage of the
whole normal spleen cell suspension through a Sepha¬
dex G-10 column, the anti-TNP response was greatly
depleted (text-fig. 5). This depleted response could, how¬
ever, be reconstituted by the addition of a source of
accessory cells, and tumor-derived adherent cells could
provide this accessory cell function (text-fig. 5).

DISCUSSION

Solid tumor masses contain a variable number of
normal host-derived cells. Indeed, virtually every type of
antitumor effector cell that has been detected systemi-
cally has also been found in situ in at least one tumor
system (5). It is, however, the frequent presence of
macrophages within both human and animal tumors
that has perhaps stimulated most interest (4, 5). Macro¬
phages from other tissue sites have been shown to play a
pivotal role in the induction, expression, and regulation
of both humoral and cell-mediated immune responses
(6, 7), and these activities, if they also occurred within

Number of FSa tumor-derived
adherent cells / culture

Text-figure 5.—Accessory cell activity of tumor-associated macro¬
phages in cooperation between tumor-specific Th cells and normal
B-cells in the generation of an anti-TNP PFC response in the
presence of TNP-FSa. 5X10® whole normal spleen cells (•) or
5X106 Sephadex G-10-passed spleen cells and various numbers of
tumor-derived adherent cells (O) were incubated with 1XI06 nylon
wool-passed spleen cells from an animal bearing a day 14 FSa tumor
and 105 TNP-FSa. The anti-TNP PFC response generated was
assayed on day 4. Each point represents the mean ± I SEM of
triplicate cultures. Cultures that did not receive TNP-FSa generated
<100 anti-TNP PFC/culture.
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the tumor mass, could have important implications
with respect to tumor growth and metastasis.

Approximately 20-25% of cells present within cell
suspensions prepared from the highly immunogenic
MCA-induced FSa tumor could be classified as macro¬

phages. Surprisingly, however, less than 4% of these
macrophages expressed, the Mac-1 antigen. Previous
studies have proposed that Mac-1 constitutes a universal
macrophage marker (16). The antigen is first expressed
on macrophages at an early stage in their differentiation
(17), and cells obtained from many different tissue sites
are positive (16, 18, 19).

The possibility was considered that the enzyme treat¬
ment used to disaggregate the tumor tissue may have
had a deleterious effect on Mac-1 expression. However,
similar treatment of whole or adherent resident perito¬
neal cells had no effect on Mac-1 expression nor was
Mac-1 reexpressed on tumor-associated macrophages
during a prolonged period of in vitro culture. These
findings are in agreement with a recent report by Unke-
less and Springer (20) which suggested that treatment of
macrophages with trypsin or papain did not alter Mac-1
expression.

Monoclonal antibodies against the Mac-1 antigen
have been shown to block the CRs specific for C3bi (21).
This receptor enables macrophages to bind cells or par¬
ticles opsonized with C3bi (22), mediates the phagocyto¬
sis of C3bi-opsonized particles by activated macrophages
(23), and acts synergistically with the Fc receptor in
phagocytosis (24) and in antibody-dependent cell-
mediated cytotoxicity (25). Thus the apparent absence of
Mac-1 from the surface of tumor-associated macrophages
may have important implications with respect to the
antitumor activity of these cells in situ.

There have been several reports in the literature that
support the view that the macrophages infiltrating some
inflammatory sites do not express complement receptors.
For example, Tilney et al. (26) found that both
B-lymphocytes and macrophages harvested from acutely
rejecting cardiac allografts failed to form a significant
number of rosettes with complement-coated erythro¬
cytes. Similar results were obtained by Moore and Moore
(27) in a study concerning the nature of the host-derived
cells present within 5 different transplanted rat tumors,
whereas Seller et al. (28) reported that few of the
la-positive macrophages present within peritoneal exu¬
dates induced by Listeria monocytogenes or a lympho-
kine elaborated by immune T-cells expressed comple¬
ment receptors. Finally, we have recently demonstrated
that macrophages infiltrating the poorly immunogenic
MAC-induced NFsa tumor also lack the Mac-1 antigen
(unpublished observation).

Any explanation for the absence of Mac-1 on FSa
tumor-associated macrophages can be no more than
speculation. Tumor-associated macrophages may repre¬
sent a distinct subpopulation of macrophages that
do not express CRj. The finding that Kupffer cells are
Mac-1 negative (18) lends some support to this possi¬
bility. Alternatively, the microenvironment present
within the tumor may act to modulate CRj expression

(29). In this connection the CRj has been implicated in
the phagocytosis of immune complexes (30). It is likely
that immune complexes occur within immunogenic
tumors, such as FSa. The complexes could perhaps bind
to and block the CRj. Alternatively, it is possible that
the interaction of CRj with immune complexes could
lead to internalization of the receptor, reducing its sur¬
face expression to below detectable levels.

The generation of an effective immune response to
most, if not all, antigens requires cooperation between
immunocompetent Th cells and nonlymphoid accessory
cells (6, 7). Accessory cells are required to take up and
process antigenic material and present the appropriate
epitopes to T-cells in association with la determinants
(7). Approximately 10% of FSa tumor cells and around
50% of tumor-derived adherent cells were found to

express the I-Ak antigen. These I-Ak-positive cells ap¬
peared to be macrophages, although they exhibited con¬
siderable heterogeneity both with respect to their expres¬
sion of various morphologic characteristics (e.g., size,
nuclear shape, and cytoplasmic structures) and the den¬
sity of staining, presumably reflecting differences in the
amount of I-A expressed per cell.

The percentage of macrophages that express la deter¬
minants varies from tissue to tissue, although in the
absence of external stimuli, the ratio for any given tissue
remains constant (6). To maintain this basal level of la
expression, there is a need for a continuous influx of
young macrophages into a tissue (28). It seems that la
expression develops mainly in young macrophages and
is a transient event that is rapidly lost with time (28, 31).
The question therefore arises as to what mechanisms
operate in situ to induce and maintain I-Ak expression
on such a large percentage of tumor-associated
macrophages. i

The possible involvement of T-cells in the regulation j
of I-Ak expression by tumor-associated macrophages was
investigated by comparing the expression of I-Ak on
macrophages obtained from tumors grown in nu/+ and
nu/nu mice. It was found that, although tumors grown
in tiu/ + or nu/nu animals both contained the same

percentage of macrophages, the cells obtained from j
tumors grown in nu/nu mice expressed practically no [
I-Ak. These findings suggest that although T-cells or j
their products are not involved in determining the j
macrophage content of the tumor, they do nevertheless t
play an important role in regulating I-Ak expression by j
these cells. Furthermore, the absence of I-Ak-positive
cells from tumors grown in nu/nu mice suggests that
significant numbers of cells that constiiutively express
la determinants, such as la-positive, Mac-1-negative
dendritic cells, are not present within the tumor.

Although the presentation of antigen in association
with la determinants on the surface of an accessory cell
is essential for the initiation of T-cell responses, the
generation of an effective immune response also requires
the involvement of other diverse signals that promote
T-cell clonal expansion and differentiation (6). Thus to
define a role for tumor-associated macrophages in the
generation of antitumor immune responses, it was
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necessary to show that these cells not only expressed
I-region-encoded determinants but also possessed func¬
tional accessory cell activity. In the results presented, la-
positive tumor-associated macrophages were shown to be
fully capable of acting as accessory cells in the gen¬
eration of antibody responses against both erythrocyte
and tumor antigens in vitro. Maximum reconstitu-
tion of accessory cell-depleted responses was obtained
when tumor-associated macrophages constituted approxi¬
mately 1-2% of the cells in the culture. This percentage
was similar to that required for full reconstitution with
resident peritoneal macrophages, although tumor-asso¬
ciated macrophages produced significant responses over
a far narrower range of cell concentrations. The reason
for such differences are unclear but presumably relate to
heterogeneity present within the two populations.

As far as we are aware, this is the first report demon¬
strating accessory cell function for tumor-associated
macrophages. These results suggest that it is not possi¬
ble, at least for this particular tumor, to readily attribute
progressive tumor growth to a defect in the accessory
cell function of the tumor-associated macrophage popu¬
lation. This conclusion contrasts with the studies of
Okuda et al. (32) that demonstrated that the accessory
cell activity of both peritoneal and splenic macrophages
was compromised in mice bearing subcutaneous EL-4
lymphomas, although intratumoral accessory cell activ¬
ity was not measured in this study. It is possible, of
course, that different tumors may exert different effects
on accessory cell function. In addition, macrophages are
extremely heterogeneous with respect to a large number
of characteristics (29), and cells from different tissue sites
may vary in their response to a tumor mass.

Tumor burden may play an important role in modu¬
lating accessory cell activity. Howie and McBride (11)
have suggested that the nonspecific suppressor cells that
first appear within the spleens of mice bearing the FSa
tumor around day 21 post inoculation are most proba¬
bly macrophages. Although in the present study the
magnitude of the PFC response generated was reduced
when high numbers of tumor-associated macrophages
were added to accessory cell-depleted cultures, this result
is unlikely to be due to the presence of suppressor cells.
As we will show in a separate publication, at the con¬
centrations tested, tumor-associated macrophages were
not suppressive but, instead, nonspecifically enhanced
the PFC response of whole normal spleen cells (Dough¬
erty GJ, McBride WH: Submitted for publication).
However, it would be useful to examine the possibility
that suppressor macrophages may appear within the
FSa tumor late in tumor growth and that these cells may
modulate the accessory cell activity of the tumor-associ¬
ated macrophage population. Such studies are now in
hand.
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SUMMARY

In this report, we examine the antigen non-specific immuno-

regulating activity of macrophages isolated from the murine methyl-

cholanthrene-induced fibrosarcoma PSA. These cells were shown to

enhance the primary anti-CRBC PFC response of whole normal spleen

cells in a dose-dependent fashion. This function was associated with

a subpopulation of large la-negative macrophages and was mediated by a

soluble macrophage-derived factor that appeared to act by stimulating

the proliferation and/or differentiation of antigen-reactive T cells.

The relationship of this factor to previously described monokines is

discussed.
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INTRODUCTION

A large number of studies have documented the presence of

macrophages within both human and experimental tumors (4,10). Recent
!

evidence suggests that like other ^macrophage populations, tumor-

associated macrophages (TAM) are extremely heterogeneous (20) and can

perform many diverse, and on occasion, mutually antagonistic functions

(2,17,24). Presumably the importance of these cells to tumor growth

and metastasis will depend at least in part, upon the precise

functional capabilities of the macrophage population present within a

particular tumor.

To date, most studies on the functional capabilities of TAM have

examined only the direct effect of these cells on tumor growth.

Depending upon the experimental system employed, TAM were shown to

either enhance tumor cell proliferation (3,18,24) or exert a spectrum

of cytotoxic activities ranging from cytostasis to rapid cytolysis

(15,17,23). However macrophages also play a central role in the

induction, expression and regulation of both humoral and cell-mediated

immune responses (12,25), and these functions, if they occur within

the tumor mass, could have important implications with respect to

tumor growth and metastasis.

The generation of an immune response requires that macrophages or

other accessory cells take up and process antigenic material and

present the appropriate epitopes to Tjj cells in association with MHC
encoded class II molecules (12,25,27). Clonal expansion of reactive

T„ cells is further dependent upon the production of macrophage-
. Jti •

derived antigen non-specific mediators such as interleukin 1 (12,22,25).

In contrast, macrophages particularly at high cell number, can also
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act to suppress the proliferation and differentiation of lymphocytes

and thereby inhibit the development of an immune response (28).

In a previous study we demonstrated that macrophages infiltrating

the highly immunogenic methylcholanthrene-induced fibrosarcoma PSA

could act as accessory cells in the induction of antibody responses

against both erythrocyte and tumor antigens in vitro (2). It was the

aim of the present study to investigate further the immunoregulating

activity of these cells and in particular, to define their antigen
non-specific effects.

TAM were found to enhance the primary anti-CRBC PPC response of

whole normal spleen cells in a dose-dependent fashion. This function

was associated with the large la-negative macrophage subpopulation and

was mediated by a soluble macrophage-derived factor(s) that appeared

to act by stimulating the proliferation and/or differentiation of T

cells. The possible nature of this factor(s) is discussed.

MATERIALS AND METHODS

Erythrocytes

Calf red blood cells (CRBC) in Alsever's solution were purchased

from Tissue Culture Services, Slough, England.

*

Mice *

Male C3Hf/Kam mice aged 8-18 weeks were bred and maintained in the

animal unit. Department of Bacteriology, University of Edinburgh.

Syngeneic athymic nude (nu/nu) mice and their phenotypically normal

heterozygous (nu/+) littermate controls were derived from breeding

stock kindly provided by Dr D.C. Reeder, NCI, Fredrick, Maryland, USA.
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Tissue culture medium

RPMI 1640 medium containing 2.0g/l NaHCOg (Plow Laboratories Ltd.,
Irvine, Scotland) was supplemented with "\0% heat inactivated fetal

calf serum (PCS) (Gibco Bio-Cult Ltd., Paisley, Scotland), 2mM
_5

glutamine, 5x10 M 2-mercaptoethanol, 200units/ml penicillin and

100pg/ml streptomycin.

Tumor

The PSA tumor used in the present study is a highly immunogenic,

methylcholanthrene-induced fibrosarcoma syngeneic for C3Hf/Xam mice

(13,20). It was maintained by serial passage in vivo and used at

transplant generation 8-18. Experimental tumors were induced by s.c.

5
inoculation of 5x10 viable tumor cells into the the right flank and

were used on day 14-21.

Preparation of tumor cell suspensions

Tumor cell suspensions were prepared by enzymatic disaggregation

of non-necrotic tumor tissue as previously described (20).

Preparation of resident peritoneal cell suspensions

Cells harvested from the peritoneal cavity of at least 5 animals

by vigorous lavage with Hanks' balanced salt solution (HBSS)•were

pooled, centrifuged at 200gg for 10 mine and washed twice with HBSS.

Separation of enzvmaticallv disaggregated tumor cells by centrifugal

elutriation

Populations of cells differing in modal diameter were separated
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from enzymatically disaggregated tumor cell suspensions using a

Beckman JE-6 elutriator rotor fitted with a standard horizonatal

chamber and driven by a modified J2-21 centrifuge (Beckman Riic Ltd.,

High Wycombe, England). Dulbecco's phosphate buffered saline was

pumped through the system at room temperature using a Masterflex

peristaltic pump with fine adjustable velocity control. The rotor was

g
maintained at a constant speed of 2000rpm and 1x10 cells were loaded.

The flow rate was increased in steps and 5 fractions of 150ml were

collected. The cells present in each fraction were spun down,

resuspended in 10ml tissue culture medium and their size distribution

determined using a Coulter Channelyser system (Coulter Electronics

Ltd., Luton, England) which was previously calibrated with latex beads

of known size. The cellular composition of each fraction was

determined from Giemsa stained cytocentrifuge preparations.

Preparation of macrophage monolayers

Macrophages were enriched from tumor cell and peritoneal cell

suspensions by adherence to the wells of a Nunc 24 well tissue culture

plate (Gibco Bio-Cult Ltd., Paisley, Scotland) (20). Graded numbers

of cells suspended in HBSS containing 0.1% (w/v) Dispase and 20% (v/v)

FCS were added to each well and incubated at 37*C for 30 mine. Non-

adherent cells were removed by vigorous washing and the number of

, adherent cells determined by inverted phase microscopy. When less
!

r i

than 2x10 cells were plated, approximately 20% of the cells present

in both tumor and resident peritoneal cell suspensions were adherent.

More than 95% of these adherent cells could be classified as

macrophages on the basis of Pc receptor expression and latex particle
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phagocytosis (2) and greater than 75% of macrophages were removed from

the cell suspensions. Approximately 50% of TAM expressed the I-A*
antigen (2).

Ia-positive cells were depleted from adherent cell monolayers by

treatment with ATH anti-ATL antiserum (Sera-Lab Ltd., Crawley Down,

England) and complement. Monolayers were overlayed with 0.5ml ATH

anti-ATL antiserum diluted =•! in HBSS and incubated at 4*C for 30
50

mins. The monolayers were then washed, overlayed with a dilution

of guinea pig serum and incubated at 37*C for 1hour. Dead cells were

removed by washing 3 times with warmed tissue culture medium. This

procedure resulted in approximately 50% of cells being lost from

treated macrophage monolayers irrespective of starting cell density,

and less than 1% of surviving cells expressed detectable la antigen as

determined using an indirect immunoperoxidase assay.

Preparation of macrophage conditioned medium

Graded numbers of adherent TAM were overlayed with 1ml of tissue

culture medium and incubated at 37*C for 24 or 48 hours. Culture

supernatants were centrifuged at 400g for 10 mins, passed through a

0.45pm filter and stored at -70*C until required.

Preparation of spleen cell suspensions *

Mice were killed by cervical dislocation and their spleens Removed

into HBSS. Cell suspensions were prepared by gently disrupting the

spleens in a glass tissue homogeniser. CRBC-primed T cells were

enriched by passage of spleen cells obtained from animals injected

1.p. with 0.1ml 1% (v/v) CRBC in HBSS on two occasions 4 weeks apart
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Over a nylon wool column as previously described (14).

Determination of macrophage immunoregulating activity

Macrophage immunoregulating activity was determined by the effect

these cells had on the generation of a primary anti-CRBC PFC response

in vitro. Graded numbers of adherent macrophages, cells separated by

centrifugal elutriation or macrophage conditioned medium at a final

concentration of 50% (v/v) were incubated for 4 days at 37*C with
6 7 6

5x10 normal spleen cells, 10 CRBC and in some experiments, 1x10

CRBC-primed nylon wool-passed T cells in 2ml tissue culture medium.

The number of direct anti-CRBC PFC generated was determined by the

method of Cunningham and Szenberg (1).

RESULTS

Tmnmnoregulating activity of tumor-associated macrophages

Initially, the effect of the addition of TAM on the generation of

a primary antibody response in vitro was investigated. As shown in

Figure 1, cultures containing whole normal spleen cells and CRBC

generated a small but highly reproducible anti-CRBC PFC response. The

addition of TAM to these cultures produced a dramatic dose-dependent

increase in the magnitude of this response (Figure 1). Equivalent

numbers of resident peritoneal macrophages had no such effect (Figure

1). Furthermore, the enhancing activity of TAM could not be

attributed to the method used to obtain these cells from Solid tumor

tissue since similar treatment of resident peritoneal macrophages did

not induce enhancing activity (data not shown).
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Characterisation of the TAM potrul ation mediating enhancement

As shown in Figure 2, TAM treated with anti-la serum plus

complement did not differ significantly from macrophages treated with

complement alone in their capacity to enhance the primary anti-CRBC

PFC response of whole normal spleen cells. It should be noted that in

this experiment, the number of TAM added per culture was calculated

before treatment with anti-la serum plus complement. Since approx¬

imately 50% of TAM express la antigen (2) and treatment with anti-la

serum plus complement results in almost complete killing of la-

positive cells (data not shown), it was concluded that if both Ia-

negative and la-positive cells possessed enhancing activity then

treatment with anti-la serum plus complement would have significantly

altered the dose response curve produced. Since this was not the

case, it would seem that the la-negative TAM which survive treatment

with anti-la serum plus complement are largely responsible for

enhancement. This finding is supported by studies which compared the

enhancing activity of macrophages obtained from tumors grown in nu/+

and nu/nu mice. Although macrophages obtained from tumors grown in

nu/nu mice lack detectable la antigen (2) they nevertheless possessed

the same enhancing activity as macrophages obtained from tumors grown

in nu/+ mice (Figure 3).
%

Previous studies have demonstrated that macrophages can*be

separated into functionally distd.nct subpopulations on the basis of

size and density (20). In the present study, the technique of

centrifugal elutriation was used to separate tumor cell suspensions

into 5 fractions of differing modal diameter (Table 1) and the ability

of the total cells present in each fraction to enhance the primary
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anti-CRBC PFC response of whole normal spleen cells was investigated.

It should be noted that tumor-derived adherent cells were as efficient

as whole tumor cell suspensions at enhancing the PFC response (Figure

4) arguing against the possibility that the tumor cells present in

each fraction were responsible for any enhancing effect. The results

presented in Figure 4 show that significant enhancing activity was

found only in Fractions II and III the fractions which contained the

majority of TAM (Table 1). Fractions IV and V which contained mainly

tumor cells had no enhancing activity. It is interesting to note that

although Fraction III contained only 13.4% macrophages, it produced a

similar degree of enhancement as Fraction II which contained 83%

macrophages. The most likely interpretation of this finding is that

enhancing activity is associated mainly with the large macrophages

which predominate in Fraction III.

Mechanism of TAM-mediated enhancement of the PFC response

Macrophages secrete a number of soluble factors which may affect

the immune response (15,16). The possibility that a soluble factor(s)

released by TAM was responsible for enhancement of the primary anti-

CRBC PFC response of whole normal spleen cells was therefore

investigated. Culture supernatants conditioned by TAM were found to

be highly efficient at enhancing the anti-CRBC response (Figure 5).

The magnitude of the enhancement obtained depended on the number of

macrophages used to condition the medium and whether supernatants were

harvested after 24 or 48 hours. Medium conditioned for 48 hours was

less efficient than medium conditioned for 24 hours.

The major factor limiting the magnitude of primary antibody



11

responses in vitro is the number of Tjj cells present in the culture.
The addition of CRBC-primed nylon wool-passed T cells to cultures of

whole normal spleen cells and antigen, resulted in a dose-dependent

increase in the magnitude of the anti-CRBC PFC response generated

5
(Figure 6) with a maximum response being reached when more than 5x10

T cells were added. Presumably at this point T^ cells are in excess
and it is the number of B cells or accessory cells which limit the

magnitude of the response generated.

The question of the target cell for TAM-mediated enhancement of

the anti-CRBC response was addressed using this system. We argued

that if TAM acted by increasing the proliferation and/or different¬

iation of CRBC-specific T^ cells then in cultures where CRBC-primed T
cells are in excess, addition of TAM would have no further effect on

the magnitude of the response generated. If TAM acted instead by

augmenting either the proliferation and/or differentiation of B cells

or accessory cell function, then the PFC response of cultures would be

enhanced even in the presence of excess CRBC-primed T cells. As shown

in Figure 7, TAM did not enhance the anti-CRBC PFC response of

cultures containing an excess of CRBC-primed T cells suggesting that

the enhancing factor produced by TAM acts on T cells rather than B

cells or accessory cells.

♦

DISCUSSION

In the present study, macrophages infiltrating the immunogenic

murine methylcholanthrene-induced fibrosarcoma FSA were found to

enhance the primary anti-CRBC PFC response of whole normal spleen

cells in a dose-dependent fashion. This function was associated with
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the large la-negative macrophage subpopulation and was mediated by a

soluble TAM-derived factor(s) that appeared to act by stimulating the

proliferation and/or differentiation of T cells.
t

«

At least two biochemically distinct macrophage-derived factors

have been shown to enhance antibody responses in vitro, interleukin 1

(IL-1) and colony stimulating factor (CSP) (8). The mechanism by

which CSF acts remains to be elucidated although one suggestion is

that it works indirectly through feedback induction of other factors

such as IL-1 (21). Our initial studies fail to support the view that

the enhancing factor described in this report is CSP since medium

conditioned by TAM does not support the in vitro growth of macrophage

or granulocyte bone marrow-derived colonies (McBride and Dougherty,

unpublished observation).

The TAM-derived enhancing factor(s) does however have IL-1-like

activity. By definition, IL-1 has the ability to enhance the

proliferation of thymocytes in vitro (19) and similar or identical

molecules are thought to be necessary for the clonal expansion of

peripheral T cells in response to mitogen or antigen. IL-1 can also

directly stimulate B cell proliferation and/or differentiation

(5,11,16,31) although only at concentrations that are supraoptimal

compared to those that enhance thymocyte proliferation (9). In

addition to the activities described in this report, medium*

conditioned by ,TAM also enhances the proliferation of thymocytes in

vitro (McBride, unpublished).

We have shown previously that macrophages obtained from the PSA

tumor are considerably more activated them resident peritoneeQ

macrophages, as measured by ectoenzyme activity or Pc receptor



expression (20). Activation of TAM at least with respect Fc receptor

expression does not require T cells although the induction and

maintenance of la expression does (2). In this study we have shown

that TAM acquire the capacity to enhance the primary anti-CRBC PFC

response of whole normal spleen cells in the absence of T cells.

Enhancing activity is mediated by large la negative TAM and

macrophages obtained from tumors grown in nu/nu mice possess the same

enhancing activity as macrophages obtained from tumors grown in nu/+

mice. It is known that IL-1 can be produced by la-negative

macrophages and that its production can be greatly increased by

stimulating macrophages by either T cell independent mechanisms (eg,

endotoxin) (26) or with T cell products (6,7). These findings are

consistent with the view that the enhancing factor(s) produced by FSA-

derived TAM could be IL-1-like and support the conclusion that many of

the functions of TAM are dictated largely by the tumor itself as we

have argued elsewhere (2).

The finding that TAM produce immunoenhancing molecules must be

contrasted with many previous reports which have demonstrated that

macrophages from tumor-bearing hosts actively suppress immunological

responses (29,30). Most of these reports however did not deal

directly with TAM and looked only at cells taken from animals bearing
ft

a large tumor burden. Non-specific, macrophage-like suppressor cells

have been detected in the spleens of FSA-bearing mice but only 'when

the tumor burden was large (day 28) (13). It would be of considerable

interest to know if the appearance of these suppressor macrophages in

the spleen reflected changes in the TAM population at this late stage

in tumor growth.
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Although IL-1 has been most studied in the context of its lympho-

stimulatory activity, it is clear that a similar, if not identical

factor is responsible for a large number of non-immunological effects

including bone resorption, the induction of fever and neutrophilia,

and stimulation of the production of acute phase proteins (22). If

the IL-1-like factor(s) produced by TAM also possesses these diverse

functions it may contribute to a variety of the paraneoplastic

phenomena commonly associated with malignant disease. Studies to

investigate this possibility are now in hand.
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FIGURE LEGENDS

Figure 1

Effect of TAM and resident peritoneal macrophages on the prinjary
r

anti-CRBC PFC response of whole normal spleen cells. 5x10 whole

7
normal spleen cells were incubated with 10 CRBC and the anti-CRBC PFC

response generated was assayed on day 4 ( • ). The effect of the

addition of various numbers of TAM ( O ) or resident peritoneal

macrophages ( A ) on the magnitude of the response generated was

determined. Each point represents the mean ± 1 SEM of triplicate

cultures. Cultures which did not receive CRBC generated less than 40

anti-CRBC PFC/culture.

Figure 2

Effect of anti-la serum plus complement treatment on the enhancing

6
activity of TAM. 5x10 whole normal spleen cells were incubated with

7
10 CRBC and the anti-CRBC PFC response generated was assayed on day 4

( • ). The effect of the addition of various numbers of untreated ( O )

complement treated ( □ ) or anti la serum plus complement treated ( ■ )

TAM on the magnitude of the response generated was determined. Each

point represents the mean ± 1 SEM of triplicate cultures. Cultures

which did not receive CRBC generated less than 70 anti-CRBC

PFC/culture. *

I

Figure 3

Comparison of the enhancing activity of macrophages obtained from
6

tumors grown in nu/+ or nu/nu mice. 5x10 whole normal spleen cells
7

were incubated with 10 CRBC and the anti-CRBC PFC response generated
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was assayed on day 4 ( • ). The effect of addition of various numbers

of adherent cells derived from tumors grown in nu/+ ( A ) or nu/nu ( A )

mice on the magnitude of the response generated was determined. Each

point represents the mean ± 1 SEM of triplicate cultures. Cultures

which did not receive CRBC generated less than 60 anti-CRBC

PFC/culture.

Figure 4

Enhancement of the primary anti-CRBC PFC response of whole normal

spleen cells by populations of tumor-associated cells separated by

g
centrifugal elutriation. 5x10 whole normal spleen cells were

7
incubated with 10 CRBC and the anti-CRBC PFC response generated was

assayed on day 4 (■♦ ). The effect of the addition of various numbers

of tumor-associated cells separated by centrifugal elutriation was

determined. Whole unfractionated ( • ), adherent unfractionated ( O )»

Fraction II ( A ), Fraction III ( A ), Fraction IV ( □ ), Fraction V

( ■ ). Each point represents the mean ± 1 SEM of triplicate cultures.

Cultures which did not receive CRBC generated less than 40 anti-CRBC

PFC/culture.

Figure 5

Enhancement of the primary anti-CRBC PFC response of whole normal
6

spleen cells by TAM-conditioned medium. 5x10 whole normal spleen •

7
cells were incubated with 10 CRBC and the anti-CRBC PFC response

generated was assayed on day 4 ( • ). The effect of the addition of

various numbers, of TAM ( O ) or 50£ (v/v) of medium conditioned by an

equivalent number of TAM for 24 hours ( A ) or 48 hours ( A ), was
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determined. Each point represents the mean ± 1 SEM of triplicate

cultures. Cultures which did not receive CRBC generated less than 80

anti-CRBC PFC/culture. i

Figure 6

Effect of nylon wool-passed CRBC-primed spleen cells on the anti-

0
CRBC PFC response of whole normal spleen cells. 5x10 whole normal

spleen cells were incubated with 1 O*' CRBC and the anti-CRBC PFC

response generated was assayed on day 4(A). The effect of the

addition of various numbers of nylon wool-passed CRBC-primed ( O ) or

unprimed ( A ) spleen cells on the response generated was determined.

Each point represents the mean ± 1 SEM of triplicate cultures.

Figure 7

Macrophage-mediated enhancement of the anti-CRBC PFC response of

whole normal spleen cells in the presence of excess CRBC-specific TH
r 17

cells. 5x10 whole normal spleen cells and 10 CRBC were incubated

0
with ( G ) or without ( • ) 1x10 nylon wool-passed CRBC-primed spleen

cells and the anti-CRBC PFC response generated was assayed on day 4.

The effect of the addition of various numbers of TAM on these

responses was determined. Each result represents the mean i 1 SEM of
%

triplicate cultures. Cultures which did not receive CRBC generated

less than 50 anti-CRBC PFC/eulture.



Table1

Characterizationofpopulationsoftumor-associatedcellsseparatedbycentrifugalelutriation Flowrate%totalModalcella%Fcreceptor,Morphologic(ml/min)recoveredcellsdiameter(pm)positivecellscharacterization0
Unfractionated- -9.723.5FractionI""10.0216.16.61.0non-viablecells,

erythrocytes,lymphocytes

FractionII15.1220.38.683.0smallmacrophages,
lymphocytes tumorcells

FractionIII22.9729.69.613.41argemacrophages,
tumorcells

FractionIV28.4616.710.22.6tumorcellsFractionV54.9817.311.41.0tumorcells
a DeterminedfromCoulterChannelyseranalysis

L •Fcreceptor-positivecellswereidentifiedbyEArosetteformation
c DeterminedfromGiemsastainedcytocentrifugepreparations
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Concomitant development of granulocytosis and
enhancement of metastases formation in
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The experiments reported here show concomitant development of granulocytosis
and enhancement of metastasis formation in C3Hf/Kam mice bearing NFSA
fibrosarcoma. Both phenomena developed at approximately 2 weeks after s.c.
transplantation of tumor cells, at a time when the tumor was approximately
10 mm in diameter. The number of granulocytes in the blood doubled approxi¬
mately every 3-5 days, reaching about 30 times control levels shortly before the
death of the mice. The magnitude of the metastasis enhancement formation by
i.v. injection of tumor cells was three to four times the control value. Mice bearing
NFSA had a significant increase in the number of endogenous CFUs. Plasma
from NFSA-bearing mice and medium from cultured NFSA cells stimulated in
vitro growth of granulocyte and macrophage colonies from normal bone marrow
cell precursors, and induced granulocytosis upon i.v. injection into normal mice.
This shows that NFSA tumor secretes factor(s) with potent granulopoietic
activity. Injection of plasma from tumor-bearing animals followed by i.v.
injection of NFSA cells did not lead to the enhancement of metastasis, implying
that granulocytosis might be rather concomitant manifestation than a causative
factor of the enhancement of metastasis formation. Importance of granulocytosis
as a paraneoplastic manifestation during tumor growth is discussed.

Introduction
The growth of malignant tumors can be accompanied by different paraneoplastic

phenomena manifesting in hormonal, metabolic, and other systemic abnormalities
[9], Practically every organ and tissue can show change. Alterations are not due to the
involvement of affected tissues by tumor cells, but due to the effects of biologically
active substances produced by tumor cells. The abnormalities can greatly affect the
physiology of the tumor host, which may in turn influence tumor progression itself.

A'L;.; Furthermore, symptoms of paraneoplasia can have a diagnostic value. Importantly,
■■ i paraneoplastic manifestations disappear with removal of the tumor.

• :; j Granulocytosis in the peripheral blood is a paraneoplastic phenomenon observed
to accompany the growth of a variety of solid tumors, both in man and in
experimental animals [2, 4, 8, 9], Here we report that a spontaneous fibrosarcoma,

A designated NFSA, in C3Hf/Kam mice is associated with a significant granulocytosis.
Importantly, granulocytosis appears at the time when tumor-bearing animals
exhibit enhancement of lung metastasis formation.
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Materials and methods

Mice

Inbred C3Hf/Kam mice of both sexes, bred and maintained in our specific
pathogen-free mouse colony, were used. They were 9—14 weeks old at the beginning
of the experiment. Within each experiment, mice of the same sex were housed 4-7
per cage.

Tumor
The tumor used for these experiments was a spontaneous fibrosarcoma,

designated NFSA, syngeneic to C3Hf/Kam mice. NFSA is a poorly immunogenic
tumor as determined by the ability of specifically sensitized mice to influence the take
of NFSA cells injected either intravenously (i.v.) or subcutaneously (s.c.) [1].
Isotransplants of the twelfth generation were used in these experiments. Single cell
suspensions from NFSA were prepared by trypsin digestion of non-necrotic tumor
tissue [1], Viability of the cells was more than 95 per cent as assessed by phase-
contrast microscopy.

Leg tumors were generated by injecting 4 or 5 x 105 NFSA cells into the right
hind thighs of mice. Tumor size was determined by measurement in three
orthogonal diameters with a vernier caliper.

Lung metastases
To produce artificial pulmonary metastases, 1 x 104 or 3-8 x 104 NFSA cells were

injected i.v. into the tail vein of mice. Fourteen days after inoculation of tumor cells,
the mice were killed, their lungs removed, and the lung lobes separated and fixed in
Bouin's solution. Colonies of tumor cells (metastases) appeared as white, round
nodules on the surface of the yellowish lung and were counted with the naked eye.

Endogenous spleen colonies (CFUs)
In the endogenous spleen colony assay, mice were exposed to total body

irradiation with 600, 700 and 800 rad. Irradiation was performed with a small animal
irradiator with a single 137Cs source at a dose rate of 884 rad/'min. Groups of six mice
were restrained without anesthesia in Lucite containers. Nine days later, the mice
were killed and their spleens removed and fixed in Bouin's solution. The colonies on
the surface of the spleen were counted with the naked eye.

White blood cell (w.b.c.) count and differentials
Samples of blood were obtained by severing the tail vein of mice with a sterile

surgical blade and collecting blood in heparinized capillary tubes. Total w.b.c.
counts were made using a hemacytometer after lysing red blood cells with
Zap-oglobin (Coulter Diagnostics, Hialeah, FL, U.S.A.) Differential counts were
made on blood smears stained with Giesma agent.

Collection of plasma
Blood was collected with a heparinized syringe from the axillary artery of mice. It

was centrifuged at 2200 r.p.m. for lOmin in heparinized tubes and the plasma
removed.
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Separation of peripheral iv.b.c.
Heparinized blood (40iu/ml) was collected from the vena cava of 10 NFSA-

bearing mice, which had been killed with ether. Six millilitres of blood was layered
onto 10ml of 64 per cent Percoll, lot no. G1 21682, density 1-129g/ml (Pharmacia
Fine Chemicals, Uppsala, Sweden), made with Dulbecco's phosphate-buffered
saline (10 x) (Grand Island Biological Company, Grand Island, NY, U.S.A.) and
solution A (8-0g NaCl, 0-4g KC1, l-0g glucose and 0-35 g NaHC03 in 1000ml
water). The samples were centrifuged at 1200 r.p.m. White blood cells, banding at
the interface, were removed and washed once in Hsu's medium.

Preparation of conditioned medium for NFSA cell cultures
NFSA cells (107) were plated in Hsu's medium with 10 per cent fetal calf serum

(FCS). Four days later the medium was removed, centrifuged and filtered in a

Nalgene filter unit with a pore size of 0-45 gm.

In vitro bone marrow colonies
A bone marrow suspension was prepared from both femurs of a C3Hf/Kam male

mouse. The number of bone marrow cells was determined on a hemacytometer after
lysing r.b.c.s with Zap-oglobin. Then 5 x 105 cells were mixed with 2-5 ml M.E.M.
(alpha modified: (10g M.E.M. and 2g NaHC03 per 416 ml distilled water; KC
Biological, Lenexa, KN, U.S.A.) containing 30 per cent FCS and with 2-5 ml cooled
0-7 per cent agar in a culture tube. One millilitre of this mixture was added to 1-5 ml
of conditioned medium or plasma in each of four 35 x 10 mm culture dishes. The
plates were then kept in an incubator set at 37°C and 5-10 per cent C02 for 7 days. At
that time, the whole agar disc was mounted on a 75 x 50 mm slide, fixed with 95 per
cent alcohol, and stained with Mayer's Hematoxylin. Bone marrow colonies were
examined microscopically and were differentiated on the basis of morphology as

granulocytic, macrophage or mixed (containing both granylocytes and macro¬

phages) colonies.

Results

Mice bearing NFSA in the leg develop more tumor nodules in the lung when
injected i.v. with NFSA cells than do normal mice. For example, i.v. injection of
5 x 104 NFSA cells resulted in 49 + 6-8 lung colonies in mice bearing 11 mm NFSA
in the leg compared to 16-1+2 in normal mice. The effect, however, greatly depends
on the size of the leg tumor at the time of i.v. injection of tumor cells. Ando et al. [1]
reported that only tumors larger than 1 cm in diameter at the time of i.v. injection of
tumor cells cause enhancement of metastasis formation. This primary tumor-
induced enhancement of lung colonization disappears following surgical removal of
the primary tumor [1].

Figure 1 shows that mice bearing NFSA developed a significant leukocytosis in
the peripheral blood, the degree of which was also dependent on tumor size.
Interestingly, this increase in the white blood cell counts coincided with the
development of metastasis enhancement. It started when the tumor was approxi¬
mately 10 mm in diameter, which was about 14 days after tumor cell injection, and
increased progressively as the tumor size increased. At day 21 after tumor cell
injection (average tumor diameter 19-1 mm) the number of peripheral white blood
cells was seven times that in control mice. This increase in peripheral w.b.c. was
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Days After NFSa Cell Injection

Figure 1. Changes in w.b.c. of mice bearing NFSA tumors of different sizes. NFSA tumors
were generated by injection of 4 x 105 tumor cells into right hind legs of C3Hf/Kam
mice. At varying times thereafter, the number of w.b.c. in the peripheral blood were
determined. Bars are SEM.

almost exclusively due to the increase in granulocytes (figure 2), reaching almost 30
times the control levels shortly before the death of mice.

Granulocytosis in the peripheral blood was also associated with marked increase
in hematopoietic activity. Results presented in table 1 show that mice bearing 12 mm
NFSA have a significant increase in the number of endogenous CFUs compared to
normal mice.

The possibility that NFSA cells secrete factor(s) that stimulates granulocyto-
poiesis was investigated. First, plasma from mice bearing NFSA was tested for its
ability to induce granulocytosis in normal mice. To do this, 0-5 ml of plasma from
mice bearing large NFSA tumors of approximately 20 mm in diameter, or from
normal mice, was injected i.v. into normal mice, and 1, 5*5, 19 and 48 hours later the
number of w.b.c. was determined in the peripheral blood. Results presented in figure
3 show that at 1 hour after injection of plasma from tumor-bearing animals there was
about a three-fold increase in the peripheral w.b.c. count. Thereafter, the number of
w.b.c. decreased and returned to a normal value at 19 hours after plasma injection.
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Days After NFSa Cell Injection

Figure 2. Number of granulocytes and lymphocytes in mice bearing NFSA tumors of
different sizes. NFSA tumor was generated by 4x 105 tumor cells injected into right
hind legs of C3Hf/Kam mice. Bars are SEM.

Table 1. Enhancement of endogenous hematopoietic colonies (CFUs) in the spleen
of mice bearing NFSA tumor.

Number of endogenous CFUs

Dose of WBI Normal mice Mice bearing NFSA"
(rad) (mean + SEM) (mean + SEM)

600 10 + 0-3" 36-5 + 1-6
700 <1 26-6 + 5-6
800 0 4-2 + 1-3

" Tumors (1 2 mm) were generated by injecting 5 x 105 N FSA cells into the hind right thigh
of mice. Fifteen days after tumor cell inoculation, when tumors were approximately 1 5 mm in
diameter, mice were exposed to WBI.

h Number of CFUs in the spleen were determined 9 days after WBI.
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Figure 3. Effect of plasma from NFSA tumor-bearing mice on w.b.c. levels of normal mice.
C3Hf/Kam mice were injected with 5 x 105 NFSA cells into right hind legs. Tumors
were allowed to grow to a size of 20 mm, when mice were bled and plasma obtained.
Normal mice were injected with 0-5 ml plasma. One, 5-5, 19 and 48 hours later, w.b.c.
were determined. Bars are SEM.

The rise in the number of w.b.c. consisted exclusively of a rise in granulocytes. On
the other hand, i.v. injection of normal plasma did not influence the number of
peripheral w.b.c. (data not presented). Secondly, when bone marrow cells from
normal mice were cultured in vitro in the presence of plasma from NFSA-bearing
mice, there was a striking increase in the formation of CFUs (table 2). The same
amount of plasma from normal mice had no stimulating activity on bone marrow to
form colonies. Morphological analysis of the colonies revealed that 26 per cent of
them were granulocytic, whereas 71 per cent were macrophages and the remaining 3
per cent were composed of granulocyte and macrophage cells.

To determine whether tumor cells secrete factors responsible for stimulation of
granulocytopoiesis, we tested in vivo granulocytic activity and in vitro granulopoietic
activity of medium derived from cultures of NFSA cells. When 0-5 ml of medium
was injected i.v. into normal mice, it caused granulocytosis in the peripheral blood
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Table 2. Effect of plasma from NFSA-bearing mice and medium from cultures of
NFSA cells on in vitro formation of cell colonies derived from normal bone
marrow cells.

Number of bone marrow colonies"

Incubation of bone
marrow cells in

Total
number

Percentage
granulocytes

Percentage Percentage
macrophage mixed

Unconditioned M.E.M. 0

Plasma from normal mice 1

Plasma from NFSA-bearing
mice' 100 ±7-1 26 71 3

Medium from NFSA cell
cultures 74-0 ±7-0 33 46 21

"Bone marrow colonies were examined 7 days after plating 10s marrow cells in agar
culture.

' Plasma was collected from mice bearing 19 mm NFSA tumors.

with a similar kinetics observed when plasma from NFSA-bearing mice was

injected. The increase at 1 hour after injection was about two times the normal value
(data not presented). The medium caused in vitro proliferation of bone marrow
colonies of which 33 per cent were granulocytic, 46 per cent macrophage and 21 per
cent mixed colonies (table 2).

We tested the possibility that granulocytosis could be responsible for the
enhancement of metastasis formation through affecting the behaviour of circulating
tumor cells in the lung. Normal mice were injected with 0-5 ml plasma from NFSA
tumor bearers, which was followed 1 hour later, when the granulocytosis was at its
maximum (see figure 3), by i.v. injection of 3-8 x 104 NFSA tumor cells. Controls
were mice that received the same volume of plasma from normal mice or saline. The
number of nodules formed in the lung was similar in all groups (table 3) indicating

Table 3. Influence ofperipheral granulocytosis on the formation of NFSA nodules
in the lung.

Treatment of tumor Number of nodules in the lung"
cell recipients (mean + SEM)

None 36-6 ±2-1
Normal plasma' 32-6 ±4-2
Plasma from NFSA-bearing mice" 39-0 ±3-8

° Mice were injected i.v. with 3 8 x 104 NFSA cells and 13 days later the number of lung
tumor nodules was determined.

'Plasma (0-5 ml) was injected 1 hour before i.v. tumor cells.
cTumors (19mm in diameter) were generated by injecting 4x 105 NFSA cells into the

right hind legs of mice 22 days before plasma collection.
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that granulocytosis of that magnitude was not per se a likely cause of metastasis
enhancement in NFSA-bearing mice.

In additional experiments, w.b.c. separated from the blood of NFSA-bearing
mice were mixed with NFSA cells in a ratio of 20: 1 (2 x 105 w.b.c and 104 tumor
cells) and injected i.v. into normal mice. The mixture of cells generated 17-2 + 6-8
lung nodules compared to 4-5 + 1-3 nodules in mice that received NFSA cells only.
Since the separated w.b.c. contained other cells in addition to granulocytes,
enhancement effect of the admixed cells could be due to nongranulocytic cells.

Discussion
The results presented in this paper show that s.c. growth of the murine

fibrosarcoma NFSA was associated with two different biological phenomena:
granulocytosis in the peripheral blood and the enhancement of metastasis formation
in the lung following i.v. injection of tumor cells. Both phenomena developed
concomitantly, and the magnitude of both effects was dependent on tumor size.
They appeared only in mice whose tumors were larger than approximately 1 cm in
diameter (figure 2).

The experiments performed with the medium harvested from in vitro cultures of
NFSA cells show that NFSA cells secrete factors capable of granulocytic and
granulopoietic activity. These factors are released in vivo into the circulation, since
plasma from NFSA-bearing mice exhibits properties similar to those exhibited by
the medium from NFSA cultures. This factor(s) was found to have two distinct
properties: (1) granulocytic, rapidly releasing granulocytes into peripheral blood
causing granulocytosis that peaked 1 hour after injection of either plasma or

medium; and (2) granulopoietic, stimulating proliferation of bone marrow stem cells
and their differentiation into granulocytes. These properties of NFSA tumor
depended on the amount of tumor present in the body; it required a threshold in
tumor mass, but once it developed it progressively increased doubling approxi¬
mately every 3-5 days. Using this same tumor Bessho et al. [3] reported that the
surgical removal of the tumor was followed by the disappearance of granulocytosis.
In addition, these authors observed that urine of NFSA-bearing mice contained
potent granulopoietic activity.

The NFSA tumor is not unique in exhibiting this paraneoplastic phenomenon.
Many solid tumors in experimental animals have similar properties [2, 4, 8]. Milas
and Basic [8] reported earlier that mice bearing chemically induced fibrosarcoma
exhibited a significant leukocytosis in the peripheral blood, which was associated
with a striking proliferation of CFUs, especially of a myeloid type, in the bone
marrow, spleen and peripheral blood. Proliferation of hematopoietic cells in the
spleen was partly responsible for a significant splenomegaly in such animals.
Interestingly, cellularity of bone marrow was decreased, which was ascribed to the
increased release of granulocytes into the peripheral blood [8].

The importance of granulocytosis in tumor progression is not known. Our
present observation clearly shows that there was a positive correlation between
granulocytosis and the enhancement of metastasis formation. However, we provided
no experimental evidence that granulocytosis was an underlying mechanism for
metastasis enhancement. Results presented in table 3, showing that tumor cells
introduced into blood circulation in which neutrophilia was already present did not
form more metastasis than in the control setting, suggest that the two phenomena
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may be coincidental. However, it cannot be proved definitely that granulocytosis is
not a causative factor, since the plasma was transferred only once and granulocytosis
lasted for only a few hours. In the in vivo situation, granulocytosis is persistent
(figure 2) and, therefore, the probability of it affecting metastasis formation is higher.
Mixture of w.b.c. from NFSA-bearing mice with NFSA cells produced metastasis
enhancement upon i.v. injection. This, however, cannot be attributed exclusively to
granulocytes because a small fraction of w.b.c. were lymphocytes. Lymphocytes can
react with tumor cells forming cell aggregates, which can be trapped in the lung more

easily than single cells [6]. Furthermore, granulocytosis in tumor-bearing animals
can be associated with disturbances in the lymphoid system and thus affect immune
resistance, including that directed against tumor cells. We reported earlier that
spleen cells from tumor-bearing mice with neutrophilia have reduced graft versus
host reaction [8]. Recently it was reported that granulocytosis in tumor-bearing mice
is associated with loss of T and B lymphocytes [7], We recently observed that mice
with large NFSA tumors have high activity of suppressor cells in the spleen
(unpublished observation). Thus, granulocytosis can be associated in several ways
with immune disturbances that might play a role in induction of enhancement
formation in tumor-bearing animals.

Increased proliferation of hematopoietic cells in tumor hosts can influence the
response of hematopoietic cells to cytotoxic agents. Because of increased cell
proliferation rate, it might be assumed that cells would be damaged more, especially
by cycle active agents. DeWys and Mansky [5] reported that treatment with
cyclophosphamide produced more profound and more prolonged depression of
CFUs in mice bearing Lewis lung carcinoma than in normal mice. During its
growth, this tumor induces development of neutrophilia [2],

Finally, granulocytosis might have a significant value because its appearance may
be the first sign of tumor growth, and may indicate the danger that tumor spread can
be enhanced. However, more studies are warranted to investigate the association of
granulocytosis and other alterations in the hematolymphopoietic tissues with tumor
growth and their role in tumor dissemination.
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L'EFFET DE L'INJECTION INTRAVEINEUSE
ET INTRAMUSCULAIRE DE CORYNEBACTERIUM PARVUM
CHEZ L'HOMME
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McCORMACK (R.J.M.), WALBAUM (P.R.) et JAMES (K.)
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Cretagne).

A ia suite d'une tongue serie d'expericnces qui ont inontre l'dlct inlii-
l)ileur de l'injection d'une suspension de Corynebactcrium parvum tue
Mir Ic devcloppcmcnt <les tmncurs chez In souris, nous avons entrepris
uvec circonspection, en janvier 1973, line etude clinique, donl I'ohjct
in I de verifier la toxicite dc ce produit clioz i'lionune. et son cllel sur
ies cancers humains. Pour cctte etude, nous avons utilise une suspension
forniolee de C. parvum (souche CNG134) fournie par la Wellcome Foun¬
dation.

Nous avons traite 30 malades, dont 20 elnient atteints de cancer du
pnumon, 0 de melanome malin, et 4 de cancer <lu scin. Les malades
se sont divises en 3 groupes :

Grnupe 1 : 12 maladcs, dont les tumeurs (cancer du pounion, cancer
<tii sein ou melanome) etaient inopcrables, qui ont recti une perfusion
de C. parvum par voie intraveincusc cn unc lieurc environ. Nous avions
l'intention d'administrer une dose dc 1 mg/kg, mais il nous a fallu ar-
retcr la perfusion apres avoir adminislrc une dose lotale dc la a 48 ing
du fait de reactions plus ou moins severcs (n. infra).

Groupe 2 : 8 malades, scnildables a ecus rlii premier groupe, qui onl
recti une perfusion intravcincuse de 20 ing de parvum suivic d'in-
jections intramusculaires de 2 ing cliaque semaine.

Groupe 3 : 10 maladcs, choisis au liasard d'une population dc in;.lades
atteints dc cancer du pouinon, qui avnicnt si]Iti une resection pulnionairc
et qui etaient sans tumeur residuelle apparcnte. I.cs menilires de ce groupc
ont recu unc perfusion intraveineuse de 20 mg de C. parvum pendant
1 heure, 10 jours apres 1'operation.

Tous les malades ont eu des reactions feliriles, soil pendant la perfu¬
sion <le C. parvum, suit 2 a 3 lieiires apres de debut de celle-ci. La scvc-
rile des reactions a etc Ires variable, (iliez les inalades les plus ages, nous
n'avons vu qu'une fievre inoderee. acconipagnee d'lin leger malaise, inais
cbez les malades plus jeunes, la lievre tut plus severe el s'accompagnor
tie frissons, de ccplialees cl de vomisscincnls. I'ar contrc, apres les
injections intraniusc.ulaires (a la dose, faihle. de 2 ingl. nous n'avons
\ ii qu'un gonflemenl mmlere avec douleur discrete au point d'injcrlion.
pbenome'iies qui n'ont dure que 24 a 3(i lieu res. sans syinploines gene¬
ra ux.

GEORGES HALPERN
227. boulevard Saint-Germain. F - 75007 PARIS.
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A la suite de ce (raitcment, no eludes n'ont liiontre aucun cliange-
nient caracleristiquc, ni d'ordre lie: ratologique, ni <iu laux dcs iniiuuuo-
globulincs seriques. ni dans la reaction des leucocytes aux milopciics.
Par contrc, le taux des anticorps-spccitiques cunt re C. paiumn. indiquc
par le latex-agglutinalion-lesl, qui est d'ailleurs signilicalif clicz les
nialades avant l'administration de C. puruiim, et cgalcment chez les
tenioins en bonnc~sante, montre tin important accroisscmcnt 11 jours
npres la perfusion de C. purvnm et persiste pendant quclques seniaines.

Nous ne pretendons pits avoir observe des regressions speclacnlnires
des tumeurs chez nos nialades, helerogencs ct peu nombreux, sujels de
cctte etude, mais nous avons trouve nialiere a espoir. t'n liomine, aver
tin cancer secondaire du poumon contralateral apres tine resection, n'a
montre aucunc deterioration pendant tin an, apres perfusion de C. pur-
uum, ct tine femme avec ulceration etenduc de la cage thoraciquc. duo
a un cancer du sein, n'a montre aucune deterioration pendant 7 mois.
1! est bien evident que nous aurions besoin d'line plus grande serie de
inaladcs, etudies pendant un temps beaucotip plus long, atin de pouvoir
formulcr des conclusions definitives. Lcs resultats de ce premier essai
nous encouragent cependant a entreprcndrc tine elude plus importanlc.
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Summary.—Detailed serological studies have been undertaken in a small group of
cancer patients receiving nonspecific immunotherapy with Corynebacterium parvum
(C. parvum). These patients included 4 cases of recurrent malignant melanoma, 2 of
stomach cancer and 2 of recurrent breast cancer. They all received an initial i.v.
infusion of 20 mg of aformol killed suspension of C. parvum followed by 2 mg (i.m.)
at weekly intervals for 10-11 weeks.

This protocol consistently resulted in an increase in the circulating IgG levels of
all patients but had a variable effect on their IgA, IgM and IgE levels. Increases in
the concentration of all 4 IgG subclasses contributed to the overall increase in IgG
levels and these changes ranked IgG2>IgGl >IgG3 = IgG4. It also had an in¬
consistent effect upon the levels of a-macroglobulin in pregnancy but the levels of
normal serum a2-macroglobulin were virtually unchanged.

Pre-existing antibodies to C. parvum were noted in all the patients. Titres rose
appreciably following C. parvum administration and remained at high, though
fluctuating levels, throughout the 100-day period of observation. Absorption
studies suggested that the development of antibodies to C. parvum accounted in part
for the increased IgG levels noted following this form of therapy. The significance
of these changes in relation to the possible anti -tumour effect of C. parvum is discussed.

During recent years, considerable
interest has been shown in the use of
adjuvants such as BCG for specific and
nonspecific immunotherapy of tumours in
man (for example, Morton et al., 1970;
Mathe et al., 1973; Gutterman et al., 1973).
Our own attention has been focussed upon
the possible clinical value of formol killed
suspensions of C. parvum. Detailed
studies undertaken in mice have demon¬
strated convincingly that these pre¬
parations can inhibit the growth of
transplanted syngeneic tumours of both
chemical and viral origin (Woodruff and
Boak, 1966; Halpern et al., 1966; Wood¬
ruff and Dunbar, 1973). On the basis of

the experience gained in animal tumour
systems, we have recently administered
C. parvum to a limited number of cancer
patients with poor prognosis. Although
it is still too early to assess the clinical
value of the treatment used, we report in
the present paper the results of detailed
serological studies we have undertaken in
some of these patients, not only because
they are of some fundamental importance
but also as a guide to other investigators
in this field.

During these studies we have deter¬
mined the effect of repeated C. parvum
administration on the levels of immuno¬

globulin classes and other serum proteins.
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Furthermore. because the IgG subclasses
(namely IgGl. IgG 2, IgG3 and lgG4)
differ widely in their in vitro and in vivo
properties (Spiegelberg, 1974). including
their capacity to block the cell mediated
destruction of tumour cells in vitro (Jose
and Skvaril, 1974), we have also investi¬
gated the effect of C. parvum therapy upon
individual IgG subclass levels. As far as
we are aware, the present results are the
first reporting the effects of any form of
immunotherapy on subclass levels. Finally,
we have also monitored the patients' sera
for antibodies to C. parvum and have
attempted to assess the relevance of these
to the immunoglobulin changes.

MATERIALS AND METHODS

The 8 patients studied comprised 2 with
locally recurrent breast cancer following 3-4
years after simple mastectomy and radio¬
therapy (G.W. and E.B.); 4 with malignant
melanoma who, 9 months to 9 years after the
initial tumour, had extensive lymph node
involvement, local recurrence or multiple
subcutaneous metastases, or some combin¬
ation of these (M.S., M.F., R.B., A.J.); and 2
with carcinoma of the stomach with extensive

lymph node involvement who were treated by
gastrectomy 9 days (E.P.) and 21 days (J.J.)
previously. Clinical data concerning these
and other patients treated with C. parvum
will be reported fully in due course.

The serum protein levels observed before
therapy are recorded in Table I. With the
exception of G.W. (see later), all patients
received an initial i.v. infusion of 20 mg of a
fonnol killed suspension of C. parvum
followed by 2 mg (i.m.) at weekly intervals for
10-11 weeks. The C. parvum used (CN6134
Batch EZ174) was supplied by the Wellcome
Research Laboratories, Langley Court,
Beckenham. To minimize the febrile
reactions which often follow i.v. adminis¬
tration of C. parvum (Woodruff et al., 1974a),
the patients also received aspirin. On one
occasion (patient M.S.) the administration of
C. parvum was temporarily suspended for 2
weeks because of the appearance of a skin
rash. One patient (G.W.) had received a
single i.v. infusion of 47-6 mg of C. parvum
some 5 months before commencing the
weekly course of intramuscular injections.

The serum samples for analysis were always
obtained immediately before each C. parvum
injection and were stored at — 20°C' before
assay.

The IgM, IgA, IgG, IgG subclass and
ot2M levels in the sera were determined by the
Mancini radial immunodiffusion technique
(Mancini, Carbonara and Heremans, 1965).
A complete range of standards was included
on every plate and all the test samples were
assayed in duplicate. The antisera to IgG,
IgA and IgM were purchased from Wellcome
Reagents Ltd, Langley Court, Beckenham,
while the antiserum to a2M was produced in
our own laboratory as previously described
(Tunstall et al., 1975). The IgG, IgA and
IgM reference standards were obtained from
Hoechst Pharmaceuticals, Hounslow, while
the a2M standard was purchased from
Melloy Laboratories, Springfield, Virginia,
U.S.A. The preparation and properties of
the antisera to the IgG subclasses and the
standard antigens used in their assay are
fully described elsewhere (Shakib et al., 1975).

The IgE levels were determined by a
radioimmunoassay procedure employing the
Phadebas IgE test kit (purchased from
Pharmacia G.B. Ltd, London). This assay
was performed according to the manu¬
facturer's instructions.

The pregnancy a-macroglobulin levels
were determined by an immunoassay pro¬
cedure employing antibody-enzyme con¬
jugates. This procedure has been described
in detail elsewhere (Stimson and Sinclair,
1974).

Antibodies to C. parvum were measured in
the sera by a latex agglutination test (Wood¬
ruff, McBride and Dunbar, 19746). The
results are expressed as log2 reciprocal of the
end point dilution. In certain instances sera
were fractionated on Sephadex G-200
columns and the presence of antibody
activity in the 19S, 10S, 7S and 4-5S peaks
was assessed by the same technique. On
other occasions, dilutions of sera (see Tables
II and III) were absorbed at 37 °C for 30 min
and overnight at 4 °C ( X 3) with one-tenth of a
volume of packed C. parvum organisms.
Anti-C. parvum titres, IgG and IgG subclass
levels were measured before and after
absorption to give some indication of the
amount of IgG which was anti-C. parvum
antibody.

Screening for antinuclear factors was
performed by the qualitative rapid slide test



TableI.—TheSerumProteinLevelsinTumourBearingPatientsbeforeC.ParvumTherapy Totalf

I'reg.

Patient

Age

Sex

Diagnosis*

IgG

IgGI

IgG2

IgG3

IgG4

IgA

IgM

IgKJ

\ jM

n,M

M.F.

40

F"I

1076

986

525

84

Nonedetected
145

218

92

324

23-5

A.J.

44

FI
IMalignant

1255

986

525

54

40

119

93

32

255

7-6

R.R.

49

M|

melanoma

141)4

1276

525

134

32

190

110

21

343

0-9

M.S.

68

FJ

1291

1044

175

27

127

87

91

3

331

4-0

E.B.

75

F1

ICarcinoma

794

522

362

45

32

138

86

38

324

7-5

G.W.

60

FJ

[ofbreast

949

754

575

46

40

282

100

56

266

13-8

J.J.

66

Ml

ICarcinoma
1366

986

412

60

191

316

31

136

298

4-3

E.P.

47

FJ

* ofatomach
1027

615

176

67

139

112

217

64

288

7•ft

*SamplesobtainedimmediatelybeforeinitialC.parvuminjection.tNotethatfortechnicalreasonsthetotalIgGlevelsobtainedbysummingtheindividualsubclasslevelsgenerallyexceededthetotalIgGlevelestimateddirectlybygeldiffusion. JIgElevelexpressedininternationalunits.Allothervaluesexpressedasmg/IO()ml.
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Table II --The Effect of Absorption of Patients' Sera irith (\ Parvum I'pon IgG Levels
IgG before* IgG after Percent Pre-trial*

Patient Time of sample absorptiont absorption decrease IgG
P.K.J Pre-bleed 922 764 17 —

P.K. Pre-bleed 1031 812 19 —

E.P. Pre-bleed 1375 1161 16 1027
S.C. Day 21 988 549 44 538
J.J. Dav 27 1853 1490 20 1366
R.R. Dav 28 1967 1509 23 1434
M.F. Day 28 1595 1003 37 1076

* IgG expressed as mg/100 ml.
t Sera were absorbed 3 times at a 1 : 10 dilution with a 1:10 volume of packed organisms. Absorption

was carried out at 37 °C for 30 min and overnight at 4CC.
'

X Patient P.K. was a control.
Note: All anti-C. parvum titres after absorption were <log22 AB titre by the agglutination test.

(Hyland, California) while the presence or
absence of rheumatoid factor was established
by the latex slide test (Hoechst Pharma¬
ceuticals, Hounslow, England). Sera positive
in the latex slide test were further examined
by the Rose-Waaler procedure employing
sensitized sheep cells (Cruickshank, 1969).

RESULTS

The effect of C. parvum therapy on the
levels of serum immunoglobulins and other
proteins is illustrated in Fig. 1-10. In all
the figures the protein levels have been
expressed as a percentage of the value
observed immediately before therapy
(Table I). For ease of presentation, we
have plotted only the changes noted
during the initial 50 days following
commencement of therapy, but in general
a similar pattern was apparent over the
entire period of observation (70-128
days).

In all cases, the administration of
C. parvum was accompanied by an increase
in the serum IgG level (Fig. 1). This
increase was often apparent within 2
weeks of the initial C. parvum injection
and the levels generally remained elevated
throughout the period of treatment. On
occasions, the IgG levels increased to
almost twice the pretreatment value (see
E.B.). The effect of C. parvum on the
levels of other immunoglobulins was less
consistent. While the IgA levels in the
melanoma patients were essentially un¬
changed, marked increases were noted in
both stomach cancer patients and one of

0 10 20 30 10 50
DAY

Fig. 1.—Percentage change in serum IgG
levels inC.parvum treated patients (multiple
injections). Note that in all patients there
was an appreciable increase in IgG levels.

the patients with breast cancer (Fig. 2).
On the other hand, elevated IgM levels
were observed in 2/4 of the melanoma
patients and the 2 stomach cancer
patients, but not in the 2 patients with
breast cancer. The observations that the
increases in IgM levels did not necessarily

MELANOMA
-a-A~ BREAST CANCER

STOMACH CANCER



CO

TableIII.—TheEffectofAbsorptionofPatients'SerawithC.ParvumUponIgGSubclassLevels
Timeof sample

IgGl'

IgG2

IgG3

IgG4 A

Patient

Before

AfterfChange^
Before

After

Change

Before

After

Change

Before

After

Change

E.B.

Pre-bleed

370{

420

0

250

250

0

38

38

0

trace

17

0

E.B.

Day42

460

510

0

600

410

17

48

42

0

29

29

0

E.P.

Pre-bleed

460}

406

12

216

160

26

58

48

17

87

78

10

E.P.

Day42

600

460

8

560

276

50

94

71

25

130

98

2f>

M.S.

Day42

1020

836

18

226

190

16

42

28

33

156

107

91

•IgG

subclasslevelsexpressedas
mg/100ml.

tSera

wereabsorbed3timesata
1:2dilutionwitht

i1:10volumoof
packedorganisms.

Absorption
wascarried
outat37

°Cfor90
milland

overnightat4°C. JNotethatthepretreatmontsubclassvaluesexpressedinthisTableareusuallylowerthanthoseshowninTabloI.Thisisprobablydueinpart
totheuseofdilutedseraintheassaysandvariationsbetweenassays.Inordortocompensateforthelatter,allthesubclassassaysinanypatients wereundertakenatthesametime. Percentagedecrease. Note:Allanti-C.parvumtitreswere<log,2ABtitrebytheagglutinationtest.

c-t
> W

t-
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+

Fig. 2.—Percentage change in serum IgA
levels in C. parvum treated patients (multiple
injections). Note that the levels remained
fairly constant in melanoma patients but
were markedly elevated in both stomach
cancer patients and one patient (E.B.) with
breast cancer.

occur in the first 2 weeks of therapy and
that they were generally transient in
nature and could sometimes be followed by
a sharp decline (see J.J. and M.S., Fig. 3)
were particularly interesting.

The IgE levels showed an initial early
increase in 4/7 patients but in all cases
this was followed by a decline. Indeed,
in 4 cases the IgE levels had fallen well
below their pretreatment values within 7
weeks of commencing therapy (see M.F.,
E.P., E.B. and J.J., Fig. 4). It should be
noted that the IgE levels in patient M.S.
were less than 4 I.U. in 7/8 assays per¬
formed on serum samples obtained within
7 weeks of commencing therapy.

The effect of C. parvum therapy upon
IgG subclass levels is shown in Fig. 5-8.
The IgGl subclass level increased (29-
78%) in all patients except R.R. (Fig. 5)
although in 3 patients (M.F., A.J. and

+

DAY

Fig. 3.—Percentage change in serum IgM
levels in C. parvum treated patients (multi¬
ple injections). Note the transient and
marked changes in some patients, e.g. J.J.,
M.S. and E.P.

G.W.) this was transient. The effect on
the IgG2 subclass was more dramatic and
lasting (Fig. 6). The levels of this
protein were increased in all patients and
in 3 individuals more than doubled.
Changes in IgG3 and IgG4 levels were
less marked, increases greater than 25%
being observed in only 3 and 2 patients
respectively (Fig. 7, 8).

The C. parvum protocol had a variable
effect on the levels of the 2 a-macro-

globulins studied. In general, the serum
a2M levels were largely unchanged (Fig. 9),
this in itself being a good indication that
the changes observed in the levels of other
serum proteins were probably not due to
haemoconcentration or haemodilution.
In contrast, however, variations in preg¬
nancy aM levels were noted (Fig. 10). In
5/6 cases there was an initial decline in the
level of this protein, followed by a return
to pretreatment values in 3 patients, a
marked increase in 2 melanoma patients
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melanoma
--breast cancer

stomach cancer

Fig. 4.—Percentage change in serum IgE
levels in C. parvum treated pat ients (multi¬
ple injections). Note the initial increase in
certain patients (e.g. J.J.) followed by a
marked decline at later stages (e.g. J.J.).
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Fig. 5.—Percentage change in IgGl levels in
C. parvum treated patients. Note that in
all but one patient (R.R.) the IgGl level
increased after the initiation of C. parvum
therapy. In certain patients this increase
was transient (A.J., M.F. and G.W.).

(M.S., M.F.) and a decline in the third
patient (R.R.).

All the patients investigated had pre¬
existing antibodies to C. parvum (see
Fig. 11). The levels observed were
comparable with those noted in a panel of
46 normal donors (23 male and 23 female)
aged 51-60 years (mean log2:£l s.d.=
5 • 8±0 • 9). The very high levels noted in
patient G.W. were undoubtedly attribut¬
able to prior treatment with C. parvum.
Examination of Sephadex G-200 fractions
of pretreatment sera indicated that the
pre-existing antibodies could be 19S (see
M.S., Fig. 12), 7S (see J.J.) or both (see
R.R.). Appreciable increases in antibody
titre occurred within 2 weeks of com¬

mencing therapy, to reach an initial peak
titre at 4 weeks (see Fig. 11). Despite
repeated i.m. injections, titres tended to

fall slightly after the initial peak and in
most cases continued to rise and fall in a

cyclical manner with a long but uncertain
periodicity. The antibodies evoked were
again of either the 19S or 7S class (Fig. 12).
It should also be noted that the response
of certain patients were rather poor (e.g.,
A.J., J.J. and M.S.).

The absorption of sera with C. parvum
resulted in an appreciable decrease in the
overall IgG levels (Table III) and also
affected the levels of individual IgG
subclasses (Table III). As was to be
expected, this decrease was most apparent
in sera obtained following the commence¬
ment of therapy. These results suggest
that the development of antibodies to
C. parvum contributes to an appreciable
extent to the increased IgG and IgG
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Fig. 6.—Percentage change in IgG2 levels in
C. parvum treated patients. Note that the
level of this protein increased in all patients
and in certain instances the level more

than doubled (see M.S., E.B. and E.P.).

subclass levels noted following treatment
with this agent.

Our preliminary results also indicate
that the protocol used did not result in
gross production of antinuclear and
rheumatoid factor. In all 8 patients,
sera obtained within 28 days of com¬
mencing therapy proved negative in the
antinuclear factor slide test. However, a
19S rheumatoid factor-like substance was

detected by the latex slide test in the sera
of one patient (M.F.) on Days 7 and 14.
This, however, had disappeared by Day
28. Because of this observation, we also
examined the sera from 6 other patients
(not included in this study) who had
received C. parvum. Similar positive
findings were observed on Days 7 and 14 in
2 of these patients. These also reverted

+

Fig. 7.—Percentage change in IgG3 levels in
C. parvum treated patients. Note that
while increased levels of this protein were
noted at some time during the period of
observation they exceeded 25 % the pre-
treatment value in only 3 patients (M.S.,
E.P. and J.J.).

to being negative by Day 28. The sera
from these positive patients were
examined by the Rose-Waaler Test. All
titres increased initially from 1:5 to 1 : 30
and subsequently declined. Finally, one
of the additional 6 patients was positive by
the latex test before and after treatment.
However, during this time his Rose-
Waaler titre remained unchanged at 1 : 5.

DISCUSSION

The results presented demonstrate
that the administration of C. parvum to
patients with cancer resulted in appreci¬
able increases in their circulating IgG level
and had a variable effect upon the level of
other immunoglobulins, an observation
previously noted by others in 4 melanoma
patients receiving BCG therapy (Chess
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Fig. 8.—Percentage change in IgG4 levels in
C. parvum treated patients. Note that the
levels of this protein increased above 20%
in only 2 patients (E.B. and J.J.). In
one patient (M.F.) only trace levels of IgG4
were detected.

et al., 1973). In addition, it resulted, as

might be expected, in the development of
high levels of antibodies to C. parvum.

The marked increase in IgG levels, in
particular of the IgG2 subclass shown in
these studies, is of interest as it would
seem reasonable to postulate that the
therapeutic value of this form of treatment
may be influenced by changes in subclass
production. The IgG2 subclass is rela¬
tively ineffective at fixing complement by
the direct pathway and does not readily
bind to monocytes or macrophages, and is
therefore probably not too effective at
promoting opsonization (see Spiegelberg,
1974). From this point of view, its
preferential elicitation by C. parvum
would appear to be of little advantage to
any tumour control mechanisms involving
cytolysis or opsonization of tumour cells.

ET AE.

DAY

Fig . 9.—Percentage change in serum a 2M levels
in C. parvum treated patients (multiple
injections). Note that these remain fairly
constant throughout the period of obser¬
vation.

In this respect it is interesting to note that
in vitro studies in murine systems strongly
suggest that the anti-tumour effect of
C. parvum is exerted through macrophages
(Olivotto and Bomford, 1974; Ghaffar
et al., 1974; Ghaffar, Cullen and Woodruff,
1975). On the other hand, Jose and
Skvaril (1974) have recently shown that
the antibodies in patients' sera which
blocked the cell mediated cytolysis of
autochthonous neuroblastoma cells were

localized in the main in the IgGl and
IgG3 subclasses and present in small
amounts in the IgG4 subclass but absent
from the IgG2 component. While Jose
and Skvaril comment that this may
simply reflect a failure of tumour to elicit
IgG2 antibody, it is still conceivable that
C. parvum immunotherapy might favour
a switch away from the production of
blocking tumour antibodies and this could
be of benefit to the host.

The effects of C. parvum noted in the
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Fig. 10.—Percentage change in serum preg¬
nancy aM levels in C. parvum treated pat¬
ients (multiple injections). Note that in
some patients the levels increased dramati¬
cally {e.g. M.S., M.F.) while in others they
showed a marked decline.

present study are somewhat different
from those observed following the treat¬
ment of normal or tumour bearing mice
with this reagent (James, Willmott,
Milne and McBride—in preparation). In
normal CBA mice a single i.p. injection of
1 • 4 mg C. parvum results in a significant
increase in the IgG2b subclass alone (this
subclass is the mouse homologue of human
IgG3). Depressed levels of IgM, IgA,
IgGl, IgG2a and 2b were observed in all
mice bearing transplanted syngeneic
methylcholanthrene induced fibrosarco-
mata. However, the administration of
C. parvum 3 days after tumour cell
transplantation resulted in the IgG2b
level being elevated to values much
higher than observed in normal control
mice while all the other immunoglobulins
rose to normal levels. Thus, in the
mouse the major effect of the C. parvum
protocol used was on the opsonizing and
complement fixing IgG2b subclass
(Spiegelberg, 1974). Further studies on
the immune response of mice to SRBC
(Warr and James, 1975) confirmed that
C. parvum had a marked stimulatory
effect on the production of IgG2b secreting
plaque forming cells while suppressing the

TITRE

(log2)

DAYS

Fig. 11.—Anti-C. parvum responses in C. parvum treated patients (multiple injections). Log2 Ab
titres were measured by the end point of agglutination. Note that all patients had background Ab
titres (Day 0) before injection and that the levels increased dramatically following treatment and
seemed to fluctuate. —#—#— Melanoma; —^^— breast cancer; —■ — ■— stomach
cancer.
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Fig. 12.—Immunoglobulin class of the anti-C. parvum responses in C. parvum treated patients.
Log2 anti-C. parvum titres of Sephadex G-200 fractions of patients' sera were measured. Day 0 =
pre-bleed sample. Note that the pre-existing antibodies could be 19S (e.g. M.S.), 7S (e.g. J.J.) or
both (e.g. R.R.) and that following injection the response could be in the 19S and 7S fraction or
both. —#— #— Melanoma; —■ — ■— stomach cancer.

more thymus dependent IgGl response
(mouse IgGl is the homologue of human
IgG2). It is appreciated, however, that
the somewhat diverse effects of C. parvum
noted in man and mouse may reflect
differences in treatment protocols as well
as species variations.

The estimation of total IgG and
individual IgG subclass levels in patients
sera before and after absorption with
C. parvum indicated that increases in total
IgG and individual IgG subclasses were
attributable in part to the development of
specific antibodies to C. parvum.
Although these absorption studies are
only preliminary, the observation in
2 of 3 sera examined that the major
effect of absorption was on the IgG2
subclass level is of interest to previous
observations in man that the antibodies
elicited following challenge with carbo¬
hydrate antigens are predominantly
associated with this subclass (Yount et al.,
1968). Thus, the marked increase in
IgG2 noted in the present study might
also represent a preferential subclass
response to the antigenic polysaccharide
component of C. parvum (Dawes, Tuach
and McBride, 1974) but absorption studies

will be necessary to establish this possibil¬
ity. Furthermore, because of possible
nonspecific absorption effects, we cannot
exclude the possibility of' 'nonspecific'' IgG
synthesis that could follow lymphoid (or
more specificallyB) cell hyperplasia induced
by C. parvum. Such a response has been
suggested to occur following the adminis¬
tration of some antigens as well as other
immunopotentiating agents (Humphrey,
1963; Moticka, 1974). The absence of
marked changes in autoantibody levels
and the levels of pre-existing antibodies to
heterologous red cells and a panel of
common Esch. coli 0 antigens (personal
observations) tends to argue against the
stimulation of pre-existing clones by
C. parvum as contributing to a general Ig
increase; however, further work is required
to clarify this potentially important issue.

At the present time we have no
satisfactory explanation for the inconsis¬
tent changes noted in the levels of IgA,
IgM and IgE. While in the present
studies the IgE levels showed a transient
increase in a number of patients (for
example, J.J.), it should be stressed that
in one patient (not included in the present
study) with bronchogenic carcinoma a
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single i.v. injection of 4(i-8 mg of ('.
parvum resulted in a 90-fold increase in
IgE levels. Subsequent investigations
revealed that this patient had a history of
allergic asthma, indicating that the
monitoring of IgE is both advisable and
informative. The observation that C.

parvum caused an increase in the IgA
levels of both stomach cancer patients and
one breast cancer patient, but was
without effect in the 4 melanoma patients
studied, is of interest and requires further
investigation.

The significance of the marked differ¬
ences in the initial levels and subsequent
variations of pregnane}' otM, remain to be
established. However, detailed studies
in other patients with tumours (W. H.
Stimson, unpublished) suggest that
increases in pregnancy aM are indicative of
tumour growth and metastases, whereas a
fall in the levels is suggestive of tumour
regression.

The presence of high levels of pre¬
existing antibodies to C. parvum and their
marked increase following challenge with
this organism has previously been ob¬
served in mice (Woodruff et al., 19746).
This observation, together with in vitro
studies indicating that C. parvum may
activate both. the classic and alternate
pathways of complement (McBride et al.,
1975), may account for some of the side-
reactions associated with the adminis¬
tration of this material and emphasizes the
importance of monitoring the level of
these antibodies.

Another interesting point to arise from
this study was that from the limited
results we have to date, albeit using
relatively insensitive tests, the risk
of autoreactivity may not be as great as
might have been expected from animal
experiments (McCracken, McBride and
Weir, 1971; Cox and Keast, 1974;
McBride, Jones and Weir, 1974). Never¬
theless, the observation that rheumatoid
factor-like substances may appear trans¬
iently in C. parvum treated patients
highlights the importance of monitoring
the serum of adjuvant treated patients for

autoantibodies. In this respect, the use
of more sensitive procedures than used in
the present study would be desirable, e.g.
the fluorescence procedure for antinuclear
factor.
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The Effect of Intravenous

and Intramuscular Injection
of Corynebacterium parvum

M. F. A. WOODRUFF, G. J. A. CLUNIE,
W. H. McBRIDE, R. J. M. McCORMACIt,

P. R. WALBAUM, and K. JAMES

Introduction

A scries of investigations into the effect of killed Coiyucbactcriwn pairwit

preparations on the growth of isogenic tumor transplants in mice has demon¬
strated inhibition of tumor growth following even a single injection of an
appropriate strain of this systemic adjuvant (Woodruff and Boak, 1966; Wood-

SfcW&SS81 luff and Inchley, 1971; Woodruff el a!.. 1972; Woodruff and Dunbar, 1973).
The mechanism underlying this phenomenon has not been defined by these
experiments. The demonstration that inhibition of tunioi growth by C. ptirnnu

injection in T-ccll-deprived mice occurs to an extent comparable to that in C.
/wrrmi-trcatcd, normal mice (Woodruff cl at., 1973) lends support to the
hypothesis that its effects on tumor growth depend primarily on macrophage
stimulation. However, the administration of C. panum to both lumor-boaiing

M I . A WOODKUI l\ G. J. A.CLUNIi:. W. II MclllUltl, It. ). M. McCOKMACK. I'. It.
W'Al.liAUM, and K. JAMI!S. Tlic I\'|Ufhiicnt> of Suijviy and lt.«ctcriolo4;y. Tlic Univcixify
of I dinliuiyli Medical School, kdinburyh, Unilcil kingdom.
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pP and normal mice 111:13- have an enhancing effect on the icspoitM- of hoth

thyiiius-dcpcndciit and independent antigens (James <Tal., 1974).
It is clear that the effect of C. parvtun oil tumor growth is most mail ed

following intravenous or intraperitoneal injection, the subcutaneous route being
much less effective (Woodruff and Irichlcy, 1971; Woodruff ctal., 1974). Othei
measures of response to C. parvum—such as increased phagocytic activity, as

* I judged by the clearance of intravenously injected colloidal carbon fioni the
blood stream, rise in anti-C parvum antibody tilcis, and splcnomcgaly-also
indicate the superiority of intravenous or intraperitoneal injection when com¬
pared with subcutaneous administration (Woodruff el al. 1974).

On the basis of this experimental work, a cautious clinical trial of C. parvum
was started in Edinburgh early in 1973. The route of administration was

primarily intravenous, and the aims of the trial were to determine any immediate
toxicity and to assess any beneficial or deleterious effects on tumor growth.
Thirty patients were treated in the period from January 1973 to April 1974, 20
suffering from bronchogenic carcinoma, 6 from malignant melanoma, and 4
from mammary carcinoma.

Materials and Methods

Two basic therapeutic protocols were followed. The first group of 22
patients received a single intravenous injection of a formalin-killed suspension of
C parvum designated CN6134, batch WEZ174, which has been used throughout
the series and in much of the experimental work previously reported. Initial
patients, in whom there was clinical evidence of significant residual tumor,
received a dose of C. parvum (1 mg/kg body weight) administered in 500 ml In
saline over the course of 3-4 h. The infusion was stopped if any side effects were
observed, and the total dose of C. parvum actually given ranged from 15 to 47.6
mg. Tliis dose (somewhat less than 1 mg/kg) is in sharp contrast with the
approximately 70 nig/kg dose given to the experimental animals. Because of
toxic effects (which will be discussed in detail later), the protocol was modified,
so that more recent patients have received a standard dose of 20 mg C. parvum
in 100 ml saline over one hour. This lower dose was given both to later patients
with major residual tumor and to the first 10 patients in a controlled trial of C.
parvum following resection for bronchogenic carcinoma. In this trial—where the
patients were considered by the operating surgeon to be free from macroscopic
evidence of tumor, but were known to have a poor prognosis from previous
studies, a random allocation was made, following resection to a treatment or
nontrcalmcnt group.

In the second protocol, which was used more recently in 8 patients with
clinically obvious icsidual tumors, 20 mg of C. paivum was administered intra¬
venously as before, but was followed by 2 mg injected intramuscularly at weekly

|



inloiv.'ils fin 3 months, Tliis course was followed in surviving patient-. 1\
fortnightly injection for a further 3 niontlis, with monthly injections thcrcafu i.

Results and Discussion

All patients receiving intravenous injections of C. parvuin developed pyrcxial
reactions, either during or within 2~3 It of the infusion. These reactions varied
from a mild pyrexia with associated genera! malaise in elderly patients with
extensive tumors, to severe systemic disturbances with rigors, nausea, vomiting,
and severe headache. Some of the major reactions lasted intermittently for 4-5
days; they were most striking in the younger and fitter patients and with the
higher doses used initially. In contrast, reaction to the much smaller intramuscu¬
lar dose was minimal, with slight discomfort and swelling at the site of injection,
lasting 24-36 h in some patients, and no systemic upset.

One 21-year-old patient with disseminated malignant melanoma developed
transient, but severe, jaundice with biochemical evidence of hcpato-cellular
damage 5 days after the intravenous infusion of 20 ing of C. parvum. Apart from
occasional and slight rises in serum-alanine aminotransferase levels, there was no
other evidence of hepato-toxicity in this series. ^

The response of the patients was followed by a series of investigations on
peripheral blood samples taken before treatment, on the day of treatment, and
on days 4, 11,21, 39, and at varying intervals thereafter. Routine hematological
investigations showed no changes in hemoglobin and packed-cell volume. Thus,
there was no clinical evidence of anemia comparable with the striking falls in
packed-cell volume demonstrated experimentally in mice receiving injections of
the various C parvum strains effective in inhibiting tumor growth in these
animals (McBride el al.. 1974). Some of the patients showed a fall in peripheral
monocyte count to levels of less than 30% of starting values by day 4-5, with a
rebound to higher than starting levels by day 11. However, this finding was by
no means consistent, and was not dose related. The reason for these apparent
changes is not clear, but it is tempting to postulate that the monocytes are
localizing in the tumors.

Scrum immunoglobulin (IgG, IgA, IgM, lgE) and a3-macroglobulin levels
were estimated at the same time intervals. No consistent changes were demon¬
strated in this small series, but one patient with extensive contralateral secon¬
daries following lung resection for bronchogenic carcinoma and a history of
asthma showed a sharp rise in IgE levels (63-5448 International Units) by day 5,
and a less striking rise (980-1448 mg/100 ml) in lgG levels by day 11. The
reason for this response is not clear, and may be peculiar to the individual.
However, it is of interest that this man is alive and well, with little evidence of
further extension of his secondary tumor, one year after a single intravenous
injection of 46.S mg of C. parewn. The response of peripheral blood lynipho-
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sequentially in ii>.' ol llif patients. Again, no cli'ai 01 consistent pattern v..:
dcmniistiatcd.

Assays of anti-C. parvum antibodies were carried out, using a modification of
the latex-agglutination test of l-'loriiiati and Scoma (I960), wliicli is desciibed in
detail clsewlieic (Woodruff el al., 1974). Assays in normal persons showed
significant background titers of antibody in all persons tested. These basic titeis
did not differ significantly from the prctrcatmcnt levels in ttic tumor population
studied ( Table I). Tliis high basic liter is perhaps not surprising in the light of the
ubiquitous nature of the coryncbactcria and the cross-reactivity demonstrated
by different strains (Joluison and Cummins, 1972). When tested for antibodies,
all 24 patients receiving intravenous injections of C. parvwn demonstrated a

significant rise in titer (log2fffr>8) by day 11 following infusion, persisting to at
least day 39. The antibody titer was not related to the dose of C. parvum, which
varied between 1S-47.6 nig. It is not yet clear whether regular intramuscular
injections after the initial intravenous dose has any effect on the maintenance of
agglutinating-antibody levels, or even whether such antibodies have any bene¬
ficial effect in inhibiting tumor growth. However, recent experimental results
indicate that both the antitumor effect of C parvuip and its effect on macro¬

phage activity, as judged by a modification of the carbon clearance test of Biozzi
el al. (1954), can occur in the presence of high levels of antibody directed
against the organism (Woodruff el al., 1974). Thus, it seems logical to administer
C. parvum at regular intervals in patients with frank residual tumors, although

Table I. Anti-Corynebacterium parvum Assays by the
Latex-Agglutination Test"

Number tested logjaZr + S.D.''

23 Normal males 5.9 ± 1.7

22 Normal females 5.7 ± 2.6

C. parvum treated
24 Day 0 5.6 ± 1.9
1 1 Day 4 6.2 ± 1.5
1 1 Day 11 9.4 ± 1.5

6 Day 39 10.5 ± 1.9

°Woodruff ct el. (1974).
^Results are expressed as tire top, reciprocal of lire antiserum

end point dilution.
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the-optimal dose levels and lime intervals bctv...n injections (email. tu.l
defined.

-We can make no sinking claims with regard to icgicssion or contiol of tumor
growth in this small and heterogeneous group of patients.. In one male with
sccondniy brochogenic carcinoma (already discussed), there may have been suiuc^
beneficial effect in the year since ticatnicnt; in one female with extensive
malignant local ulceration of the chest wall following mastectomy for mammary
carcinoma, there was an apparent arrest of growtli for 7 months. It is apparent
that a larger series of patients treated over a longer period of time with careful
follow-up will be necessary before any precise statement regarding beneficial or
harmful effects can be made. The results of this preliminary study suggest that
such an extension of the trial is now justified.

Summary

Following a scries of investigations which demonstrated the inhibitory effect
of the injection of suspensions of killed Coryiicbactcrium parvum on the growth
of experimental tumors in mice, a cautious clinical trial of this material was
started in Edinburgh in January 1973. The aims of the trial were to determine
toxicity in man and to assess the effects on tumor growth. Thirty patients have
been treated, 20 suffering from bronchogenic carcinoma, 6 from malignant
melanoma, and 4 from mammary carcinoma.

Two therapeutic protocols have been followed. The first group of 22
patients received a single intravenous injection of a formalin-killed C. parvum.
Because of toxic reactions which led to the slopping of the infusion, the dose
administered varied from 15 ing to 47.6 nig.

Mote recent patients have received a standard dose of 20 nig given intra¬
venously over the course of one hour. This group includes both patients with
significant residual tunior, and the first 10 patients in a randomized trial of C.
parvum following resection of bronchogenic carcinoma.

All patients iccciving intravenous injections of C. parvum developed pyrcxial
reactions, either during or within 2-3 h of the start of infusion.

Response of the patients has been followed by investigations on peripheral
blood samples, investigated by routine hematological observations, scrum protein
levels, and responses to mitogens. Assays of anti-C. parvum antibodies have
shown a significant background titer of antibody in all patients and in normal
conliols, with marked rise in titer following C. parvum infusions.

No striking claims can be made in terms of regression or control of tumor
growth in this small and heterogeneous population. It is apparent that a larger
seiics of patients tieatcd over a longer period of time with caicful follow-up will
be necessary befoie any piccise statement regarding beneficial or harmful effects
can he made.
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FURTHER STUDIES ON THE SEROLOGICAL EFFECTS
OF C. PARVUM IMMUNOTHERAPY IN CANCER PATIENTS

K. James1, J. Merriman1, M. F. A. Woodruff1, J. N. McCormick2,
W. H. McBride3, J. Innes4 and N. W. Home4

ABSTRACT

Previous serological studies undertaken in our laboratory have shown that
the repeated administration of small doses of C. parcuni to a small group of cancer
patients resulted in a consistant increase in the levels of IgG (especially the lgG2b
subclass), the development of antibodies to C. parvum and the transient appearance
of'rheumatoid factor like' substances in the serum (Br. J. Cancer, 32, 310, 1975).
In the present paper we report the results of similar studies in small numbers of
(a) inoperable bronchogenic carcinoma patients receiving combined C. pari um and
cyclophosphamide therapy, and (b) brain glioma patients receiving intracerebral
injection of C. parium. As might be expected some of the serological changes
observed in these patients were not as marked as previously noted. Nevertheless a
number of the patients developed autoantibodies which were detectable by the latex
and Ripley procedures but not by the Rose-Waaler test. There was no evidence of
antinuclear factors by the fluorescence procedure.

Previous studies from our laboratories have shown that the repeated
(12 times) weekly administration of small doses of C. parvum to cancer patients
results in a consistent increase in serum IgG levels (especially of the lgG2b sub¬
class), the development of antibodies to C. parvum and the transient appearance
of rheumatoid factor-like substances in the circulation (see ref. 4 and Table I).
In view of these findings we felt it was desirable to monitor the sera of other
patients receiving C. parvum therapy. The present paper summarises our recent
observations in a number of patients with inoperable bronchogenic carcinoma.
They are of particular interest in that the patients were also receiving chemo¬
therapy with cyclophosphamide and because the development of autoantibodies
was more thoroughly investigated.

CLINICAL DETAILS AND EXPERIMENTAL PROCEDURES

The eight patients in this study had bronchogenic carcinoma which was not resectable
because of spread outwith the lungs (see Table II). No patients were included if they had a his¬
tory of allergic reactions or if they were not expected to survive for more than 4 weeks.
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Tabic I. A summary of ihe serological effects associated
with the repeated administration (a) of C. panum to patients with tumours (b).

(a) 20 mg C. parium (i.v.) followed by 2 mg (i.m.) at weekly intervals for 10-11 weeks. No other
form of therapy was used.
(b) 4 patients with malignant melanoma, 2 with breast cancer, 2 with stomach cancer.
For further details see ref. 4

* ■
'

1. Consistently increased IgG levels.

. 2o Percentage increase in IgG2 concentration > IgGl > IgG3 ■ IfGli

3« Had a variable effect on IgA, IgH, IgE and pregnancy & M levels.

Ij. Mo effect on levels.

5- " Mo effect on pre-existing antibodies to E.coll antigen.

6. Rheuratoid Factor-like substances trtisier.tly appeared in the sera of
sose patients.

Table II. Details on the bronchogenic carcinoma patients used in this study

patiet¬ age SZI
histological

Tfi e of
tv:xp.

other
sites

involved

£2'.uk protein levels PR10P TO TiiERA?I
sukvtv al

2fs igk ifa ige* 2K C3
kzl-.s

NA 55 K Oat cell Keck glar.de 1300 22e lio 590 257 11L 70

KG 1x9 F Poorly
different!a tod

rqux-'U..

Keck gland: 1530 219 L01 59 331 113 80

d: Six K Lnrrc cell
undi ff «• rcn Li ate d

Mediastinal

gland.'
1000 111 116 28> us 90 25

al 65 k Undi ffcrcr.ti atcd Keck gland: 1132 13ii 323 not det. 198 not aet. 6

ws 50 K Poorly
differentiated

squa-.ous

Mediastinal

gland:
12L2 70 221 96 26ii 128 L0

JV 56 K Sou a-.ous Pleura and

phrenic nerve

1280 139 H5 19 322 1L3 2i

JD 63 y. ? Rib ar.i
liver

2260 137 355 106 266 1L7 16

h y.zc 51* K Large cell
Undifferentiated

Pi.rcr.ic r.erve 1550 313 305 205 317 119 70*

a) The se values are expressed as International: Units. All other values are iDcpresse d as ng/dl.

All the patients (except H McC, see Table II) received a series of treatments at 2 weekly
intervals, alternating between cyclophosphamide and C. parvum. The cyclophosphamide (1.5 g
per square metre of body surface area) was administered by the i.v. route at monthly intervals.
The initial C. pari um injection was given 2 weeks after the commencement of cyclophosphamide
therapy. It consisted of 5 mg dry weight killed C. parvum organisms suspended in 100 ml of
saline and was administered by i.v. infusion over a I h period. All subsequent monthly infusions
contained 2 mg of C. parvum. Treatment with either agent was postponed in the presence of acute
intercurrent infection. One patient (WS) also received radical radiotherapy to the primary lesion
and mediastinal glands at 2 months. Further details on these patients are summarised in Table II.

Serum samples were obtained immediately prior to each cyclophosphamide or C. parvum
injection and they were stored at — 20°C until assayed. The IgE levels were determined by the
radioimmunoassay procedure employing a Phadebas IgE test kit supplied by Pharmacia GB Ltd.,
London. The concentration of all other serum proteins was measured by the Mancini radial
immunodiffusion technique (5). Antibodies to C. parium were measured by a latex agglutination
test (7). Several techniques were used to detect rheumatoid factor (RF)-like substances. These
were (a) an agglutination test employing sheep erythrocytes sensitised with rabbit antibody
to sheep erythrocytes (3), (b) the latex slide procedure using a kit supplied by Searle Diagnostics
Ltd., England, and (c) the Ripley antiglobulin procedure which utilized human group O, rhesus
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positive erythrocytes sensitized with incomplete anti-CD antibody (6). The antinuclear factor
tests (ANF) were performed by an indirect immunofluorescence procedure employing alcohol
fixed normal human blood films as substrate (2).

RESULTS

The level of individual serum proteins prior to therapy (baseline levels)
are recorded in Table II. Following therapy there were fluctuations in the levels
of most of the serum proteins studied (see Table III). Nevertheless distinct trends
were apparent. For example the IgG and IgA levels either increased slightly or
remained unchanged as therapy progressed (for exceptions see below). In contrast
in almost all cases the IgM and IgE levels declined (for exceptions see IgM levels
in JD and AL and IgE levels in JW). A similar though less marked decline in C3
levels was noted. The a2M levels on the other hand gradually increased as therapy
progressed (for exception see EK).

Table III A summary of the scrum protein changes observed in inoperable bronchogenic carcinoma
patients receiving C. pari um and cyclophosphamide therapy

patie.t
pe.i0d ig? ige «2k c3

c.par7uk antibodies
(log*)

(dai's) kax kik kax jc:: kax ke: max kik kax kzk kax kin pre kain post
treatkert treatment

va 222 ♦23 - 6 - 3 - 3li ♦ 2 -ii - 1*9 -56 ♦38 ♦ 9 0 -22 5-0 io-o

kg 229 ♦20 - 6 - 1 - 50 ♦ 25 ♦ 2 ♦ 10 -39 ♦31 ♦ 5 - 7 -17 3-0 9-0

EK es ♦ 9 -16 ♦ 26 - 13 ♦ 9 - 3 - 5i -87 ♦ 3 - 8 ♦18 -13 5-0 7-0

al i? ♦19 - 7 ♦289 ♦126 ♦ 8 ♦ li nd kd ♦20 ♦ l kd nd 5 0 7-0

ws* IDT ♦17 -18 ♦ n - 10 ♦ 5 - 1 ♦ 20 -26 ♦32 -ili 0 -17 5-5 ii-0

55 ♦ 5 -15 ♦ il - 16 ♦ 22 - 9 ♦100 - 6 ♦10 -16 ♦ 8 -16 li-0 9-0

*DC 123 ♦87 -22 ♦102 - 19 ♦105 -1l - 23 -33 ♦29 - 3 -10 -37 2-5 h-5

H XcC- £_ ♦ 5 -11 - 11 - 37 - 2 -31 - 26 -60 ♦20 ♦ 1 - U -20 8-0 7-5

a) Strur. prot'ir. changes expressed as a percentage increase or decrease ir. pretreatnent levels (see Table II)
fc) T.'-is patient received radical radiotherapy at the primary lesiom'ar.d mediastinal glands some 2 months after the

initial cyclophosphamide injection.
c) This patient had extensive liver involvement

d) This patient was treated with cyclophosphamide only.

Of additional interest were the observations in the patient with liver involve¬
ment (JD) and the patient receiving cyclophosphamide therapy alone (H McC).
In the former marked rises in IgG, IgM and IgA levels occurred some 40 days
after commencement of therapy, the levels on day 83 being 4,260, 280 and 815 mg/dl
respectively. In the other patient (H McC) there was a progressive decline in all
immunoglobulin levels.

All the patients treated with C. parvum developed agglutinating antibodies
to this organism. However, as on previous occasions (4), marked variations in
individual responses were noted. While patients MG and JD exhibited marked
responses, those observed in patients EK and AL were meagre (see Table III).

Rheumatoid factor-like substances were detected in the sera of a number
of the patients by the latex and Ripley tests. In certain instances (MG) these were
transient in nature, while in others (JW) more persistant. The ANF tests (with
the exception of WS on day 100) were always negative (see Table IV).
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Table IV. The development of autoantibodies in bronchogenic carcinoma patients receiving
C. pareum and cyclophosphamide therapy.

(a) The sensitized sheep cell test detects antibodies to rabbit IgG. '
(b) The latex test and the Ripley test delect antibodies to human IgG.
(c) Indicates the day first detected.
(d) This patient had extensive liver involvement.
(e) This patient was treated with cyclophosphamide only

assays fdr r.heu::ajoid factors
ami -!.uclear

ssct* latex? ripleib factor

HA «ri6 - < 20 -

kg c 16 ♦(28c) 20 (28) -

ex c 16 ♦(85) < 20 -

AL <rl6 - <20 -

ws <16 ♦♦♦(100) <20 ♦♦♦ Ooo)

jv <16 ♦♦♦(28) 10(28) -

jdd <16 ♦♦♦(83) 10(83) -

H HcC* d6 _ «r20 _

In all patients the infusion of C. parvum was followed by fever and tachy¬
cardia. The temperature began to rise 3-4 h after the infusion, was often accom¬

panied by rigors and remained elevated for up to 24 h. The fever was generally
greater following the initial 5 mg dose than after the subsequent 2 mg doses. No
patients showed any evidence of circulatory collapse and repeated administration
was not associated with anaphylaxis or other signs of hypersensitivity. Apart
from mild transient nausea, no other short or long term toxicity of C. parvum
was observed. Finally in 2 patients (WA and MG) there was clinical and radio¬
graphic evidence of tumour regression during the initial 3 months of treatment
but no beneficial effect was observed in the remainder of the subjects.

DISCUSSION

Although the number of patients investigated in this study is small, it is
apparent that combined therapy with C. parvum and cyclophosphamide can
evoke some of the serological changes previously observed in patients receiving
C. parvum alone (4). For example it resulted in the development of antibodies
to C. parvum, the appearance of rheumatoid factor-like substances in the circu¬
lation and a slight increase in IgG levels in a number of patients.

The IgG changes however were modest compared with those noted in our
previous study (see Fig. 1). Whilst this reduced response is most probably due to
concurrent treatment with cyclophosphamide, changes in C. parvum protocols
may also have contributed to the observed differences.

The observation that the rheumatoid factor-like substances evoked by
C. parvum can be detected by the latex and Ripley procedures and not by the
SSCT are of interest. The SSCT (which employs rabbit IgG as reactant) is gene¬
rally regarded as more specific for rheumatoid arthritis than the other procedures
in which human IgG is the reactant. Indeed with the latter systems positive
results are obtained in 5 per cent of the general population, and increased inci¬
dences occur in chronic infections. Furthermore transient positive tests may occur
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Fig. 1. Changes in IgG levels in cancer patients treated
with (a) C. parvum (b) C. parvum plus cyclophosphamide.

This figure compares the IgG changes observed in the present study with those noted in the
previous study from our laboratory (see ref. 4). Note that the increases in IgG levels in broncho¬
genic carcinoma patients treated with C. parvum and cyclophosphamide (Gp. B) are meagre
compared with those noted previously in patients receiving C. parvum alone.

after prophylactic immunization with bacterial and viral antigens (1). C. parvum
most probably evokes a similar non-specific response.

The very low frequency ANF (1/7) in the sera of C. parvum-treated patients
with bronchogenic carcinoma is in close agreement with our previous studies in
other patients using less sensitive techniques (4). Nevertheless it should be pointed
out that the transient appearance of ANF (as well as rheumatoid factor-like
substances) has been observed in 3/7 patients with a glioma who received intra¬
cerebral injections of C. parvum (unpublished observations). In the light of all
these observations we feel it is still advisable to monitor the sera of C. parvum-
treated patients for the development of autoantibodies and other serological effects.

Ack no wledgments
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General discussion

Palmer: Did any of your patients who had C. parvum develop arthropa¬
thies?

James: According to the reports of the physician, there was never any
complaint of this. Just the usual reactions common to C. parvum therapy.

Whisnant: Can you confirm, or add any support, to the preliminary data
from UCLA that says the patients that have significant antibody increases to
C. parvum have worse clinical toxicity? Is there any relationship at all?

James: From the limited number of patients in our experience, I don't
think I could say that. We have some patients whose log titre goes up by at least
8 units and some only by 2. There is no evidence that it is any worse.

Woodruff (comment): I don't think we have made a careful study of this,
it is something we could do.

Gorden: I think the auto-antibody data is very interesting and I wonder
if you could tell me how frequently it happened with bacterial vaccines other
than C. parvum and could you speculate as to why it occurs?

James: There is a very detailed report by a Finnish group on the develop¬
ment of auto-antibodies in army volunteers, where there was quite a high incidence
of reproduction of "rheumatoid factor-like" substances of the order of 10-20%.
I should also like to mention the test used, the tests which utilized human IgG,
such as the latex test and the Ripley test, do give more specific reactions in the
normal population than does the standard rose-violet test.

Gauci: There are two things which interest me and 1 would like to pose
a question. Giving C. parvum did you notice changes in immunoglobulin levels
and secondly the rheumatoid-like factor? If one looks at some of the more recent
data, from Friedmans unit, it suggests that there is an entity such as solublized FC
receptors which agglutinate IgG-coated particles. In this situation one wonders
whether one is measuring soluble FC receptors, which are supposed to originate
from the sub-population of FC varying T-lymphocytes and also whether the
Corynebacierium is increasing this sub-population of lymphocytes and the rheu¬
matoid-like factor is coming from there. Alternatively is it associated with the
production of immune complex related to C. parvum antibodies and in that case
if there is a deterioration with a fall in complement levels.

James: That is a very important point and 1 will check to see if those patients
who develop high levels of anti-C. parvum antibodies are those which develop
rheumatoid factors.
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summary

Various micro-organisms are known to act as immunological adjuvants and
included amongst these are Corynebactcriaceae. Numerous studies on Coryne-
bacterium parvum have shown, in particular, its ability to cause proliferation and
enhanced activity of the reticulo-endothelial system. This organism also leads in
mice to anaemia and this report describes the simultaneous appearance of a red cell
autoantibody in mice injected with C. par\-um or another diphtheroid (SF 16)
isolated from rheumatoid joint fluid. The significance of this latter observation is
considered in relation to the unexplained anaemia of rheumatoid arthritis.

INTRODUCTION

Various Corynebacteriaceae have been shown to possess adjuvant activity under a variety
ofcircumstances (Halpern etal., 1966; Smith & Woodruff, 1968; Paronetto, 1970; Nussenz-
weig, 1967). They are also capable in varying degrees of inducing lymphohistiocytic pro¬
liferation and enhanced phagocytosis by the reticulo-endothelial system (Prdvot & Van
Phi, 1964). Amongst these organisms C. parvum has received considerable attention and
we have reported a preventive effect upon the experimental induction of immunological
tolerance (Pinckard, Weir & McBride, 1968). During our studies with this organism and
another diphtheroid (SF 16) with similar adjuvant activity we noted that injection of a
heat-killed suspension of either of these organisms into CBA mice resulted in an increase
in the number of spleen cells with activity directed against normal mouse red blood cells.
The tests employed were the Jerne plaque technique, in which antibody produced by spleen
cells brings about the in vitro lysis of red cells in a semi-solid medium, and immuno-cyto-
adherence, where spleen cells producing antibody form rosettes of attached red cells. The
organism SF 16 was isolated from synovial fluid of a patient with rheumatoid arthritis
(Stewart, Alexander & Duthie, 1969). Since an unexplained anaemia is present in rheumatoid

Correspondence: Dr D. M. Weir, Department of Bacteriology, University of Edinburgh Medical School,
Edinburgh.
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arthritis (Alexander & Duthie, 1962), and since C. parvum has been shown to lead to a
decrease in haemoglobin levels and total red blood cells (Halpern & Fray, 1969), it was
decided to further quantitate the antimouse red cell response produced in mice by these
organisms, particularly SF 16, in the hope of throwing some light on the mechanisms of the
anaemia associated with rheumatoid arthritis.

MATERIALS AND METHODS

Microorganisms. The SF 16 organism was kindly provided by Dr Sheila Stewart and was
cultured in PPLO broth medium containing 'Tween 80' (Atlas Chemical Industries Inc.).
C. parvum strain 10387 was obtained from the N.C.T.C., Colindale, grown in cooked gigot
broth." Both organisms were washed ten times in sterile saline, heat-killed, divided into
aliquots and stored at — 20°C.

Animals. Young adult CBA mice were used.
Spleen cell suspension. Whole spleens were gently homogenized in Dutton's saline

(Golub et al., 1968) and sieved through fine mesh, washed once and resuspended to 1 x 107
cells/ml.

Red blood cell suspension. Red blood cells from stock CBA mice were collected in Alsever's
solution and washed in Dutton's saline four times.

Agar plaque technique. The technique used was a modified version of Dresser & Wortis
(1967). 0-1 ml of 20% washed mouse red blood cells and 0T ml of spleen cell suspension
were added to 1-8 ml of 0-7% (w/v) Noble agar containing DEAE dextran (50 mg/100 ml
agar) at 48°C. This mixture was poured into a Petri dish containing a bottom layer of agar
and incubated for 2 hr after which a 1/10 dilution of guinea-pig serum was added for 45 min
(37°C). The plaque-forming cells (PFC) were counted under x 30 magnification. Control
plates without spleen cells and plates receiving inactivated complement were incorporated
into each experiment.

Immuno-cytoadherence test. This was based on a modification of the method of Biozzi
et al. (1966). Equal volumes (0-5 ml) of red blood cells and spleen cells in the proportion of
10:1 were mixed together and centrifuged at 150 g for 7 min. They were incubated for 2 hr at
4°C and gently resuspended using a Pasteur pipette. The number of rosette-forming cells in a
1/10 dilution of trypan blue was counted in an improved Neubauer haemocytometer.

RESULTS

The number of PFCs and RFCs were first estimated after intraperitoneal injection of 2-3 mg
(dry weight) C. parvum organism in saline. Tables 1 and 2 show that both tests can detect a

resulting increase in the proportion of spleen cells reacting with their isologous red cells.
Similar, more detailed, experiments have been performed using the organism SF 16

isolated from rheumatoid joint material. Fig. 1 shows that doses of 0-04-3 mg (dry weight)
organisms were all capable of stimulating the appearance of PFCs. The duration of the
response was estimated using a single dose of 2-3 mg SF 16, Figs. 2 and 3; after reaching a

peak at 5-7 days the response gradually falls off over the next 7-10 days. The RFCs tend to
rise slightly earlier than the PFCs and fall off more rapidly. This response was not due to
contaminating culture medium as animals injected with the washings from uninoculated
plates gave the same background results as saline injected control animals.
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Table 1. Plaque forming cells (PFCs) with CBA mouse spleen cells and
isologous red cells after injection of 2-3 mg C. parvum; each mean was

obtained from a group of ten animals

Days Log io mean
after plaques/106 Standard error

injection cells 95% confidence limits

2 C. parvum 1 0745 ±0-1591
Control 0-6171 ±0-2582

4 C. parvum 1-6107 ±0-2378
Control 0-7405 ±0-2355

6 C. parvum 1-0801 ±0-1877
Control 0-6612 ±0-2406

7 C. parvum 1-0140 ±0-3121
Control 0-5001 ±0-2146

10 C. parvum 1-5576 ±0-1059
Control 0-4912 ±0-2224

14 C. parvum 0-5827 ±0-4600
Control 0-6014 ±0-2814

18 C. parvum 0-8381 ±0-2627
Control 0-6142 ±0-2613

Table 2. Rosette forming cells (RFCs) with CBA mouse spleen cells and
isologous red cells after injection of 2-3 mg C. parvum; each mean was

obtained from a group of ten animals

Days Mean
after rosettes/103 Standard error

injection spleen cells 95% confidence limits

2 C. parvum 11-83 ±4-29
Control 5-75 ±3-27

4 C. parvum 14-80 ±3-67
Control 6-14 ±2-92

6 C. parvum 24-60 ±1-94
Control 5-25 ±2-14

7 C. parvum 15-20 ±3-24
Control 5-40 ±3-14

10 C. parvum 8 00 ±3-20
Control 7-25 ±3-24

14 C. parvum 7-14 ±2-89
Control 5-24 ±1-94

18 C. parvum 8-00 ±2-20
Control 3-70 ±2-97
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Fig. 1. Plaques 5 days after various doses of SF 16 organism. Each point represents the mean
obtained with six mouse spleens and shows the 95% confidence limits. Each test was performed
in triplicate.

T

J 1 1 i i i
3 5 7 10 13 20

Days after injection of SF 16 organism

Fig. 2. Plaques at intervals after 2-3 mg of SF 16 organism. Each point represents the mean
obtained with six mouse spleens and shows the 95% confidence limits. Each test was performed
in triplicate, x, SF16 injected; •, saline injected.

Days after injection of SF 16 organism

Fig. 3. Rosettes at intervals after 2-3 mg of SF 16 organism. Each point represents the mean
obtained with six mouse spleens and shows the 95% confidence limits. Each test was performed
in triplicate, x , SF16 injected; •, saline injected.
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The effect of injecting C. parvum and SF 16 on the haemoglobin levels of CBA mice is
shown in Table 3. Both organisms bring about a fall in haemoglobin level compared with
saline injected control animals which has not returned to normal levels by 14 days.

Table 3. Effect of injection of C. parvum
(2-3 mg to eight mice) and SF 16 (2-3 mg to
twenty-one mice) on haemoglobin levels in CBA
mice; results expressed as per cent of saline

injected control animals

Days after C. parvum SF 16

injection treated treated

1 100 100
2 100 100
3 100 71-3
5 94-7 79-8
7 93 79-3

10 88 82-9
14 77-4 80-8

DISCUSSION

Injection of CBA mice with both C. parvum and the SF 16 organism can be seen to result
in a short-lived increase in the numbers of spleen cells making antibody to CBA red cells.
At the same time there is a corresponding fall in haemoglobin levels which persists for more
than 2 weeks.

Injection of C. parvum is known to be associated with a fall in haemoglobin and total red
blood cell levels in C57B1 and NZB mice. In addition, some animals of both strains also
developed antired cell antibodies as detected by the Coombs test although the response is
more marked in the NZB animals (Halpern & Fray, 1969). In the present studies a fall in
haemoglobin levels was first detected between 3 and 5 days after injection, coincident with
the rise in RFCs. In the absence of any evidence for direct red cell haemolysis by these
organisms in vivo and in vitro other explanations must be sought for the observed effects.

At present we are not able completely to rule out the possibility that C. parvum and SF 16
share common antigenic determinants with mouse red blood cells. This, however, seems

unlikely as neither mouse nor rabbit antisera to these organisms show agglutinin activity
against red blood cells (McCracken, unpublished results).

Whether or not the presence of antired blood cell activity is the cause of or even an
influence on the haemolytic process is uncertain. In view of the stimulating effect of C. parvum
on phagocytosis (Brevet & Van Phi, 1964), it seems possible that there is a more rapid
ingestion of red cells by 'stimulated' macrophages and this might account for the anaemia.
In support of this possibility the RES stimulant Zymosan has been shown to be capable of
inducing anaemia in mice (Gorstein & Benacerraf, 1960). No evidence of antired cell
antibody was found by the Coombs test.

Another explanation which we favour for the observed results may lie in the nonspecific
stimulation of a small number of pre-existing antibody-forming clones. Bacterial endotoxin
injection alone has been shown to increase the number of background haemolysin-forming
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cells against heterologous red blood cells, as also have substances released during the inter¬
action of antigens with cells from animals immunized with the antigen (Braun & Nakano,
1964). It seems possible that substances released by lymphoid cells in the course of the normal
powerful humoral or cell-mediated response to C. parvum and SF 16 may lead to non¬
specific proliferation of pre-existing antibody-forming cells. We have not yet determined in
detail whether other lymphoreticular stimulatory agents can produce the same effects as
C. parvum although preliminary data suggest that mycoplasma pneumoniae (6 mg of BHF
strain) and BCG (6 mg) show at best a much smaller, less consistent effect. B. pertussis in a
dose of 1 x lO10 organisms has a rather less marked effect on the number of antimouse red
cell plaques than SF 16.

At present it is a matter of speculation whether this type of autoimmune response has any
pathogenic significance. The anaemia of rheumatoid arthritis has the characteristics of the
anaemia associated with chronic infection (Alexander & Duthie, 1962). The antired cell
response after the treatment described in this work warrants further consideration of a
mechanism ofthis type, possibly induced by micro-organisms, as a direct or indirect cause of
anaemia in rheumatoid arthritis, particularly with reference to the diphtheroids of similar
characteristics to SF 16 isolated from patients with this disease, by Stewart et al. (1969) and
Hill et al. (1967).

ACKNOWLEDGMENTS

This work was supported by grants from the Medical Research Council and the Arthritis
and Rheumatism Council. Dr Sheila Stewart provided the SF 16 organism and Professor
B. P. Marmion the mycoplasma pneumonia strain.

REFERENCES

Alexander, W.R.N. & Duthie, J.J.R. (1962) The anaemia of rheumatoid arthritis. Archives ofInteramerican
Rheumatology, 5, 415.

Biozzi, G., Stiffel, C., Mouton, D., Llacopoulos-Briot, N., Decreusefond, C. & Bouthillier, Y. (1966)
Ftude du phenomene de l'immunocyto-adherence au cours de l'immunisation. Ann. Inst. Pasteur, 110, 7.

Braun, W. & Nakano, N. (1964) The role ofcell breakdown products in the stimulation of immune responses.
International Symposium on Adjuvants and Immunity (Ed. by Regamey, Hennessen, Ikic and Ungar),
p. 227. Karger, Basel.

Dresser, D.W. & Wortis, H.H. (1967) Localized haemolysis in gel. Handbook ofExperimental Immunology
(Ed. by D. M. Weir), p. 1054. Blackwell Scientific Publications, Oxford.

Golub, E.S., Mishell, R.I., Weigle, W.O. & Dutton, R.W. (1968) A modification of the haemolytic
plaque assay for use with protein antigens. J. Immunol. 100, 133.

Gorstein, F. & Benacerraf, B. (1960) Hyper-reactivity of the reticuloendothelial system and experimental
anaemia in mice. Amer. J. Path. 37, 569.

Halpern, B.N., Biozzi, G., Stiffel, C. & Mouton, D. (1966) Inhibition of tumour growth by administra¬
tion of killed C. parvum. Nature, 212, 853.

Halpern, B. & Fray, A. (1969) Declenchement de l'anemie hemolytique autoimmune chez de jeunes
souriceaux NZB par l'administration de C. parvum. Ann. Inst. Pasteur, 117, 778.

Hill, A.G.S., McCormick, J.N., Greenbury, C.C., Morris, C.J. & Kenningale, J. (1967) Cultivation of
micro-organisms from rheumatoid synovia. Ann. rheum. Dis. 26, 566.

Nussenzweig, R.S. (1967) Increased non specific resistance to malaria produced by administration of killed
C. parvum. Exp. Parasit. 21, 224.

Paronetto, F. (1970) Adjuvant induced arthritis by C. rubrum. Proc. Soc. exp. Biol. (N. P.), 133, 296.
Pinckard, R.N., Weir, D.M. & McBride, W.H. (1968) Factors influencing the immune response. III. The

blocking effect of C. parvum upon the induction of acquired immunological unresponsiveness to bovine
serum albumin in the adult rabbit. Clin. exp. Immunol. 3, 413.



Adjuvant-induced antired blood cell activity 955

Prevot, M.A.R. & Van Phi, J.T. (1964) £tude comparative de la stimulation du systeme reticulo-endothclial
par differentes souches de corynebacteries anaerobies et d'especes voisines. C.R. Acad. Sci. {Paris). 258,
4619.

Smith, L.H. & Woodruff, M.F.A. (1968) Comparative effect of two strains of C. parvum on phagocytic
activity and tumour growth. Nature, 219, 197.

Stewart, S., Alexander, W.R.M. & Duthie, J.J.R. (1969) Isolation of diphtheroid bacilli from synovial
membrane and fluid in rheumatoid arthritis. Ann. rheum. Dis. 28, 477.



1)2 &
Br. J. exp. Path. (1974) 55, 38.

INCREASED PHAGOCYTIC CELL ACTIVITY AND ANAEMIA
IN CORYNEBACTERIUM PARVUM TREATED MICE

W. H. McBRIDE, J. T. JONES and D. M. WEIR

From the Immunology Laboratory, Department of Bacteriology,
University of Edinburgh Medical School

Received for publication September 26, 1971!

Summary.—The injection of C. parvum into CBA mice causes marked changes
in the lymphoid tissues including enlargement of the splenic white and red pulp,
trapping of red cells, proliferation of phagocytic cells and increased rate of
clearance of carbon and bovine albumin. Associated with these changes is a
transient anaemia. Evidence for increased phagocytosis of syngeneic red cells
and autoantibody formation against red cells in C. parvum treated mice is
presented. The inter-relationship of these phenomena and the role of C. parvum
in their induction are discussed.

In a previous report (McCracken, McBride and Weir, 1971) certain coryne-
bacteria with adjuvant activity were shown in CBA mice to give rise to an increased
number of spleen cells that were capable of reacting against syngeneic or autologous
red cells as detected by localized haemolysis in gel and immunocvtoadherence.
This autoreactivity was transient (over a period of 3 weeks) and the specificity of
the reaction indicated that it was due to autoantibody formation. The pheno¬
menon was associated with the time course of an anaemia in the mice as shown by
decreased haemoglobin levels and reticulocytosis (McCracken et al., 1971; Nussen-
zweig, 1967).

Amongst the anaerobic corynebacteria Corynebacterium parvum has received
particular attention as being one of the most powerful stimulators of reticuloendo¬
thelial cells as evidenced by enhanced phagocytic clearance of colloidal carbon and
marked hepatosplenomegaly (Prevot and Van Phi, 1964). The effects of this
organism on cells of the immune system also include prevention of tolerance
induction by aggregate free antigen (Pinckard, Weir and McBride, 1968). The
mechanisms underlying these phenomena are not understood.

The present report is an attempt to elucidate some of the factors that may be
i involved in the induction of the anaemic state following administration of C.

parvum, in particular the possible role of anti-rbc antibody acting in conjunction
with activated phagocytes.

materials and methods

Microorganisms and injections.—C. parvum 10387 and 10390 (NCTC, Colindale, England)
were grown in horse digest broth, washed three times in saline, killed by heat or formalin
treatment (01%) and washed a further five times before use. The culture supernatant from
C. parvum 10390 was used to coat red cells with soluble C. parvum antigens. Equal volumes
of supernatant and 5% red cell suspension were incubated at 37° for 30 min, the red cells were
washed four times in PBS and made up to a 1% suspension for the agglutination tests.

The preparations of C. parvum were standardized by Kjeldhal nitrogen estimation. 70-
240 g.g n doses were injected intraperitoneally into young adult CBA mice.
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Carbon clearance.—This was carried out using the procedure described by Halpern et al.
(1964) following the injection (i.v.) of 5-5 mg carbon.

Acid phosphatase assay.—Cells were sonicated at 20 kHz for 10 min and 0-35 ml of pre¬
paration added to 0-1 ml of acetate buffer 0-4 mol/1 pH 5-0 and 0-05 ml of p-nitrophenyl-
phosphate 5 nmol/1 solution. After incubation at 37° for 30 min the reaction was stopped by
2 ml absolute alcohol and 0-2 ml of 0-25 mol/1 NaOH was added. The released p-nitrophenol
was read in the spectrophotometer at 410 nm.

The separation of spleen cells on glass bead columns.—Glass adherent and non-adherent
spleen cells were separated on columns by the method of Plotz and Talal (1967). Based on the
observation that the presence of divalent cations is necessary for the glass adherent popula¬
tion, this population can be eluted with 0-01 mol/1 EDTA.

Phagocytosis of mouse red cells.—Peritoneal exudate cells were collected by washing out the
mouse peritoneal cavity with 2 ml of medium 199 + heparin (5 iu/ml). The cell concentra¬
tion was adjusted to 1—1-5 X 106/ml and overnight tube cultures with flying coverslips were
set up at 37° in 199 + 10% calf serum (absorbed with red cells). A 5% suspension of washed
red cells was then added and incubated for 2 hours. After removal of the supernatant the
coverslips were washed, fixed in methanol and stained with Giemsa. Mounted preparations
were examined and cells containing one or more rbc were counted. At least 1000 glass
adherent peritoneal exudate cells were counted in each preparation.

Packed cell volume (PCV).—Mice were bled from the retro-orbital plexus into capillary
tubes which were then sealed at one end and centrifuged at 6000 rev/min for 15 min in an MSE
haematocrit head.

3H-thymidine incorporation and autoradiography.—1 yCi/g bodyweight 3H-thymidine
TRK 296 (Radiochemical Centre, Amersham) was injected intravenously into lateral tail vein
of the mice. The organs were taken 15 min later and processed for autoradiography.

Sections of tissue on glass slides were coated with Ilford K5 Nuclear track emulsion in gel
form and after 3-4 weeks the sections were developed with Kodak D19B developer (5 min)
and fixed. The slides were then stained and the localization of the grains examined.

Clearance of BSA.—Aggregate free BSA was prepared as described by Pinckard, Weir and
McBride (1967) and trace labelled with 125I by the chloramine T method of Hunter and
Greenwood (Hunter, 1973). 50 pg of the BSA preparation was injected into the lateral tail
vein and blood samples taken over a period of 48 hours. Protein bound radioactivity was
obtained by TCA precipitation (10% TCA final concentration).

RESULTS

The anaemia induced by C. parvum
Several parameters of the anaemia induced by C. parvum injection have been

already published elsewhere. It is a transient state characterized by a decreased
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haemoglobin level (McCracken et al., 1971), a reticulocytosis (Nussenzweig, 1967),
occasional Coomb's positivity (Halpern and Fray, 1969), and as shown for the
first time in Fig. 1 a decreased PCV. These changes typically occur 3-4 days
after injection, reaching a maximum after 2 weeks and returning to normal values
by 4 weeks. Although the timing and severity of the anaemia are in part dependent
upon the dose, the strain of C. parvum, the route of injection and the animals used,
for both strains at the doses tested all the changes described in this paper can be
observed with mainly minor quantitative differences.

General effects of C. parvum upon lymphoid organs

Injection of C. parvum leads to hepatosplenomegaly within 4 days which
persists for some considerable time (Table I). With relatively low doses of

Table I.—The Effect of C. parvum upon Organ Weight
No. of expts. % increase in weight

Organ No. of animals ( ) (individual expts)
Spleen 5 (55) 35, 36, 50, 76, 119
Liver 4 (51) 4, 6, 19. 21
Thymus 2 (29) 30, 35
Lymph node 1 (20) 23

Organs weighed 4 days after injection of 70 /(g n ('. parvum strain 10387.

organisms (70 pg N C. parvum 10387) spleen weights were increased by approxi¬
mately 50% 4 days after injection. With larger doses of 240 pg N C. parvum
10390 increases in spleen weight of 100% on Day 4 were common. With both
strains at the doses tested the red and white pulp areas of the spleen were expanded
and both red and white cell counts increased. At 10 days an 11% increase in the
red : white cell ratio was noted after C. parvum injection (mean of 55 spleens).
Trapping of red cells could be seen histologically in the red pulp and there was a
considerable degree of extramedullary haematopoiesis (Fig. 2). The distribution
of carbon 4 hours after injection (5-5 mg) was shifted in C. parvum (strain 10387,
70 jig n) treated animals away from the marginal zone towards greater uptake in
the red pulp (Fig. 3). Flash labelling with 3H-thymidine (1 pCi/g body wt)
showed considerable proliferation of cells in the marginal zone and red pulp
(Fig. 4).

Liver weights also increased following C. parvum (approx. 15%). Autoradio¬
graphy showed considerable proliferation of both Kiipffer cells and parenchymal
cells. Occasional granulomata are also seen in both the liver and lungs of treated
animals associated presumably with localization of C. parvum (Pinckard et al.,
1968).

Changes in lymph node and thymus weights (increases and decreases) are

EXPLANATION OF PLATES

Fig. 2.—Effect of C. parvum injection at 4 days on CBA mouse spleen, (a) saline injected,
(b) C. parvum injected. Strain 10390 240 /ug n.

Fig. 3.—Localization of carbon in CBA mouse spleen, (a) saline injected, (b) C. parvum injected
(70 pg n strain 10387 Day minus 4). Note greatly increased uptake of carbon by cells of red
pulp in (b).

Fig. 4.—Autoradiography showing proliferation of cells (containing 3H-thymidine grains) in red
pulp of C. parvum treated CBA mouse spleen.
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common but highly dependent upon dosage and route of injection. In this work
70 /tgN of strain 10387 invariably caused an increase in thymus weight. Higher
doses of C. parvum can lead to thymic atrophy, strain 10390 having a greater
effect than 10387. The acid phosphatase levels of glass adherent spleen cells
from C. parvum treated animals show a 3-fold increase over the controls (Table II).

The effect of C. parvum on macrophage function
As reported previously (Prevot and Van Phi, 1964) C. parvum has an enhancing

effect on the clearance of intravenously injected carbon (5-5 mg). Such an effect
is seen in Fig. 5. The mice used in this experiment were closely matched by weight
and sex and by extrapolation to time zero it was found in this and three other
experiments that the volume of fluid in which the carbon would theoretically be
distributed if there was no phagocytosis was greater in C. parvum treated animals.
This suggests an increase in plasma volume after treatment or an initial very rapid
clearance.

Similar increased theoretical plasma volume was found when the clearance of
125I-BSA was studied (Fig. 6). The slightly faster clearance of the *BSA in

Table II.—Acid Phosphatase Assay of 2 x 105 Spleen Cells
C. parvum treated

(strain 10387)
Non-adherent cells 0-37
Glass adherent cells 1-01

Controls
0-27 OD 410 nm

0-36 OD 410 nm

2-5"

O.D.

20-

1-5-

10-

• 5-

0 20 40 60 80 100

TIME (MIN.)

Fig. 5.—Carbon clearance in CBA mice after injection of 5*5 mg carbon and C. parvum
(70 pg n strain 10387) intravenously compared with saline injected controls.
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TIME (hours)

Fig. 6.—Clearance of 125I-BSA (TCA precipitable label) in CBA mice injected with (1) saline
and (2) C. parvum 70 iig strain 10387.

C. parvum treated animals is not as obvious as when carbon was used. With
*BSA it was necessary to measure the TCA precipitable label in the circulation as
C. parvum treated mice showed a lower percentage than controls (71% compared
with 93% at 24 hours).

Phagocytosis of syngeneic red blood cells
These experiments were performed to see if the general reticuloendothelial cell

activation caused by C. parvum applied to phagocytosis of self red cells.
Following overnight incubation of PE cells from C. parvum (strain 10387)

treated and control mice, the glass adherent cell populations were compared for
their ability to phagocytose syngeneic red cells (Table III). Those cultures from

Table III.—Phagocytosis of Syngeneic Rbc's
Mean ratio of C. parvum

effect/saline injected No. of
Source of phagocytes control expts

PE cells of C. parvum treated animal 2-5 6
Normal PE cells-f C. parvum spleen cells 2-3 2
The cells from each experimental group were drawn from a pool of PE cells from 6-7 mice.
Strain 10387 was used. 70 fig N.
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C. parvum treated mice were found to have a 2-5-fold increase in the number of
cells capable of ingesting syngeneic red cells. The control cells showed only a low
level of uptake (<1%). This effect was not obtained when C57/B1, NZB/B1 or
sheep red cells were used (Table IV). Removal of the non-glass adherent cell

Table IV—Phagocytosis of Rhc's hy PE Cells from C. parvum (Strain
10387) Treated CBA Mice

Source of rbc's

CBA
C57/BI
NZB/B1
Sheep rbc's

Mean ratio of
C. parvum effect/

saline injected control
(3-4 animals per group)

2-02
1-04
0-96
0-92

population before overnight culture reduced the phagocytic activity of the
remaining cells to control levels suggesting a possible role for lymphocytes in the
process. This possibility was strengthened by the finding that normal mouse PE
cells (and macrophages) could be induced to behave as though they were from a
C. parvum treated mouse by overnight culture with spleen cells from such animals
(Table III). Normal spleen cells did not have this effect and appropriate controls
showed that it was not due to subsequent attachment of splenic macrophages.
Three unsuccessful attempts were made to find soluble factors in the supernatant
of C. parvum treated spleen cells that might be responsible for this effect. Attempts
to demonstrate antibody were also unsuccessful as the concentrated supernatants
failed to react with rabbit anti-mouse gamma globulin in Immunoelectrophoresis
and did not agglutinate mouse red blood cells.

Affinity of soluble antigen from C. parvum for red cells
Syngeneic untreated red cells were used in the study on phagocytosis of self

red cells. Attempts were made to investigate the attachment of soluble C. parvum
antigens to red cells as a possible explanation for the in vivo triggering of such a
response.

Soluble antigen derived from the culture supernatants of C. parvum (strain
10390) was coated on to red cells from sheep, CBA and C57/B1 mice, and human
groups A, B and 0. A 1% suspension of each of these cell preparations and
uncoated cells was exposed to dilutions of rabbit anti-C. parvum serum. With
each of the coated cell preparations there was a five-fold increase in titre as com¬
pared with uncoated cells.

discussion

In addition to its profound effects on lymphoreticular organs and in inducing
anaemia, Corynebacterium parvum has been shown to stimulate enhanced clearance
from the circulation of mice of injected carbon and, less dramatically, bovine
serum albumin. There is also greater in vivo degradation of the antigen.

In addition to these better known effects on the enhanced clearance of extra¬
neous substances, C. parvum treatment also affects the handling of self red cells by
phagocytes.

Peritoneal exudate cells from C. parvum treated mice have been shown to be



44 V/. H. MCBRIDE, J. T. JONES AND D. M. WEIR

active in the in vitro uptake of syngeneic erythrocytes. The effect can be demon¬
strated only if the non-adherent peritoneal population is cultured with the glass
adherent cells before the erythrocytes are introduced and can be transferred to
normal macrophages by C. parvum treated spleen cells. While the production of
lymphokines by the non-adherent population may be responsible for the enhanced
phagocytosis by macrophages, the specificity of the reaction would indicate the
production of autoantibody by the non-adherent population and its utilization by
the macrophage population. Such a hypothesis is in accord with our earlier
findings that C. parvum can stimulate the production of anti-self rbc rosette and
plaque forming cells. Injection of C. parvum is known to be associated with
anaemia in several strains of mice and a proportion of animals develop positive
Coombs tests (Halpern and Fray, 1969).

The possibility that cross-reaction between C. parvum and CBA rbc might
account for the observed phenomena has been discussed elsewhere (McCracken
et al., 1971). Briefly, we believe this to be unlikely in view of the specificity of the
reaction to host red cells and the fact that we have detected no cross-reactivity
using rabbit antisera against both antigens.

The mechanisms by which these responses are generated may be of general
interest and the consequences could be important in the development of the
transient anaemia that follows C. parvum injection. It is known that stasis of
rbc's in the splenic cords can follow a limitation in the contractile capacity of
endothelial cells of the splenic sinuses so that rbc cannot pass between the cells to
enter the sinuses (Jandl et al., 1965; Chen and Weiss, 1973). Such trapping un¬
doubtedly follows the splenic cellular response to C. parvum. This trapping, and
its (ensuing) metabolic consequences, acting in conjunction with the observed
proliferation of cells, the presence of antibody and the enhanced phagocytic
activities, could lead to destruction of rbc. The autoimmune response may in
itself be augmented by such damage. Alternatively it could be the result of a
direct mitogenic effect of C. parvum on B cells (Weir and McBride, in preparation)
or as a result of attachment of C. parvum or its soluble products to the surface of
the red cells. Soluble antigens from C. parvum and to a lesser extent whole
organisms, have been shown to attach to the surface of at least human, sheep and
mouse red cells and could act as carriers to provoke an anti-self red cell response.
The specificity of the response for red cells without attached C. parvum is quite
clear from the rosette and plaque tests (McCracken et al., 1971). C. parvum has no
direct cytotoxic effect on red cells in vitro and is thus unlikely to be directly
responsible for the observed anaemia. The transient nature of experimentally
induced autoantibodies is a well recognized phenomenon. The explanation for
this may be that whilst there appears to be a B cell population in the normal
animal capable of being stimulated to produce autoantibodies to a variety of
cellular constituents, the activity of another cell population such as T cells or
macrophages may be required to overcome self tolerance in a more permanent way
(Playfair, 1973). The more dramatic effect of C. parvum on NZB mice producing
a high incidence of positive Coombs tests, severe anaemia (Halpern and Fray,
1969) and increased numbers of rosette forming spleen cells with syngeneic red
cells (McBride-unpublished), seems likely to depend on co-operation between the
various defective elements of the lymphoid tissues characteristic cf this strain.

The consequences of the anti-red cell response are not easily dissociated from
the effects of red cell stasis associated with splenomegaly. The ability of macro-
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phages to bring about lysis of antibody coated cells has been demonstrated with
both human and guinea-pig cells (Holm and Hammarstrom, 1973). Preliminary
work in this laboratory has indicated that the same is true with mouse macro¬
phages and antibody coated chicken red cells in vitro using 51Cr release as a
measure of lysis. Peritoneal exudate cells from C. parvum treated mice appear to
be particularly active in this regard. It therefore seems possible that following
red cell trapping the presence of autoantibody could contribute to lysis of red cells.

In view of the increasing interest in the use of C. parvum for tumour immuno¬
therapy it should be said that in itself the transient anaemia in normal animals is
not likely to be a serious disadvantage. However, by analogy with the work of
Halpern and Fray (1969) in NZB mice, where there is a genetic predisposition to
develop autoimmune haemolytic anaemia or where it already may be present then
the consequences of C. parvum injection could be serious. The additional problem
of attachment of soluble antigens from C. parvum to the surface of red cells requires
further examination as such a reaction may be in part responsible for side-effects
of intravenous administration of the organisms.

This work was supported by a grant from the Arthritis and Rheumatism Council
and the Cancer Research Campaign.
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SUMMARY

Serum from both normal and T cell-deprived female adult CBA mice shows a
background titre of antibody to Corynebacterium parvum of about 2-4 log2
units by a latex agglutination test. Intraperitoneal injection of C. parvum causes
a marked rise in titre which reaches its peak after about a month, and a second
injection at that time evokes a further response. Treatment with mercaptoethanol
reduces the background titre, and also the titre 1-3 weeks after immunization by 1-2
log units. Subcutaneous injection of C. parvum on the other hand evokes little or
no antibody response.

Both the antitumour effect of C. parvum, and its effect on clearance of colloidal
carbon from the blood stream, can occur in the presence of high levels of antibody
directed against the organism. Theoretical and possible therapeutic implications
of these findings are discussed.

INTRODUCTION

Injection of a killed vaccine of some strains of Corynebacterium parvum has been shown to
annulate reticuloendothelial (RE) activity in mice (Halpern et a!., 1964), and to inhibit the
growth of isogeneically transplanted tumours (Woodruff & Boak, 1966; Woodruff &
Ihmbar, 1973; Woodruff & Inchley, 1971; Woodruff, Inchley & Dunbar, 1972).

Several of these organisms have been reported to be immunogenic (Turpin et al., 1959),
and it seemed possible that there might be a relationship between the antibody response to
the organism and its effect on phagocytic activity and tumour growth. Some data bearing
on this question are available, but they are too fragmentary to point to any conclusions.
It is known, for example, that the antitumour effect of C. parvum depends very much on
the route of injection (Woodruff & Inchley, 1971; Woodruff et al., 1972) but is much the

Correspondence: Professor Sir Michael Woodruff, Department of Surgery, University of Edinburgh
Medical School, Teviot Place, Edinburgh EH8 9AG.
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same in T cell-deprived as in normal mice (Woodruff, Dunbar & Ghaffar, 1973); the effect
of these particular variables on the antibody response to the organism, however, does not
seem to have been studied.

It seemed of interest therefore to make a comparative study of the antibody response
to C. parvum and the effect of the organism on phagocytic activity and tumour growth
under a variety of experimental conditions, the main variables being the route of injection
of C. parvum (intraperitoneal or subcutaneous) and the immunological status of the
animals (intact or T cell-deprived, and whether or not pre-immunized with C. parvum).

MATERIALS AND METHODS

The experimental protocol is shown in Table 1.

C. parvum

Two strains of C. parvum have been used. One, designated CN 6134 Batch WEZ 174,*
was supplied in the form of a formol-killed suspension by the Wellcome Foundation. The
other, designated NCTC 10390, was obtained originally from the National Collection of
Type Cultures, Colindale, and maintained in the Department of Bacteriology. Formol-
killed suspensions were prepared for experimental use.

The dose, expressed as dry weight of organisms, was either 1-4 or 0-7 mg. In either case
this was suspended in 0-2 ml of saline.

Animals and tumour

The mice were adult (18-22 g) female CBA/H. The tumour was a fibrosarcoma which
had been induced in this strain with methylcholanthrene and was in its fifteenth transplant
generation. During the experiments transplantation was performed by s.c. inoculation of
104 viable cells, prepared with pronase as described previously (Woodruff & Boak, 1966).
As in a previous experiment (Woodruff et al., 1973) we have used the sum of tumour dia¬
meters in each mouse, measured every 2 days up to some fixed time, as the index of tumour
growth. The 95 per cent confidence limits for the group mean sums were calculated as x±
ts/ Vn, where x, s and n denote respectively the group mean sum, its standard deviation,
and the number of observations. The value of Student's function t for a 2-tailed test based
on n-1 degrees of freedom and a probability (P) of 0 05 has been taken from published
tables. Where it seemed appropriate group means were compared by a standard Student's
/-test.

T cell-deprived mice were prepared as described by Woodruff et al. (1973).

Titration of antibody to C. parvum

Anti-C. parvum antibodies were assayed by a modification of the latex agglutination test
of Florman & Scoma (1960).

The bacterial and latex (Difco; 0-81 /rm) suspensions were first adjusted to give optical
densities (540 nm) of 38 and 192 respectively. From these stock suspensions a mixture
containing 5% bacteria and 0-5% latex (v/v) was prepared in glycine buffer, pH 8-2,
containing 0-1% BSA (GBSA). The buffer was added last after giving the bacteria a few

* In previous papers (Woodruff & Inchley, 1971; Woodruff et al., 1972; Woodruff & Dunbar, 1973) this
organism was designated either EZ 174 or WEZ 174.



Table1.Experimentalprotocol
Mice

Procedure

C.parvum

Intactor

Dose

Tcell-deprived
Number

Day0*

Day28

Day31

Strain

(mg)

1

Intact

12

Tumours.c.t

-s

2

Intact

12

Tumours.c.

C.parvumi.p.
CN6134

1-4

3

Intact

6

Tumours.c.

C.parvums.c.
CN6134

1-4

4

Intact

12

C.parvumi.p.f
Tumours.c.

CN6134

1-4

5

Intact

17

C. parvumi.p.
Tumours.c.

C. parvumi.p.
CN6134

1-4

►

6

Intact

6

C.parvumi.p.
Tumours.c.

C. parvums.c.
CN6134

1-4

7

Intact

6

Tumours.c.

C.parvumi.p.
CN6134

0-7

8

Intact

6

Tumours.c.

C. parvumi.p.
NCTC10390
0-7

9

Intact

6

C. parvumi.p.

CN6134

1-41

10

Intact

6

C. parvums.c.

CN6134

1-4

II

Intact

6

C.parvumi.p.

C.parvumi.p.
CN6134

1-4

>

12

Tcell-deprived

6

C. parvumi.p.

CN6134

1-4

13

Intact

16

14

Tcell-deprived

6

<

15

Intact

12

C. parvumi.p.

CN6134

1-4

16

Tcell-deprived

4

C. parvumi.p.

CN6134

1-4

17

Intact

5

C. parvums.c.

CN6134

1-4

18

Intact

6

C. parvumi.p.

CN6134

1-4

►

19

Intact

7

C. parvumi.p.
C. parvumi.p.

CN6134

1-4

20

Intact

5

C. parvumi.p.
C. parvums.c.

CN6134

14

21

Intact

5

C. parvumi.p.

CN6134

0-7

22

Intact

5

C.parvumi.p.

NCTC10390
0-7

Parameters observed
Tumourgrowthand antibodyresponse

toC.parvum (GroupIfor backgroundonly) Antibodyresponse
toC.pantun Phagocyticindex onday32

*Inthistableday0isthedayonwhichthewholeexperimentwasbegun, ti.p.=intraperitonealinjection. +s.c.=subcutaneousinjection.
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minuies to coat the latex particles. The sera were diluted (25-^1 volumes) in GBSA using
'Cooke' microtitre equipment. One volume of GBSA was added to each well followed by
one volume of the bacteria-latex suspension. The plates were incubated at 37""C for 2 hr,
spun at 500 g for 20 min and read directly for agglutination over a diffuse light source.
The ability of the pellet to stream when the plate was upright was also read. The titres
were checked after overnight incubation at 4°C. The results are expressed as the log2
reciprocal of the antiserum end point dilution.

Carbon clearance test

The phagocytic index, based on the rate of clearance of intravenously injected colloidal
carbon, was determined as in previous experiments by the method of Biozzi et al. (1954).
The optical density of serum samples obtained 1, 3, 6, 9 and 12 min after i.v. injection of
the carbon was measured with a spectrophotometer and for each mouse a linear regression
line showing the regression of log (optical density) on time was fitted by the method of
least squares. The slope of this line, multiplied by —I, represents the phagocytic index
(k). Group mean values and 95% confidence limits were calculated as already described,
and where it seemed appropriate group means were compared by a Student's Mest.

RESULTS

A general summary of the results in qualitative terms is shown in Table 2. More detailed
information is given below, in Figs 1 and 2, and in Tables 3 and 4.

Antibody response

Intact mice. There was quite a high background of antibody to C. parvum in non-immun¬
ized intact mice, and a marked rise in titre after a single i.p. injection of standard C. parvum,
which reached its peak after about a month (Fig. 1). The subsequent decline in titre was
slightly accelerated in animals inoculated with tumour at about the time the peak had been
reached. In mice which had been inoculated with tumour 3 days before C. parvum injection

a

Table 2. Summary of results

C. parvum Mice
C. parvum Effect on Tumour

Dose Route of Pre-immunized Intact or antibody phagocytic inhibition
injection* or not T cell-deprived response index

Intact + + +
1 -4 mg i.p. No T cell-deprived + + +

1*4 mg i.p. Yes Intact + + +

1-4 mg s.c. No Intact -t - -

1*4 mg s.c. Yes Intact - - -

0-7 mg i.p. No Intact + + +

* i.p. = intraperitoneal; s.c. = subcutaneous.
t — = either no effect, or so slight that it is not significant at P = 0 05 level in present experiments.
t From Woodruff, Dunbar & Ghaffar (1973).
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Fig. 1. Antibody response to a single injection of C. parvum (1-4 mg dry weight organisms) in
intact and T cell-deprived female CBA mice. (O) Intact mice; no tumour; C. parvum i.p. (•)
Intact mice; inoculated with tumour 3 days prior to i.p. injection of C. parvum. (A) T cell-
deprived mice; no tumour; C. parvum i.p. The vertical bars represent 95 per cent confidence
limits. The mean titre following s.c. injection of C. parvum did not rise above the background
level represented by the solid area.

28 40 60

Days after first injection of C.parvum

Fig. 2. Primary and secondary antibody response to C. parvum in intact CBA female mice.
(0) C. parvum i.p. day 0; no tumour. (□) C. parvum i.p. days 0 and 31; no tumour. (•) C.
parvum i.p. day 0; tumour inoculation Day 28. (■) C. parvum i.p. days 0 and 31. Tumour
inoculation day 28. Each dose of C. parvum was I -4 mg dry weight of the organism. The vertical
bars represent 95 per cent confidence limits. Background level is represented by the solid area.
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Table 3. Effect of C. parvum injection on tumour growth in CBA female mice

Group
number

Treatment Number
of

Ld, i.e. Sum of tumour diameters (mm)
in each mouse measured every 2 days up

to 24 days after tumour inoculation
mice

Observed values Mean with 95%
confidence

1 Controls
no treatment

12 66, 85, 94, 107, 86, 50,
76, 78, 31, 89, 78, 83

76-9 ±12-8

2 C. parvum CN 6134,
1-4 mg i.p. 3 days
after tumour

inoculation

12 54, 50, 41, 41, 30, 25,
53, 53, 59, 58, 17, 45

43-8 ±8-6

3 C. parvum CN 6134,
1-4 mg s.c. 3 days
after tumour

inoculation

6 78, 80, 82, 71, 81, 69 76-8 ±5-8

4 C. parvum CN 6134,
1-4 mg i.p. 28 days
before tumour

inoculation

12 62, 46, 58, 55, 52, 75,
70, 58, 80, 70, 75, 72

64-4 + 6-8

5 C. parvum CN 6134,
1-4 mg i.p. 28 days
before and 3 days
after tumour

inoculation

17 60, 49, 58, 43, 29, 49,
41, 27, 68, 22, 27, 57,
43, 53, 67, 59, 50

47-2 ±7-3

6 C. parvum CN 6134,
1-4 mg i.p. 28 days
before and s.c. 3 days
after tumour

inoculation

6 77, 84, 72, 66, 70, 75 74-0 ±6-5

7 C. parvum CN 6134,
0-7 mg i.p. 3 days
after tumour

inoculation

6 46, 41, 47, 55, 28, 50 44-5 + 9-8

8 C. parvum NCTC
10390, 0-7 mg i.p.
3 days after tumour
inoculation

6 47, 34, 56, 49, 51, 51 48-0± 7-9

Comparison of group mean

Groups compared t P

1,2 4-712 < 0 001
1,4 0-6451 >01, N.S.
1, 3, 6 Clearly no significant difference

2, 5, 7, 8, 9 Clearly no significant difference
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Table4.EffectofC.parvuminjectiononthephagocyticindexinCBAfemalemice
MiceC.pariuimCarbonclearance(kvalues)

Intact

Number

Dose,route

orTcell-

ingroup

Strain

anddayof

Observedvalues

deprived

injectiont

Intact

16

Uninjected controls

2-6,5-8,1-7,2-7,1-8,2-8, 20,1-9,2-1,20,20,1-7,
1-6,2-1 1-7,29

Tcell-deprived

6

Uninjected controls

2-6,20,1-4,3-7,2-1,20

Intact

12

CN6134

1-4mgi.p., day-4

131,6-6,13-7,11-8,109, 12-6,5-8,57,9-7,11-6
7-9,7-9

Tcell-deprived

4

CN6134

1-4mgi.p., day-4

60,5-4,11-5,6-4

Intact

5

CN6134

1-4mgs.c., day-4

6-3,40,2-8,3-3,21

Intact

6

CN6134

1-4mgi.p., day—32

21,1-2,4-8,3-4,1-8,20,

Intact

7

CN6134

1-4mgi.p.
days-32and—4

6-1,3-1,8-5,6-1,70,7-2,
9-4

Intact

5

CN6134

1-4mgi.p., day-32 and

1-4mgs.c., day—4

2-9,2-1,23,2-7,1-2

Intact

5

CN6134

0-7mgi.p., day—4

7-6,4-7,10-5,8-4,5-2

Intact

5

NCTC10390

0-7mgi.p., day-4

120,8-6,11-9,8-3,89

*Day0isthedayonwhichthekvaluesweredetermined, ti.p.=intraperitonealinjection;s.c.=subcutaneousinjection.
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there was still a marked antibody response, but the peak titre was somewhat less than in
mice not bearing tumour. Treatment with 0-2 m 2-mercaptoethanol for 30 min at 37 C
reduced the titre of the background antibody, and also of the titre 1-3 weeks after immuniza¬
tion. by 1-2 log, units. A second injection of C. parvum a month after the first in mice not
bearing tumours evoked a definite secondary response (Fig. 2).

Subcutaneous injection of C. parvum evoked little or no primary or secondary antibody
response. A few animals showed a slight increase in titre but the mean value did not rise
significantly above the control level.

T cell-deprived mice. The background level, and also the antibody response to a single
i.p. injection of C. parvum (Fig. 1), were similar to those observed in normal mice.

Tumour growth
The results are set out in Table 3.
As expected, a single i.p. injection of C. parvum 3 days after tumour inoculation markedly

inhibited tumour growth. A similar degree of inhibition occurred in mice injected i.p. with
C. parvum 28 days before and 3 days after tumour inoculation, as judged by the mean
tumour diameter, although the variance was considerably greater; a single i.p. injection
28 days prior to tumour inoculation, on the other hand, was significantly less effective.

A subcutaneous injection of C. parvum, whether or not it was preceded by an i.p. injection
28 days previously, did not significantly influence tumour growth.

Tumour growth in T cell-deprived animals was not studied in these experiments since,
as mentioned in the Introduction, it has already been reported (Woodruff et al., 1973)
that intraperitoneal injection of C. parvum inhibits tumour growth in these animals to about
the same extent as in normal mice.

Phagocytic activity
The results of the carbon clearance tests are shown in Table 4. It will be seen that an

i.p. injection of C. parvum markedly stimulated phagocytic activity, as judged by a carbon
clearance test performed 4 days later, in intact mice which had received an immunizing
injection of C. parvum 4 weeks previously, and also in non-immunized T cell-deprived
mice, though not to quite the same extent as in intact, non-immunized mice.

The mean k values in mice which were given C. parvum by s.c. injection, whether or not
this was preceded by an i.p. injection 28 days previously, did not differ significantly from the
value in the untreated controls. (Comparing groups 13 and 17,/ = 2-28, n = 19, />>G-1).

DISCUSSION

It seems clear from the findings that both the antitumour effect of C. parvum, and its effect
on macrophage activity as judged by the carbon clearance test, can occur in the presence
of high levels of antibody directed against the organism. It is difficult to assess why this
should be so. The number of organisms injected was large (about 5x 1010) and this may
have obscured any depressive effect due to the presence of antibody, but we have no direct
evidence of this. The failure of subcutaneous injection to produce a significant response in
respect of any of the parameters studied, might appear to suggest, on the other hand, that
the RE stimulatory and tumour inhibitory effects actually depend on the presence of a
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primed state towards the organism. This hypothesis is in line with the observation of
Schinitsky (1973) that BCG is effective as an immunotherapeutic agent in patients with
cancer only so long as the host can mount a strong cell-mediated response to purified
protein derivative of the organism (PPD) but, while it is consistent with the present findings,
the evidence is clearly inconclusive.

The relatively high level of antibody to C. parvum in normal untreated animals is perhaps
not surprising in view of the ubiquitous nature of the anaerobic Corynebacteria and their
high degree of serological cross-reactivity (Johnson & Cummins, 1972). It is noteworthy
that this background titre can readily be decreased by absorption of the sera with C. parvum.

The antibody response in T cell-deprived mice suggests that C. parvum behaves as a

thymus-independent antigen, but this does not seem to be true in an absolute sense since in
experiments now in progress (McBride, Dunbar & Woodruff, unpublished observations)
nude mice have so far not shown any antibody response to an i.p. injection of 1-4 mg of
C. parvum. It must, however, be stressed that the dose of C. parvum was not well tolerated
by the nude mice; no firm conclusion can therefore be drawn until further observations
have been made with smaller doses.

However, even if C. parvum does regularly fail to evoke an antibody response in nude
mice, it is not altogether surprising that it evokes a response, and especially a 19S response, in
T cell-deprived mice of the kind we have used. These animals do not produce significant
amounts of antibody in response to sheep erythrocytes (injected without C. parvum or
other adjuvant) and, as reported previously (Woodruff et al., 1973), do not reject skin
allografts, but they are by no means entirely devoid of T cells. Moreover, C. parvum can
function both as an antigen and as an adjuvant, and in its latter capacity can amplify
not only the 19S, but also the 7S response, to sheep erythrocytes in standard thymecto-
mized, irradiated and reconstituted mice (Howard, Scott & Christie, 1973). Whether this
is due to expansion of the small T-cell population in these mice or, as Howard et al. (1973)
have suggested, to some kind of T-cell by-pass mechanism, remains to be seen.

The slight reduction of both the primary and secondary antibody response to C. parvum
in tumour-bearing animals is of interest in relation to the work of James, Ghaffar and
Milne (1974), who found that prior or simultaneous inoculation of viable sarcoma cells
completely suppressed the antibody response to alum BSA, but often augmented the
response to sheep erythrocytes and Type III pneumococcal polysaccharide.

In discussing the immunogenicity of C. parvum we have so far been concerned only with
its capacity to stimulate the production of antibody capable of agglutinating a suspension
of whole organisms. The extent to which various components of the organism stimulate
production of non-agglutinating antibody is however being investigated.

Although the theoretical significance of the results reported in this paper is difficult
to assess the finding that the antitumour effect of C. parvum does not appear to be blunted
by the presence of antibody may be of therapeutic importance, because a high level of
background antibody is typically present also in humans (McBride, Tuach, Jones, Dawes
& Weir, unpublished). It raises the question, moreover, of the possible therapeutic effect
of repeated C. parvum injection. It might be hazardous to give successive intravenous in¬
jections to a patient, and, if the mouse model is a satisfactory guide, a single subcutaneous
or intramuscular injection seems unlikely to be of value; the effect of a single intravenous
injection followed by repeated subcutaneous or intramuscular injections would seem,
however, to merit investigation.
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ATTEMPTS TO CORRELATE THEIR ANTI-TUMOUR ACTIVITY
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Summary. Various strains of anaerobic coryneforms and the closely related
Propionibacteria have been compared in vivo with respect to their anti-tumour activity.
Their effectiveness has been correlated with their serological relationship and to
some extent with their ability to stimulate the lymphoreticular system. Organisms
belonging to Corynebacterium acnes groups I and II and C. avidum group IV were
active anti-tumour agents, although of varying effectiveness. These strains are
serologically closely related and all produce a soluble cross-reacting antigen. The
single C. granulosum group III strain which we tested, an unclassified coryneform,
and the classical Propionibacteria did not cross-react with the main group and had
little or no anti-tumour activity. At the high dose (0-7 mg) we used, all strains, whether
they inhibited tumour development or not, enhanced clearance of colloidal carbon
and stimulated production of an inflammatory peritoneal exudate; at lower dosage
the results were too variable to permit valid comparison. At the higher dose anti-
tumour activity ofa strain appeared to correlate best with ability to produce spleno-
megally and decrease red cell volume in the blood.

INTRODUCTION

In recent years certain anaerobic coryneforms, in particular Corynebacterium parvum, have
been extensively used as anti-tumour agents following the discovery that in mice killed
preparations stimulate cells of the reticuloendothelial system (Halpern, Prevot, Biozzi,
Stiffel, Mouton, Morard, Bouthillier and Decreusefond, 1964) and inhibit the growth of
isogeneically transplanted tumours (Woodruff and Boak, 1966; Woodruff and Dunbar,
1973).

Further investigations on the mechanism of action of these micro-organisms have been
hampered by insufficient knowledge of their bacteriological identity. Perhaps as a result,
there have been few comparative studies of the biological activities of the anaerobic coryne¬
forms and their components. Recently, however, Johnson and Cummins (1972) have
compared the bacteriology of these and related micro-organisms, and some of their

Correspondence: Dr W. H. McBride, Department of Bacteriology, University Medical School, Teviot Place,
Edinburgh EH8 9AG.
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biological properties have been described (O'Neill, Henderson and White, 1973; Wilkin¬
son, O'Neill and Wapshavv, 1973). In this study, we have concentrated on the ability ol
these organisms to inhibit tumour growth and have attempted to correlate this with
their effect upon the lymphoreticular system and with certain biochemical features of
the organisms.

MATERIALS AND METHODS

Bacteria

Organisms were obtained from the National Collection of Type Cultures, Colindale
(NCTC), the American Type Culture Collection (ATCC), and Professor C. S. Cummins
(Virginia Polytechnic and State University, Blacksburg, Virginia) as follows: Coryne-
bacterium parvum strains 10390 (NCTC), 10387 (NCTC) and 0208 (Cummins); C. acnes
strains 737 (NCTC) and 11828 (ATCC); C. anaerobium 0162 (Cummins); Propionibacterium
avidum 4982 (Cummins) and P.freudenreichii 10470 (NCTC). A formalin-killed preparation
ofC. parvum CN6134 was a kind gift from Burroughs Wellcome Laboratories, Beckenham,
Kent.

It has been suggested (Douglas and Gunter, 1946; Johnson and Cummins, 1972) that
all these organisms, and others related to them, should be placed in the genus Propioni¬
bacterium rather than Corynebacterium. In this paper we have retained the more classical
nomenclature as we feel that the weight of evidence, including that presented here, is
in its favour. However, in all other respects we accept, and use, the subdivision of coryne-
forms proposed byjohnson and Cummins (1972).

The bacteria were grown semianaerobically at 37° in horse digest broth +3 per cent
glucose. They were harvested in stationary phase, killed with formalin (0 5 per cent),
washed in saline and adjusted to 7 mg/ml dry weight.

Unless otherwise stated all animals received 0-1 ml of this preparation intraperitoneally.

Soluble bacterial extracts

Supernatants from bacterial cultures were used as sources of soluble antigen.

Serology
Antigenic relationships between the whole organisms were examined using the agglu¬

tination test described elsewhere (Woodruff, McBride and Dunbar, 1974).
Soluble antigen was detected by counterimmunoelectro-osmophoresis (CIEOP)

according to the method of Prince and Burke (1970) except that veronal buffer of ionic
strength 0-033 and pH 8-2 was used. Its ability to bind to sheep red blood cells was
assayed by passive haemagglutination as described by McBride, Jones and Weir (1974).

Animals
Adult female CBA mice (18—25 g) were used in all experiments.

Tumour
The tumour used was an isogeneic methylcholanthrene-induced fibrosarcoma in its

fifteenth transplant generation. For in vivo experiments five to eight mice were inoculated
subcutaneously with 104 viable tumour cells prepared by pronase treatment (Woodruff
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and Boak, 1966). We have taken as the index of tumour growth the sum of individual
tumour diameters measured every 2 days up to a set time (Woodruff, Dunbar and Ghaffar,
1973).

In vitro cytostasis of the tumour cells by lymphoid cells was assessed by using 125I-
labelled UdR incorporation to measure the number of proliferating tumour cells 2 days
after incubation. This technique has been described elsewhere (Ghaffar, Cullen, Dunbar
and Woodruff, 1974). Pools of lymphoid cells from one to three mice were used per ex¬
periment.

Carbon clearance
The phagocytic index, based on the rate of clearance of intravenously injected colloidal

carbon, was determined by an adaptation of the method of Biozzi, Benacerraf, Stiffel and
Halpern (1954) described by Woodruff, McBride and Dunbar (1974) although K values
are expressed omitting the multiplication factor of 100.

Measurement of splenic hypertrophy
Mice were killed by ether inhalation and the spleens removed for immediate weighing.

Collection and examination ofperitoneal exudate cells
Peritoneal exudate cells were collected by peritoneal lavage with 2-5 ml Dulbecco's

solution+10 i.u. of heparin/ml. Total and differential white cell counts were performed
on all preparations.

Packed cell volume
Blood samples were taken from the retro-orbital sinus into heparinized micro-haemato-

crit tubes. These were centrifuged for 15 minutes at 3000 g and the packed cell volume
was measured as a percentage of total blood volume.

RESULTS

ANTIGENIC RELATIONSHIPS BETWEEN ANAEROBIC CORYNEFORMS AND THEIR ABILITY

TO PRODUCE SOLUBLE ANTIGEN

The anaerobic coryneforms have been divided into four taxonomic groups on the basis
of serology, cell wall composition and DNA homology (Johnson and Cummins, 1972).
However, Table 1 (column 1) shows that antigens are shared between organisms classed
as belonging to groups I, II and IV. This was first detected by agglutination tests using
rabbit antisera. Although the results in Table 1 only refer to antisera to C. parvum 6134
(group I), identical results were obtained with antisera to 737 (group I) and 10390
(group II). Organisms that did not agglutinate with these antisera were the classical
Propionibacteria, C. parvum 10387 (group III) and the coryneform 7371, which was derived
from a culture of C. acnes 737.

Media from fresh stationary phase cultures of organisms of the main cross-reacting
homology groups I, II and IV contained considerable quantities ofsoluble cross-reacting
antigen as detected by counterimmunoelectro-osmophoresis (CIEOP). Like the whole
organisms, this reacted with antisera raised against organisms from either group I or
group II (Table 1, column 2). Most antigen preparations gave two or more precipitin lines
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Table 1

Antigenic relationships between anaerobic coryneforms and propionibacteria, and production of soluble
antigen

Group Strain Number Agglutination with Quantity of soluble Absorbed anti-10390
anti-C. acnes I antigen (log2 Ag titre) vs 10390 (log2 Ab titre)*
(log2 Ab titre)

CIEOP Passive HA Agglutination CIEOP

C. acnes I C. parvum 6134 11 (+) ( + )t 5 0
C. parvum 0208 9 8 3 5 0
C. acnes Til 10 7 6 0 0
C. acnes 6922 7 6 2 7 0
C. acnes 11827 11 6 2 5 0

C. acnes II C. parvum 10390 10 8 4 5 0
. C. acnes 11828 10 8 3 6 0

C. acnes 0147 10 6 2 5 0
C. anaerobium 0162 10 8 3 5 0

C. granulosum III C. parvum 10387 5 0 0 10 4

C. avidum IV P. avidum 4982 10 2 1 6 1

'Classical' P. rubrum 4872 0 0 0 9 2

Propionibacteria P. freudenreichii 10470 0 0 0 10 4

Coryneform 7371 3 0 0 10 4
contaminant

Controls 0--t 0 0 10 4

* Antiserum against strain 10390 was absorbed with an equal volume of packed bacterial cells of different strains
at 37° for 1 hour before testing against strain 10390.

t This strain was only available as a killed suspension; suspension medium rather than growth medium was therefore
tested for soluble antigen.

of varying strengths on immunodiffusion but all gave reactions of identity where this
could be tested. No soluble antigen could be detected in cultures of organisms that did
not cross-react with the main C. acnes group, even when antisera raised against C. parvum
10387 and P. freudenreichii 10470 were used.

All culture media containing soluble antigen also had antigen that could bind to the
surface of sheep red cells as detected by passive haemagglutination (Table 1, column 2).

Antisera against strain 10390 were absorbed with the different organisms, and
the results confirmed that there was a main cross-reacting homology group (Table 1,
column 3).

ANTI-TUMOUR ACTIVITY OF DIFFERENT CORYNEFORMS

The same preparations of the different strains of coryneforms that were tested above
were examined for their ability to inhibit tumour growth. The bacterial suspensions
(0-7 and 0-35 mg) were injected intraperitoneal!-/ into CBA mice 3 days after subcutaneous
injection of 104 fibrosarcoma cells. The results are shown in Table 2. As reported pre¬
viously (Woodruff and Dunbar, 1973), 0-7 mg and 0-35 mg of CN6134 gave significant
inhibition of tumour growth. At 0-7 mg, but not at the lower dose (0-35 mg), strain 4982
was marginally more effective. Strain 10390 also significantly inhibited tumour growth
at the higher dose (0-7 mg). Slight inhibition of tumour growth was seen with all other
strains except 10387 and 7371 which were totally inactive.

Inhibition of tumour cell proliferation in vitro was investigated using peritoneal exudate
and spleen cells from mice injected 4 days previously with 0-7 mg of the different strains
of organisms. The results, set out in Table 3, show a good correlation with the in vivo
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Table 2

Anti-tumour activity of different anaerobic coryneforms (in vivo)

Organism Sum of tumour diameters (mm)f
Dose Number

Group Strain number (mg)* of mice Observed values ls.e.| n

— — — 13 76, 77, 29, 88, 78, 82, 62,
69, 67, 90, 95, 70, 85.

74-5 9-9

C. acnes I 6134 0-7 6 45, 41, 48, 54, 28, 51. 44-5 9-8 <0-001
C. acnes I 0208 0-7 3 57, 40, 64. 53-7 30-5 <0-1
C. acnes II 10390 0-7 6 48, 32, 56, 49, 50, 53. 480 8-7 <0-002
C. acnes II 11828 0-7 5 62, 48, 37, 63, 46. 51-2 13-9 <0-02
C. acnes II 0162 0-7 6 52, 54, 62, 57, 56, 40. 53-5 7-7 <0-01
C. granulosum 10387 0-7 6 93, 82, 81, 67, 80, 81. 80-7 8-7 n.s.

C. avidum 4982 0-7 6 38, 44, 47, 45, 20, 0. 32-3 19-5 <0-001
Propionibacterium 10470 0-7 7 68, 58, 58, 53, 58, 77, 51. 60-4 8-3 <0-1
Coryneform 7371 0-7 7 90, 74, 79, 88, 70, 68, 63. 76-0 90 n.s.

C. acnes I 6134 0-35 7 48, 57, 21, 37, 39, 24, 39. 36-4 12-0 <0-01
C. acnes II 103901" 0-35 7 53, 51, 61, 77, 60, 53, 45. 57-1 9-5 <0-05
C. avidum 4982 0-35 7 77, 59, 28, 49, 42, 55, 70. 54-3 15-4 <0-05

n.s. = Not significant.
* Bacteria were injected intraperitoneally.
f Individual tumour diameters were measured at intervals and the sum of these values used as an index of tumour

growth.
J The significance of the results (P values) was determined by the standard two-tail /-test method, X denotes

group mean sum, / s.e. denotes Student's function / x standard error.

Table 3

Anti-tumour activity of different anaerobic coryneforms (in vitro)

Organism Spleen cells Peritoneal cells
Number

Group Strain number of cultures Ratio CI* ft Ratio CI* ft

5 400:1 0 40:1 0
5 200:1 0 — 20:1 0
5 100:1 0 — 10:1 0

C. acnes I 6134 4 400:1 94 <0-01 40:1 97 <001
4 200:1 78 <0-01 20:1 96 <001
4 100:1 24 <0-05 10:1 80 <001

C. acnes II 10390 5 400:1 76 <0-01 40:1 20 <005
5 200:1 12 n.s. 20:1 18 <005
5 100:1 -81 <0-01 10:1 -7 n.s.

C. granulosum III 10387 4 400:1 43 <0-05 40:1 15 n.s.

4 200:1 -58 <0-01 20:1 25 <005
4 100:1 -8 n.s. 10:1 25 <0-05

C. avidum IV 4982 4 400:1 91 <0-01 40:1 85 <001
4 200:1 41 <0-01 20:1 39 0-01
4 100:1 -62 <0-01 10:1 7 n.s.

Propionibacterium 10470 4 400:1 39 <0-01 40:1 6 n.s.

4 200:1 -22 <0-1 20:1 5 n.s.

4 100:1 -52 <0-1 10:1 -14 n.s.

Coryneform 7371 5 400:1 -2 n.s. 40:1 -11 n.s.

5 200:1 - 100 <0-01 20:1 2 n.s.

5 100:1 -24 n.s. 10:1 -34 n.s.

n.s. = Not significant.
* CI = cytostatic index.
f The significance of the results (P values) were determined by the standard two-tail /-test method.
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tumour experiments. As discussed elsewhere, negative values suggest stimulat of cell
proliferation (Fidler, 1973). Strain 6134 was highly effective in stimulating vtotoxic
cells at all effector:target cell ratios tested. Strains 4982 and 10390 stimulateu effector
cells which were cytostatic at high effector:target cell ratios whereas, by comparison,
10387, 7371 and 10470 had little effect.

OTHER BIOLOGICAL ACTIVITIES OF THE CORYNEFORMS

One of the most striking effects of the anaerobic coryneforms is their ability to stimulate
cells of the reticuloendothelial system (Halpern et al., 1964). To investigate the relation¬
ship of this to an anti-tumour effect, groups ofsix CBA mice were injected intraperitoneally
with the different strains of coryneforms and their spleens weighed 10 days later. The
packed cell volume (PCV), which is probably closely linked to splenomegaly (McBride,

Table 4

Effect of different anaerobic coryneforms on packed cell volume and spleen weight

Organism Packed cell volume (day 10)* Spleen weight (day 10)*

Group Strain number Per cent /. s.e.t n mg /. s.e.f Pi

49 0-9 49 9
C. acnes I 6134 34 4-5 <0-01 328 29 <0-01
C. acnes I 0208 41 7-4 n.s. 307 32 <001
C. acnes II 10390 33 1-9 <0-01 324 39 <0-01
C. acnes II 11828 32 4-3 <0-01 311 109 <001
C. acnes II 0162 36 0-6 <0-01 291 50 <0-01
C. granulosum III 10387 47 1-9 n.s. 67 19 n.s.

C. avidum IV 4982 33 2-5 <0-01 353 77 <001
Propionibacterium 10470 38 3-1 <0-01 85 31 <0-05
Coryneform 7371 47 1-2 n.s. 77 11 <0-01

n.s. = Not significant.
* Values measured 10 days after i.p. injection of bacteria.
t The significance of the results (P values) were determined by the standard two-tail /-test method,

/. s.e. denotes Student's function /X standard error.

Table 5

Enhanced carbon clearance and peritoneal exudate population after injection of different
anaerobic coryneforms

Phagocytic index Phagocytic index
Organism (day 4) (day 10) PEC x 106 (day4)t

Group Strain number K" t. s.e.t Pi K* t. s.e.t Pi Number t. s.e.t Pi
— — 0-02 0-006 — 0-01 0-004 — 3-1 0-71 —

C. acnes J 6134 007 0-01 <001 0-04 0-02 <0-01 5-9 1-69 <0-01
C. acnes II 10390 0-06 0-01 <0-01 — — — 3-9 0-93 <0-1
C. granulosum III 10387 008 0-01 <0-01 0-07 0-05 <0-01 5-8 0-61 <0-01
C. avidum IV 4982 0-08 0-02 <0-01 0-05 0-02 <0-01 3-9 1-29 n.s.

Propionibacterium 10470 010 0-04 <0-01 — — — 6-0 1-25 <0-01
Coryneform 7371 008 0-02 <0-01 0-04 0-01 <0-01 7-3 1-76 <0-01

n.s. = Not significant.
* K = phagocytic index.
t The significance of the results (P values) were determined by the standard two-tail t-test method, /. s.e.

denotes Student's function / x standard error.

J PEC denotes total peritoneal exudate white cell count.



Table6
Summaryofresults

Organism

Cross-reactivity-
Anti-tumouractivity

Splenomegaly
Decrease in PCV*

Phagocytic index

Increase in PEC

GroupSlrainnumber

Invim

Invitro

C. acnesI

6134

4-4-

4-4-4-

4-4-4-

4-4-4-

4-4-4-

4-

4-

C.acnesI

0208

4-4-

4-4-

n.d.

4-4-4-

4-

4-

n.d.

C. acnesII

10390

++

4-4-4-

4-4-

4-4-4-

4-4-4-

4-

+

C.acnesII

11828

4-4-

4-4-

n.d.

4-4-4-

4-4-4-

n.d.

n.d.

C.acnesII

0162

4-4-

4-4-

n.d.

4-4-4-

4-4-

n.d.

n.d.

C.granulosum

10387

—

—

+

—

—

4-

4-

C.avidum

4982

4-4-

4-4-4-

4-4-4-

4-4-4-

4-4-4-

4-

+

Propionibacterium
10470

—

+

+

+

4-4-

4-

4-

Coryneform

7371

—

-

±

—

4

4-

n.d.=Notdone.
*PCV=Packedcellvolume, tPEC=totalperitonealexudatewhitecellcount.
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Jones and Weir, 1974), was also measured at this time. The results are set out in Table
4. It can be seen that there is a fairly good correlation between a drop in packed cell
volume, splenomegaly and the anti-tumour activity of the organisms. The most effective
organisms were strains 6134, 4982 and 10390. Strains 10387, 10470 and 7371 were relative¬
ly ineffective.

We also examined the effect of the different strains oforganisms on clearance of colloidal
carbon from the blood, and their capacity to induce an inflammatory peritoneal exudate.
At a dose of 0-7 mg all strains were found to increase the phagocytic index either 4 days
or 10 days after injection to about the same extent (Table 5). Moreover, there was no
correlation between their anti-tumour activity and the extent of the inflammatory peri¬
toneal exudate induced after four days.

At lower dosage (0-35 and 0-175 mg) the effect on phagocytic index was variable with two
of the three organisms tested (strains 10387 and 7371), which show weak or absent anti-
tumour effect, as compared with strain CN6134 which has marked anti-tumour activity.

A summary of all the results is given in Table 6.

DISCUSSION
Until recently a major problem in comparing the biological effects of different strains

of anaerobic coryneforms has lain in establishing the taxonomic identity and relation¬
ships of many of the organisms. This has been partly alleviated by Johnson and Cummins
(1972), who divided the strains into four groups on the basis of serology, cell wall composi¬
tion, and estimates of DNA homology. Recent comparative studies have used this classifi¬
cation to good effect (O'Neill et al., 1973; Wilkinson et al., 1973).

In this study we have shown that coryneforms of all the groups, with the possible ex¬
ception ofgroup III, appear to be serologically closely related and are antigenically distinct
from the classical Propionibacteria (Table 6).

All strains of the serologically related groups of coryneforms produce a soluble cross-
reacting antigen towards the end of the growth cycle. It is antigenic as detected on counter-
immunoelectro-osmophoresis using antisera to any of the related organisms. Moreover,
it binds to red blood cells as detected by passive haemagglutination using the same antisera.
As reported elsewhere (Dawes, Tuach and McBride, 1974), it is an acidic polysaccharide
and clearly represents a major cell wall component.

As an initial attempt to relate structural and bacteriological properties of the coryne¬
forms to their anti-tumour effectiveness, those strains of bacteria which had been compared
serologically were examined for biological activity. In the system used, the three strains
6134, 4982 and 10390 were particularly active as inhibitors of tumour growth in vivo. They
belong to the cross-reacting groups I, IV and II respectively. The other members of these
groups that we tested were also effective but to a lesser extent. Only two organisms, 10387
and 7371, had no effect on tumour growth in vivo. Woodruff and Dunbar (1973) have
previously reported some anti-tumour activity with strain 10387 at a higher dose than
that used here. However, this strain is apparently mixed (O'Neill, Henderson and White,
1973), and the discrepancy is probably the result of the preponderance of different organ¬
isms in different batches. A single batch of 10387 was used throughout the work reported
in this paper; the results are therefore internally consistent though not necessarily com¬
parable with other experiments using the same designated strain. Neither this batch of
10387, nor 7371, the other ineffective organism, was serologically similar to the active
group, and the other non-cross-reacting organism tested, P. freudenreichii, displayed only
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minimal anti-tumour activity. Although the strains vary in their activity, it would appear
from our results, that to be effective an anaerobic coryneform may have to belong to the
main serologically cross-reacting groups (Table 6). Identical conclusions can be drawn
from the results of the in vitro tumour assay.

A comparison of other biological properties of the different strains was carried out in an
attempt to locate a cellular response to the bacteria which may be the mediator of the
anti-tumour effect.

The ability of the different strains to produce splenomegaly and decrease blood packed
cell volume 10 days following injection appeared to correlate well with their anti-tumour
effect.

In contrast, all strains tested increased the rate of clearance of colloidal carbon from the
blood stream when-measured either 4 or 10 days later. This differs from other published
results (O'Neill et al., 1973; Woodruff and Dunbar, 1973), in which different doses were
used. As Woodruff and Dunbar (1973) have found, the phagocytic index, unlike spleno¬
megaly, is highly dependent upon the dose of organisms, which may perhaps explain the
discrepancy. Nor was there any correlation at a dose of 0-7 mg between the anti-tumour
activity of a particular strain and its ability to induce an inflammatory peritoneal exudate
4 days later, if anything the reverse, although we have not investigated the possibility
that cells could be lost from the peritoneal cavity at this time, as occurs following admin¬
istration of endotoxin or double-stranded RNA (Parr, Wheeler and Alexander, 1973).

At present we do not know how the 'active' coryneforms stimulate tumour immunity.
In our system we have evidence that the macrophage may be important, as C. parvum
is an effective anti-tumour agent in T-cell deprived mice (Woodruff, Dunbar and Ghaffar,
1973). In addition glass-adherent cells seem to be responsible for tumour cell killing
in vitro (Ghaffar et al., 1974). The way in which these active cells are generated is also
unknown. A pre-existing state of immunity to C. parvum may be a pre-requisite (Woodruff
et al., 1974), or alternatively the bacteria may stimulate the macrophages directly. As yet
it would be premature to speculate on a role for the soluble, cell-attaching, polysaccharide
antigen. Wilkinson et al. (1973) have shown that these organisms can produce an as yet
unidentified product which can stimulate serum-independent macrophage chemotaxis. It
would be of interest to know if this were the same as the soluble antigen.
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Abstract—A major cell wall antigenic component of Corynebacterium parvum 10390 is a water-soluble
acidic polysaccharide. A radioimmunoassay, based on a modification of the Farr technique, was
developed to measure the primary binding of this antigen to antibody. Binding characteristics and
inhibition data indicated that the antigen is heterogeneous and that N-acetylglucosamine and either
acetate or pyruvate contribute to the antigenic determinants.

The anaerobic coryneforms have been classified into 4 groups (Johnson & Cummins. 1972) and the
relationship of organisms within these groups and to the classical propionibacteria has been further
investigated by radioimmunoassay and inhibition of binding of the soluble antigens. It was concluded
that organisms from Groups I produce antigen that has all the determinants present on the Group II
polysaccharide, but that the binding of the components to the cell surface may differ in the two groups.
Strains classified in Groups II and IV share at least one antigenic determinant, but differ in others.
There is no cross-reactivity between these major antigens of C. parvum 10390 and the classical
propionibacteria.

INTRODUCTION

Corynebacterium parvum strains display a range of
biological properties which apparently result from
non-specific stimulation of the reticuloendothelial
system (Halpern et al„ 1964; McBride et at., 1974).
This property appears to be associated with the cell
wall and is possessed by those strains that are
antigenically closely related and that release from
the cell wall soluble antigenically cross-reacting
material (McBride et al., 1975).

The soluble cell wall material has recently been
purified and some of its physical, chemical and
immunological properties have been described
(Dawes et al., 1974). It is an acidic polysaccharide
of mol. wt 100,000-150,000 and contains galactose,
glucose, fucose, N-acetylgalactosamine, N-
acetylglucosamine, uronic acids, sialic acid and a
small proportion of amino acids. Its combination
with antibody can be assayed by a variety of
secondary techniques, including the precipitin
reaction, passive haemagglutination and counterim-
munoelectroosmophoresis. However, secondary
methods are not sufficiently sensitive for the
detection of immunodeterminant groups by inhibi¬
tion methods, nor sufficiently specific for analysis
of sera with apparently high natural background
antibody levels to this antigen. It was, therefore,
necessary to develop a primary assay of
antigen-antibody binding.

In this paper, we describe a method for labelling
acidic polysacchrides such as this antigen with l23I.
The Farr technique (Farr, 1958; Minden & Farr,
1973) was adapted to measure its primary binding to
antibody and compared with the secondary
methods of assay available. The antigen from C.
parvum 10390 was labelled and its cross-reactivity

* Present address: Microbiology Department, School of
Agriculture, West Mains Road, Edinburgh, EH9 3JG,
Scotland.

with antigens from other anaerobic coryneforms
was investigated, both by inhibition studies and by
determining its binding to antisera raised against
these strains. Finally, on the basis that the
predominant antigenic determinants of a polysac¬
charide are frequently monomers or small oligom¬
ers (Heidelberger, 1956), the ability of selected
monosaccharides and organic acids to inhibit
binding of antigen to antibody was investigated.

MATERIALS

Bacteria
The sources and culture of anaerobic coryneforms were

described by McBride et al. (1975). Listeria
monocytogenes strains 5105. 7973 and 10357 were
obtained from the National Collection of Type Cultures,
Colindale, and grown in the same way as Corynebac¬
terium parvum.

Preparation of antigen
Soluble antigen was purified from the supernatants of

stationary phase cultures of anaerobic coryneforms by
chromatography on Sephadex G-200 (Pharmacia. G. B.
Ltd.. London, England) as described by Dawes et al.
(1974). Traces of contaminating protein were removed by
precipitation with 50% ethanol. The antigen, which is
almost exclusively carbohydrate, was precipitated with
70% ethanol and redissolved in 0-2 M borate buffer (pH
9 0). The antigen content of fractions was assayed by
counterimmunoelectroosmorphoresis (Dawes et al.,
1974).

Secondary antibody assays
The latex agglutination (Woodruff et al., 1974), passive

haemagglutination (McBride et al., 1974) and counterim-
munoelectroosmorphoresis (CIEOP) (Dawes et al., 1974)
tests for coryneform antigens are described elsewhere.

Antisera
Saline suspensions of formalin-killed organisms (7 mg

dry weight) were injected intravenously into New Zealand
White rabbits. A week later booster injections of 3-5 mg
dry weight were given; these were repeated every 3 days

855
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for 3 weeks. Sera were taken 2 weeks after the last

injection. Antisera to C. acnes strains 554 and 605 were
obtained from Difco. East Molesey. Surrey, England.

EXPERIMENTAL

Preparation of radioactive antigen
,25I-Iabelled antigen was prepared using a modification

of the method of Keck (1972).
The antigen was dissolved in 0-2 M borate buffer, pH

9 0, to a concentration of 1 mg/ml. Solutions of 01 Af
tyramine hydrochloride (500/xl) and 01 M sodium
metaperiodate (10/xl) in the same buffer were added to
1 ml of antigen in solution. The mixture was kept in the
dark for 3 hr at room temperature. Although the antigen
was rather resistant to periodate (Dawes et ai, 1974), these
conditions could be used to introduce tyramine groups
into the molecule without detectable loss of antigenicity
as measured by CIEOP. The product was reduced by
adding 4 mg sodium borohydride. After 1 hr at room
temperature the modified antigen was extensively dial-
ysed against 0 07 M phosphate buffer (pH 7-5) containing
0-9% NaCl. The degree of tryamine substitution (approx
10 /xg/mg) was calculated from the increased absorption at
280 nm in a Unicam SP500 spectrophotometer.

The tyraminyl polysaccharide was labelled with ,25I as
described by Hunter (1973) but using 1 mCi l25I/mg
antigen and 200 /xg/ml chloramine T (British Drug Houses,
Ltd.). Following iodination, the fraction precipitated
between 50% and 70% ethanol was taken and dissolved in
0 08 M veronal buffer (pH 8-6) containing 10 mM EDTA.

The labelled antigen was separated from low mol. wt
breakdown products on Sephadex G25 (Fig. 1). The
antigenic fraction was shown to be labelled by autoradiog¬
raphy following CIEOP against positive sera.

Radioimmunoassay
The Farr (1958) technique, which depends upon the

differential solubilities of labelled antigen and
antigen-antibody complexes in ammonium sulphate, was
adapted to measure the primary binding of the ,25I-antigen
to antibodies. Although the antigen is soluble in 45%
ammonium sulphate alone, preliminary investigations
showed that in the presence of 1-2 mg protein/ml more
than 50% was precipitated in most buffers. This high
background could not be significantly reduced by prior
incubation of the serum with unlabelled antigen nor by
absorption of serum with a killed preparation of whole
organisms, and it appeared that the antigen was nons-
pecifically coprecipitating with protein. It was found that
the background could be minimised by using 0 08 M
veronal buffer, pH 8-6, containing 10 mAf EDTA, and by
washing the precipitates twice before counting. In
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Fig. 1. Sephadcx G25 profile showing radioactive frac¬
tions (• •) which was eluted with saline (0-85%) at a
flow rate of 25 ml/hr from the column, *Ag is eluted in the

first peak.

addition, because the background counts varied with the
amount of protein precipitated, calculations were per¬
formed on the basis counts/sec/mg protein. The final
technique was as follows.

Antisera were diluted 1 :20 in veronal-F.DTA and serial
dilutions made in normal rabbit serum (5 mg protein/mil to
a final volume of 250 ql. lrT-antigen (I fxg) in 250 /al
veronal-EDTA was added to each tube, and the samples
were incubated at 37° for 1 hr. An equal volume of 9092
saturated ammonium sulphate was then added, and after
thorough mixing the tubes were maintained at 0° for
30 min. The precipitates were removed by centrifugation at
2000 g for 30 min, washed twice with 1 ml 45% saturated
ammonium sulphate and counted in a Nuclear Enterprises
'Gammamatic'. They were then dissolved in 0-5 ml 1 M
NaOH and their protein content determined spec-
trophotometrically (Layne, 1957).

With the antigenic preparations used only 50-60% of
the label could be specifically precipitated in the presence
of excess homologous antiserum. This figure represented
the total available antigen. The number of counts/sec/mg
protein bound nonspecifically was subtracted from the
experimental values, and these were expressed as a
percentage of the total counts available for specific
binding. Corrections were made for background counts
where this was appropriate.

For inhibition studies, inhibitor was preincubated with
the antiserum dilutions for I hr at 37° before labelled
antigen was added. The percentage of labelled antigen
bound was assessed as above.

RESULTS

The primary binding curve of C. parvum 10390
soluble antigen to rabbit antiserum prepared against
the whole organism is shown in Fig. 2. It has a
noticeably shallow slope, particularly in the region
of antigen excess. With this shape of binding curve
the antigen binding capacity (ABC) of a serum will
be highly dependent upon the end point chosen and
the experimental values used to calculate it. For the
serum used here the ABC-33% is 1 -63 mg '"I-
antigen bound per ml undiluted serum (experimen¬
tal values in antigen excess), and the ABC-50% is
0-88 mg/ml (values in antibody excess). The rela¬
tively anomalous behaviour of the binding curve
does not however invalidate the use of the Farr

technique. ABC values can still be calculated
provided that a reproducible binding curve is
obtained. Nor does it invalidate the usefulness of
the method in the inhibition studies to be described
here.

The anaerobic coryneforms have been classified
by Johnson & Cummins (1972) into 4 groups, partly
on the basis of the serological relationships
between their cell walls. The Farr technique was
used to determine whether cross-reactivity be¬
tween soluble antigens from, and sera against,
members of the different groups supported this
classification.

Radioimmunoassay of 1251-antigen (10390) using
antisera against different strains

The binding of C. parvum 10390 (C. acnes Group
II) '25I-antigen by rabbit antisera to C. acnes Group
I organisms (strains 737 and CN6134), C. avidum
4982 and the related Propionibacterium thoenii
4872 and P. freudenreichii 10470 is shown in Fig. 2.
All sera tested agglutinated their homologous
organisms to a high titre (greater than log2 6).
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Fig. 2. The binding of *Ag from C.parvum 10390 by rabbit antisera to 10390 (• • ): 737 (A • A):
4982 (O— O): 6134 (■——■): and 10470(0 O). Anti-4872.605 and 554 were all negative (< 5%).

Approximately 60% of the 10390 '"i-antigen was
bound by antisera to strains 737 and CN6134
(Group I) and 4982 (Group IV). There was only
minimal binding of 10390 '"i-antigen by anti-10470
(P. freudenreichii) and none with antisera to strain
4872 (P. thoenii). 'Difco' typing sera prepared
against the unclassified C. acnes strains 554 and 605
were also negative. Anti-554 is known to aggluti¬
nate C. parvum 6134 (Group I) but no 10390
(Group II).

Comparison of primary and secondary assays
The antisera prepared against different anaerobic

coryneforms were all tested against the C. parvum
10390 antigens in bacterial agglutination, passive
haemagglutination and CIEOP. The bacterial ag¬
glutination and passive haemagglutination assays
are sensitive tests for antibody (Table 1), but
CIEOP is not, and is more useful for measuring
antigen concentration.

The logj titres obtained in these secondary assays
show a rough correlation with the values obtained
by radioimmunoassay. However, there are several
significant differences. Sera with similar binding
capacities in the Farr technique such as anti-737,
anti-6134 and anti-4982, do not necessarily give the
same titres in secondary tests. Moreover, antisera
to strains 4872, 554 and 605, none of which reacted
in the primary assay, gave low titres in both
agglutination tests, even after correction for titres
given by normal rabbit serum.

Inhibition of radioimmunoassay with culture super -

natants

The supernatants from stationary phase cultures
of different anaerobic coryneforms were tested for
their ability to inhibit the primary binding of C.
parvum 10390 l2'l-antigen by anti-10390. Supernat¬
ants were titrated against anti-10390 in CIEOP. and
standardised to the same concentration where
possible; supernatants with low titres were used
undiluted. At an antiserum concentration that
bound 60-70% of the 10390 '"i-antigen, supernat¬
ants from all strains classified in Groups I and II
completely inhibited the reaction (Table 2). All
these strains therefore produce soluble antigen
which completely cross-reacts with that from strain
10390. With supernatants from anaerobic
coryneforms in Groups III (10387) and IV (4982), as
well as from classical propionibacteria, (4872.
10470) and Listeria monocytogenes strains, there
was very little inhibition. In fact, in all cases other
than those of strains 4982 and 10387 it was probably
negligible.

Full inhibition curves were obtained with
selected culture supernatants (Fig. 3). Supernatants
from both C. parvum 10390 (Group II) and C. acnes
737 (Group I) gave inhibition curves characteristic
of fully cross-reacting, but possibly heterogeneous
antigens. Some inhibition was obtained with the
strain 4982 supernatant, but as the concentration
of antigen in this supernatant which reacts with
anti-10390 antiserum is very low (see Table 2), it
was not possible to determine whether incomplete

Table 1. A comparison of primary and secondary assays for C. parvum 10390

Farr'" Agglut.n'2' Haemagglut.n'2' CIEOP'2'
Antiserum Group test litre™ titre1" litre'"

anti-737 I + 6 8 3
anti-6134 I + 3 5 1
anti-10390 II + + 8 9 3
anti-4982 IV + 2 4 0
anti-4872 P. thoenii - 4 5 0
anti-10470 P. freuden. ± 0 2 0
anti-554 I - 4 5 0
anti-605 ? - 4 3 0

from Fig. 2.
121

see Methods.
<3> Log2 Ab titre with normal serum background subtracted, i.e. log;3 for agglutination and

log;l for haemagglutination.

IMM Vol. 12, No. 11—B
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Table 2. Maximum inhibition of binding of 10390 *Ag to anti-10390 by culture supernatant;.

Supernatant Group
Anti-10390

titre*(CIEOP)
Percent

inhibition Supernatant Group
Anti-10390

titre*(C!EOP)
Percent

inhibition

737 1 8 98 10387 III 0 11
0208 I 8 100 4982 IV 2-5 16

6922 I 8 94 4872 P. thoenii 0 7
11827 I 8 96 10470 P. freudenreichii 0 4
10390 II 8 97 10357 L. monocytogenes 0 0
11828 II 8 93 5105 L. monocytogenes 0 6
0147 II 8 90 7973 L. monocytogenes 0 6
0162 II 8 100

* log., Ag titre.

Percent
inhibition
ol *Ag
binding

50

5 20 80 320

Reciprocal supernatant ! Ag I dilution

Fig. 3. Inhibition of the binding of *Ag from C.parvum 10390 to rabbit anti-10390 by supernatants from
cultures of 10390,737 and 4982.

inhibition was obtained because cross-reaction was

slight or because insufficient fully cross-reacting
ihhibitor was present.

Inhibition of radioimmunoassay with sugars and
organic acids

The C. parvum 10390 soluble antigen is an acidic
polysaccharide. Many of its major components are
known, but those responsible for the acidic
character of the molecule have not been fully
analysed. Various monosaccharide constitutents of
the antigen and several organic acids, as well as
other naturally occurring and well characterised
acidic polysaccharides, were therefore investigated
in an attempt to determine the chemical nature of
the antigenic determinants. Solutions were care¬

fully standardised to pH 8 before use, as the
inhibition characteristics were strongly pH-
dependent.

No inhibition was obtained with any of the acidic
polysaccharides tested. Many of the monosac¬
charides gave less than 10% inhibition at a
concentration of 250 mM (Table 3);these results
were regarded as negative. However, N-
acetylglucosamine inhibited the primary binding by
37%, and the 10% inhibition given by glucose and
glucosamine is probably a reflection of this.
Mannuronic acid inhibited by 14% and may be a
minor antigenic determinant. The organic acids
acetate (40%) and pyruvate (42%) were the most
effective inhibitors, with succinate inhibiting by
12%. In view of the similarity of their structures,

Table 3. Inhibition of binding of 10390 *Ag to anti-10390 by sugars and organic
acids

Percent"' Percent
Inhibitor"' inhibition Inhibitor inhibition

Glucose 10 Glucuronic acid 8
Galactose 8 Galacturonic acid 0
Mannose 3 Mannuronic acid 14
Fucose 3 Muramic acid 0
Glucosamine 10 Acetate 40
Galactosamine 8 Pyruvate 42
N-acetylglucosamine 37 Succinate 12
N-acetylgalactosamine 0 Alginate 0
N-acetylneuramic acid 3 Heparin 0
KDO"' 0 Hyaluronic acid 0

250 mM concentration.
Mean of 3 experiments.
2-Keto-3-deoxy-octonic acid.
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simultaneous inhibition by acetate and pyruvate
was examined: it was not additive. On the other
hand, when N-acetyiglucosamine and acetate were
added to the same radioimmunoassay the inhibition
increased to 60%.

The major antigenic determinants on the purified
C. parium 10390 soluble antigen would therefore
appear to contain N-acetylglucosamine and either
acetate or pyruvate.

DISCUSSION

The primary binding of C. parvum soluble
antigen, a complex acidic polysaccharide, by rabbit
antiserum has been measured using a modification
of the Farr technique. The binding curve has an
unusually shallow slope, and resembles those found
with antigenic digests of Vibrio cholerae (Freter,
1962), polymerised BSA (McBride, 1974) and
heavily haptenated proteins (Brownstone et al.,
1966; Hatcher & Makeia, 1972). There is no
completely satisfactory explanation for the occurr¬
ence of this shape of curve, but it has been
suggested that a flat slope is a reflection of a
heterogeneous display of binding sites, some of
them relatively inaccessible (Brownstone et al.,
1964).

Antisera prepared against different strains of
anaerobic coryneforms and related propionibac-
teria were tested for their binding of C. parvum
10390 soluble antigen. The range of cross-reactivity
was in accord with the data of Johnson & Cummins
(1972), was classified the anaerobic coryneforms
into 4 groups, partly on the basis of serological
relationship. We were able further to clarify these
serological relationships. Antisera against C. par¬
vum CN6134 and C. acnes 737 (Group I), and C.
avidum 4982 (Group IV) did recognise the C.
parvum 10390 (Group II) antigen, but only bound
60% of the antigen which would react with
anti-10390 antiserum. Thus although the 10390
antigen carries determinants shared with these
other strains, cross-reactivity is not complete.
Antisera against the classical propionibacteria and
the 'Difco' typing sera prepared against unclassified
C. acnes strains did not bind significant amounts of
10390 antigen.

As secondary assays have been routinely used to
detect the reaction of C. parvum strains with
antibody (Johnson & Cummins, 1972; McBride et
al., 1975), the validity of passive haemagglutination,
bacterial agglutination and CIEOP was assessed by
comparison with the primary assay. There was a
good qualitative correlation between primary and
secondary assays with positive sera of high titre.
However, sera with similar primary binding
capacities did not necessarily give the same titres in
secondary tests. This may be a consequence of
differences in antibody type, with the anti-737
serum, for example, containing more agglutinating
antibody than the anti-4982 serum.

Alternatively, as the labelled antigen is a purified
fraction, these differences in titre may represent
binding of antibody to other antigenic determinants
on the bacterial cell. The finding that antisera to
strains which did not react in the primary assay
gave low titres in both agglutination tests may be a

further reflection of responses to different cell
antigens.

Inhibition of the binding of 10390 soluble antigen
to anti-10390. using culture supernatants from a
variety of strains, yielded further indications of
antigenic variation on the bacterial surface. Super¬
natants from all strains classified in Groups I and II
completely inhibited the reaction.

In contrast, antisera against whole 737 (Group I)
organisms only bound 60% of the 10390 antigen. It
would appear therefore that some of the cross-
reacting antigenic determinants may not be fully
exposed on the C. acnes strain 737 organisms. Thus
the results can be explained on the basis that the
two strains carry a similar, antigenically identical
polysaccharide with more than one antigenic
determinant, and that the polysaccharide is bound
to the cell surface in different ways so that in strain
737, at least one of the determinants is masked.
Less information could be obtained about C.
avidum 4982. Antisera to 4982 bound 60% of 10390
soluble antigen and therefore there is some degree
of cross-reaction. However, culture supernatant
from 4982 inhibited the binding of 10390 antigen to
anti-10390 by only 15%. Because of the low titres
given by this supernatant in CIEOP with antisera to
both 10390 and 4982, it seems likely that this strain,
for some unknown reason, releases only a small
quantity of soluble antigen. However, we can not
rule out the possibility that strain 4982 has only one
or a few strongly antigenic determinants in
common with 10390. The classical propionibacteria
did not produce soluble substances capable of
cross-reaction with the C. parvum 10390 soluble
antigen, though they may carry minor antigenic
determinants in common with the whole organism.

Inhibition studies with monosaccharides and

simple organic acids supported the contention that
the C. parvum 10390 soluble antigen carries more
than one major antigenic determinant. These are
contributed to by N-acetylglucosamine, and either
acetate or pyruvate. It must be borne in mind that
labelling of the polysaccharide under the condi¬
tions used may have destroyed certain components
of antigenic determinants such as uronic acid.

In summary, therefore, it is proposed that the C.
parvum 10390 (Group II) soluble acidic polysac¬
charide is antigenically heterogeneous, with at least
two major antigenic determinants. Strains in Group
I produce a polysaccharide carrying the same
antigenic determinants, but in the whole organism
at least one of them may be masked. The Group IV
strain C. avidum 4982 and C. parvum 10390 are
partially cross-reacting, with at least one major
antigenic determinant in common. Further investig¬
ation of the detailed structure of the soluble antigen
coupled with inhibition studies of primary binding
will clarify the chemical nature of these cross-
reacting determinants.
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Corynebacterium parvum strain 10390 is an antitumor agent and stimulant of
the reticuloendothelial system and produces a soluble antigen towards the end of
its growth cycle. This material, which is a cell wall component and can also be
released from the organism by acid or alkaline hydrolysis, has been purified. It is
an acidic polysaccharide of molecular weight 100,000 to 150,000 and contains
galactose, glucose, fucose, ^-acetylgalactosamine, Af-acetylglucosamine, uronic
acids, sialic acids, and a small proportion of amino acids. The antigen gives a
precipitin reaction with antisera raised against the whole organism and also
binds to animal cells. The antigenic determinants are extremely resistant to
oxidation, reduction, and enzymatic and chemical hydrolysis, but the single
cell-binding site is destroyed by alkali and also by Helix pomatia digestive juice,
alginase, and neuraminidase without substantially affecting the molecular
weight. This site is inaccessible until the molecule is released from the cell
surface. The possibility that the soluble antigen is the biologically active fraction
of C. parvum is discussed.

Certain anaerobic coryneforms, in particular
Corynebacterium parvum, have recently been
intensively investigated as antitumor agents
(22, 23) and stimulants of the mononuclear
phagocyte system (6, 14, 21). These properties
appear to be associated with the cell wall (15).

Recently, the anaerobic coryneforms have
been divided into four groups on the basis of
cell wall composition, deoxyribonucleic acid
homology, and serological relationships (8).
However, investigations into the biological ef¬
fects of various strains have indicated that

activity is not restricted to any one group of
organisms (14, 21) but may be a property of
those strains that are antigenically closely re¬
lated and release soluble, cross-reacting mate¬
rial' from the cell wall (W. H. McBride, J.
Dawes, N. Dunbar, A. Ghaffar, and M. F. A.
Woodruff, Immunology, in press). The produc¬
tion, quantitation, and purification of this anti¬
gen, as well as some of its physical, chemical,
and immunological properties, are described
here.

MATERIALS AND METHODS

Organism. C. parvum 10390 was obtained from the
National Collection of Type Cultures, Colindale,
England. Unless otherwise stated, cultures were

grown in beef digest broth plus 3% glucose at 37 C.
The broth was prepared as follows. One kilogram of
defatted minced steak was steamed in 7 liters of

water. Anhydrous Na,CO, (25 g) was added, the pH
was adjusted to 8.0 with 1 N NaOH, and the mixture
was incubated with 35 g of pancreatin at 60 C for 6 h.
Concentrated HC1 (40 ml) was added, and after
steaming for 1 h the digest was left overnight at 4 C.
The supernatant was filtered, 70 g of proteose peptone
(Difco) was added to the filtrate, the pH was adjusted
to 8.0 with 10 N NaOH, and 8.78 g of CaCl, was
added. The solution was steamed, filtered, and finally
adjusted to pH 7.4 with 1 N HC1 and autoclaved.
Sterile 20% glucose solution was added to a final
concentration of 3*7. Bacteria were gTown in sealed
bottles without shaking; incubation under completely
anaerobic conditions was unnecessary. Cultures were
harvested in late stationary phase, and the superna¬
tant was used as source of soluble antigen. Bacteria
were washed in 0.9% NaCl, killed by exposure to 0.57c
formalin for 24 h at 4 C, washed four times to remove

formalin, and resuspended in 0.9% NaCl at a final
concentration of 7 mg/ml (dry weight). This corre¬
sponds to approximately 3 x 10" organisms/ml.

Viable counts were measured on blood agar after
incubation in an atmosphere of 90% H,-10% COi for 3
days.

Strains could be stored for up to 3 months at 4 C in
stabs of beef digest broth plus 3% glucose, solidified
with 1.5% agar. Samples were lyophilized for longer
storage.

Assay of soluble antigen. The soluble antigen was
routinely detected and assayed by counterimmuno-
electroosmophoresis (CIEOP) in 1% agarose against
rabbit antisera. The method used was that of Prince
and Burke (16), but using Veronal buffer (pH 8.2,
ionic strength 0.033). For quantitative estimation,
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jpUbling dilutions of each sample were tested against
rabbit antiserum to C. pan um strain 10390.

The precipitin reaction of antigen with rabbit
antiserum against C. parvum 10390 was carried out
essentially as described by Morse (13). Different
Quantities of antigen (2 to 50 pg) were added to 50
„liters of antiserum in a final volume of 1 ml of 0.97,
saline, and incubated at 37 C for 2 h. After 24 h at 4 C
the precipitate was removed by centrifugation,
cashed twice, and dissolved in 0.5 ml of 1 N NaOH
before the protein concentration was measured by the
method of Layne (9).

Ability of antigen to bind to sheep erythrocytes was
assayed by the passive hemagglutination technique
described by McBride et al. (12).

Isoelectric focusing. Isoelectric focusing was car¬
ried out in ~ polyacrylamide gels (24). Ampholyte
vradients of pH 3 to 10 and pH 4 to 6 were used at gel
concentrations of 7.5 and 3.75%. Samples were fo¬
cused for 16 h. The gels were then embedded in 17)
agarose in Veronal buffer, and CIEOP at right angles
to the polyacrylamide gel was used to detect the
presence of antigen.

Protein estimation. Soluble protein was routinely-
assayed by the spectrophotometry method of Layne
(9). Protein concentrations less than 0.1 mg/ml were
measured by the method of Lowry et al. (11).

Analytical methods: amino acid analysis. Sam¬
ples were hydrolyzed in 6 N HG1 at 100 C for 24 h and
analyzed on a Locarte (London) automatic amino
acid analyzer.

Monosaccharide analysis. After hydrolysis of the
sample with 0.3, 0.5, or 2.0 N HC1 at 100 C for 16 h, a
range which covers optimum hydrolytic conditions
for neutral and amino sugars, the constituent mono¬
saccharides were converted to their trimethylsilyl
ethers and analyzed by gas-liquid chromatography as
described by Schrager and Oates (17).

. Uronic acid content. The uronic acid content of
the antigen was estimated by using a modification of
Dische's original method (7).

Sialic acid estimation. The sample was incubated
in acetate buffer (pH 5.1) at 37 C for 2 h with a
dialyzed culture filtrate of Clostridium perfringens.
This contains several glycosidases (10), including a
neuraminidase (EC 3.2.1.18) specific for sialic acids
with 2 — 3 or 2 — 6 a-ketosidic linkages; it is not
known to release other 2-keto-3-deoxy-sugar acids.
Alternatively the sample was heated at 80 C for 2 h in
0.01 N H,SO,. Both methods released the same
amounts of sialic acid, which was assayed by the
thiobarbituric acid method of Aminoff (1) and ex¬

pressed in terms of an Af-acetyl neuraminic acid
standard.

Phosphorus content. The total phosphate content
of a sample was measured by the method of Chen et
al. (2).

Treatment with enzymes. Antigen was incubated
with enzymes at 37 C for 24 h unless otherwise stated.

Proteases. Samples were incubated with trypsin
(EC 3.4.4.4), pepsin (EC 3.4.4.1), and Pronase at an
enzyme concentration of 100 pg/ml in 0.15 M phos¬
phate buffer (pH 7.2).

Carbohydrases. Lysozyme (EC 3.2.1.17) was used

at a concentration of 100 pg/ml in 0.15 M pho-pbati
bufter (pH 7.2). Testicular hyaluronidase (Et' (.2 1 d I
and bee venom containing a hyaluronidasc ol the
d-A'-acetyl-glucosaminidase type- (EC 3.2.1.el wen
used at the same concentration but in 0.4 M acetate

buffer (pH 5.0). Helix pumatui digestive juice, a source
of ^-glucuronidase (EC 3.2.1.31), and a bacterial
alginase (EC 3.2.1.16) that hvdrolyzes ester linkages
involving guluronic acid were also used in 0.4 M
acetate buffer (pH 5.0) at final dilutions of 1:10.
Treatment with C. perfringens neuraminidase is de¬
scribed above.

Phospholipase A. Phospholipase A (EC 3.1.1.4)
was incubated with the antigen at a dilution of 1:10 in
0.15 M phosphate bufler (pH 8.0).

Enzyme sources. Pronase was obtained from Cal-
biochem. San Diego, Calif., bee venom grade II from
Sigma Chemical Co., St. Louis, Mo., and trypsin,
pepsin, lysozyme, and testicular hyaluronidase from
BDH Chemicals Ltd.. Poole, England. H. pomatia
digestive juice was from Koch-Light Laboratories.
Colnbrook, England, and bacterial alginase was a gift
of 1. W. Davidson and I. W. Sutherland, Department
of Microbiology, University of Edinburgh. Phospholi¬
pase A was a gift of P. C. Wilkinson, Department of
Bacteriology and Immunology, University of Glasgow.

Treatment with chemicals: hydrolysis. Samples
were hydrolyzed with 0.25 N NaOH or 0.25 N HC1 at
60 C for times up to 24 h.

Oxidation. Antigen was incubated with 0.1 M
sodium metaperiodate in 0.2 M acetate buffer (pH
5.8) in the dark at room temperature for times up to
72 h.

Reduction. A sample was incubated with 0.05 M
NaBH« in 0.4 M acetate buffer (pH 5.0) for 1 h at
room temperature.

RESULTS

Occurrence of soluble antigen. Strains of
anaerobic coryneforms classed by Johnson and
Cummins (8) in Corynebacterium acnes groups
I and II and Corynebacterium avidum group IV
characteristically produce a soluble, antigeni-
cally cross-reacting material derived from the
cell wall (McBride et al., Immunology, in
press). Since C. parvum strain 10390 produces
large amounts of the antigen, it was routinely-
used as a source, and this report is concerned
with the characteristics of the antigen produced
by this particular strain. Although the organism
was usually grown in beef digest broth plus 3%
glucose, it also grew in the medium without
glucose and in cooked meat broth. Soluble
antigen was produced in all three media.

The material was detected by techniques that
rely on its antigenicity (see Materials and
Methods). Titration of the antigen in CIEOP
indicated that this method will detect 40 ng of
material. No other satisfactory way has yet been
found to quantitate the antigen.

The time course of production of soluble
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antigen throughout the growth curve of the
organism, detected by its antigenicity on
CIEOP. is shown in Fig. 1. No soluble antigen
was released during logarithmic growth, but its
concentration subsequently rose rapidly to a
logs tiler of 9. This rise appeared to be associ¬
ated with death, but not lysis, of the bacteria,
since although the turbidity did not decrease,
the stationary phdse was very short and the
viability dropped rapidly.

Antigen with all the characteristics of that
detected in the growth medium was released in
considerable amounts from formalin-killed,
washed organisms by treatment with 0.25 N
HC1 at 60 C for 1 h. This release, like that at the
end of the growth cycle, occurred without a
decrease in turbidity, although it was associated
with the appearance of protein in the superna¬
tant (Fig. 2). Alkaline hydrolysis (0.25 N
NaOH; 60 C for 1 h) gave a similar antigen
except that it had lost its ability to bind to
erythrocytes (see Table 2). Moreover, hydrolytic
release of antigen by alkali was associated with
a decrease in optical density (540 nm) of the
suspension as well as release of protein, and is
presumably associated with loss of cellular
integrity. The antigen was not released by
incubation of whole organisms with lysozyme,
Pronase, neuraminidase, snail digestive juice,
or bacterial alginase, but it could be detected in
the supernatant from formalin-killed organisms
stored in saline at 4 C for several weeks.

Purification of soluble antigen. Growth me-

«,» =

to* "

Fig. 1. Release of soluble antigen during the
growth cycle of C. parvum. After measurement of
optical density (540 nm) and plating for viable count,
culture samples were centrifuged and antigen concen¬
tration in the supernatant was determined by coun-
terimmunoelectroosmosphoresis.

dium containing antigen was treated with Pro¬
nase (100 jig/ml; 37 C for 2 h) to hvdrolyze the
protein components of the medium. Ethanol
was added to 709; and the precipitated antigen
was removed by centrifugation and redissolved
in 1/100 the original volume of 0.99; N'aCl.
These steps removed 989; of the contaminating
protein with only 59; loss of antigen. Pronase
treatment was omitted when material for chem¬
ical analysis was required. Further purification
on Sephadex G-200, using 0.99; NaCl as eluant,
gave a single antigen peak almost entirely free
of detectable protein (Fig. 3). Correlation of the
amount of material obtained with the theoreti¬
cal sensitivity of CIEOP indicated that antigen
comprises most of this fraction. Purified antigen
was stored at -20 C or freeze-dried.

Physical properties of the antigen. The
antigen was nondialyzable and fully retained by
Amicon Centriflo membrane ultrafilters with a

molecular weight cut-off of approximately
50,000. Using blue dextran 2000 to mark the
void volume, the antigen was found to be
excluded from Sephadex G-25, G-50, and G-100
but was retarded in G-200, from which it eluted
as a single peak. The molecular weight of the
antigen is therefore greater than 100,000, and on

OPTICAL DENSITY

0 A —

SOLUBLE
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SOLUBLE
PROTEIN

10 20 30 40

TIME (mini

Fig. 2. Release of soluble antigen by acid hydrol¬
ysis of C. parvum. A suspension of C. parvum (6 mg
[dry wt]/ml) was hydroly2ed with 0.25 N HCl at 60 C.
The optical density (540 nm) of a sample was mea¬
sured; it was then centrifuged and the supernatant
was assayed for soluble protein and soluble antigen.
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FlC 3. Chromatography of C. parvum soluble
antigen on Sephadex G-200. Supernatant from cul¬
tures of C. parvum was dialyzed against 0.9% NaCl
and vacuum-concentrated. Blue dextran 2000 was
added as solvent front marker and detected by its
absorbance at 320 nm. Absorbance at 280 nm indi¬
cated the presence of protein in other fractions. In a
separate run without blue dextran, protein was absent
from the first 30 ml of effluent. Antigen concentration
was determined by counterimmunoelectroosmos-
phoresis.

the basis of comparison with dextran standards
probably lies in the range 100,000 to 150,000.

The antigen was highly negatively charged,
with the isoelectric point, as determined by fo¬
cusing in acrylamide gel, being in the range 3.5
to 4.0.

It had no absorption peak in the wavelength
range 260 to 450 nm.

Chemical composition of the antigen. Re¬
sults of chemical analyses of the purified anti¬
gen are shown in Table 1. The molecule was
largely carbohydrate, the major sugar compo¬
nents being galactose and TV-acetylglucosamine.
Glucose, fucose, IV-acetylgalactosamine, and
the uronic and sialic acids were also present,
but there was only a trace of mannose. Rham-
nose and arabinose were absent. Amino acids
constituted less than 10% of the antigen, and
there were no dicarboxylic or aromatic residues.
Phosphate was present in trace amounts. These
assays account for approximately 60% of the
weighed sample, and it is likely that the condi¬
tions used to release monomeric amino acids
and sugars for analysis destroyed less stable
constituents that have yet to be recognized. The
yield of those detected may also have been
reduced. The discrepancy is unlikely to be due
to lipid, since the antigen was highly miscible in
water, partitioned with water in a chloroform-
methanol-water (5:10:4, vol/vol) mixture, and
did not stain with Sudan black.

Biological properties of the antigen: reac¬

tion with antibody. Although the antigen did
not appear to be immunogenic, it reacted with
antibody prepared against the whole organism.
The tube precipitin reaction yielded a curve
characteristic of that obtained with many poly¬
saccharide antigens (Fig. 4). The antigen could
also be readily detected by precipitation with
antisera in immunodiffusion or CIEOP, and
normally gave one major and two minor lines.
To identify the antigenic determinants, at¬
tempts were made to destroy them chemically,
physically, and enzymatically (Table 2). En¬
zymatic treatment with proteases, carbohy-
drases, lvsozyme, neuraminidase, and phos-

Table 1. Carbohydrate and amino acid composition
of C. parvum soluble antigen

Substance

Carbohydrate
Galactose
Glucose
Mannose
Fucose
^-acetylgalactosamine
JV-acetylglucosamine
Sialic acids
Uronic acids

Amino acid
Alanine
Arginine
Aspartic acid
Glutamic acid
Glycine
Histidine
Isoleucine
Leucine
Lysine
Methionine
Proline
Serine
Threonine
Valine

Ami (pmol/mgl

0.52
0.32
Trace
0.23
0.19
0.43
0.20
0.23

0.060
0.014
0.035
0.078
0.066
0.021
0.017
0.027
0.024
0.009
0.088
0.102
0.119
0.039

10 20 30 AO SO
ANTIGEN AD0ED tug)

Fig. 4. Precipitin curve of C. parvum soluble anti¬
gen and rabbit antibody. Antibody was raised against
formalin-killed preparations of the whole organism.
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Table 2. Sensitivity of C. parvum soluble antigen to physical, chemical, and enzymatic attach

Treatment Reagt nt Condition*
Sensitivity®

Antigenicity Cell-binding capacity

Physical 100 C, 3 h - -

Chemical 0.25 NHC1 60 C, 1 h
60 C, 24 h 4 Cannot be tested®

0.25 N NaOH 60 C, lh
60 C, 24 h 4 Cannot be tested®

0.1 M NalO, pH 5.8, 20 C, 24 h
pH 5.8, 20 C, 72 h 4 Cannot be tested®

- 0.5 M NaBH, pH 5.0, 20 C, 1 h - -

Enzymatic Trypsin, pepsin, Pronase
Lysozyme
Hyaluronidases
Helix pomatia digestive juice
Alginase
Neuraminidase
Phospholipase A

100 jig/ml, pH 7.2, 37 C, 24 h
lOOpg/ml, pH7.2, 37 C, 24 h
100 Bg/ml, pH 5.0, 37 C, 24 h
0.1 ml/ml, pH 5.0, 37 C, 24 h
0.1 ml/ml, pH 5.0, 37 C, 24 h
0.1 ml/ml, pH 5.0, 37 C. 24 h
0.1 ml/ml, pH 9.0, 37 C, 24 h

- 4

4

4

• + indicates destruction of property.
* Note that cell-binding capacity cannot be measured if antigenicity has been destroyed.

pholipase A left the antigenic moiety intact.
Moreover, it was not destroyed by heating at
100 C for 3 h, by hydrolysis in 0.25 N NaOH or
HC1 at 60 C for 2 h, or by reduction with
NaBH,. The antigen was also relatively resist¬
ant to periodate oxidation, although treatment
with 0.1 M sodium metaperiodate at pH 5.8
destroyed it slowly over a 72-h period, as did
prolonged hydrolysis with either acid or alkali.

Binding to red cells. The soluble antigen
bound to human, mouse, and sheep red cells, as
well as to mouse fibrosarcoma cells. It could be
detected by specific agglutination of the coated
cells with antibody to C. parvum 10390. In the
absence of antibody there was no autoagglutina-
tion, which indicates that each molecule may
contain only one binding site. This site was
distinct from and considerably more labile than
the antigenic determinants. Binding but not
antigenicity was destroyed by alkaline hydrol¬
ysis (0.25 N NaOH; 60 C for 2 h), snail digestive
juice, bacterial alginase, and Clostridium per-
fringens neuraminidase. Neither was affected
by mild acid hydrolysis (0.25 N HC1; 60 C for 2
h), proteases, lysozyme, phospholipase A, and
hyaluronidases. Those conditions that de¬
stroyed binding to red cells did not grossly affect
the molecular weight of the antigen as judged
by the elution profiles on Sephadex G-100 and
G-200.

Although the antigen was a component of the

bacterial cell wall, the whole organism did not
bind to red cells. It therefore seemed likely that
the binding site of the antigen is inaccessible
when it is still attached to the bacterial surface.
To test this hypothesis, a suspension of for¬
malin-killed, washed C. parvum 10390 was
incubated with alginase for 24 h at 37 C, and
after centrifuging, washing, and resuspending,
the bacteria were treated with 0.25 N HC1 at

60 C for 1 h to release the antigen from the
bacterial wall. This antigen preparation at¬
tached to red cells, but after a further alginase
treatment it no longer did so. Alginase, there¬
fore, does not act on the antigen when it is still
an integral part of the bacterial surface. At¬
tempts to release sialic acids from the whole
organism were also negative, indicating that the
neuraminidase substrate is also inaccessible
under these circumstances.

DISCUSSION

The C. parvum soluble antigen described
here is released into the growth medium at the
end of logarithmic phase, probably coincident
with cell death. Release is not, however, accom¬

panied by lysis of the cell. Antigen is also found
in saline in which formalin-killed organisms
have been stored, and can be dissociated from
whole organisms by mild hydrolysis with or
without loss of the integrity of the cell. It seems
likely that the molecule is not an extracellular
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nroduct but rather an integral component of the
bacterial wall, and its release at the end of the
rrowth cycle is probably the result of partial
autolysis! The mode of attachment of the mole¬
cule to the cell envelope was not determined. If
covalent it is either inaccessible or unsuscepti¬
ble to cleavage by neuraminidase, 0-glucuroni-
dase, guluronidase, or N-acetylglucosamini-
dase! The overall structure of the cell wall may
resemble that of the plant pathogens C. poinset-
tiae and C. betae, in which acidic polysaccha¬
rides are covalently linked to peptidoglycan,
although hydrolysis destroys the linkage and
releases polysaccharide essentially free from
muramic acid (5).

The antigen is a high-molecular-weight acidic
polysaccharide, linked to a peptide chain or
chains which make up less than 10% of the
molecule. The major sugars are galactose and
N-acetylglucosamine, but the material is a
complex polysaccharide that also contains con¬
siderable amounts of glucose, fucose, TV-acetyl-
galactosamine, uronic acids, and sialic acids.
The sensitivity of the red cell binding site to
alginase indicates that the uronic acids proba¬
bly include guluronic acid. Lipid is not a major
component of the molecule, and the absence of
diaminopimelic acid and the low phosphate
content exclude the possibilities that neuropep¬
tide or teichoic acid may contribute substan¬
tially. Only 60% of the measured weight of the
antigen has so far been accounted for, and
further chemical studies are now being under¬
taken to identify other components.

The sugar composition of coryneform cell
walls has been used as a major taxonomic
criterion (4). The anaerobic commensals con¬

tain neither arabinose, the characteristic sugar
of classical animal pathogenic corynebacteria,
nor rhamnose, which is found in the cell walls of
some pathogenic corynebacteria as well as clas¬
sical propionibacteria (3, 4). The analysis of
soluble antigen from C. paruum 10390 is in
agreement with these findings. However, John¬
son and Cummins (8) subdivided the anaerobic
coryneforms into four groups, partly on the
basis of their ceil wait composition. They did
not detect the fucose which we found in C.
paruum 10390 and which Werner and Mann
(19) found in other C. acnes group II strains, nor
did they find any galactose in C. paruum 10390.
The absence of galactose was used as a criterion
for inclusion of a strain in C. acnes group II. It
should be emphasized that their technology,
favors loss of the soluble antigen during purifi¬
cation of the cell wall, and this could account
for the discrepancy.

The resistance of the soluble antigen to chem¬
ical and enzymatic destruction has thwarted
efforts to identify the antigenic determinants by
this approach. Currently, cross-reactivity with
antisera prepared against defined antigens and
inhibition of the precipitin reaction by mono¬
saccharides are being' investigated in further
attempts to solve this particular problem.

More is known of the single site on the
molecule which binds to animal cells. It is
destroyed by mild alkaline hydrolysis, neurami¬
nidase, ^-glucuronidase, and guluronidase, but
unaffected by acid hydrolysis, proteases, lyso-
zyme, hyaluronidases, and phospholipase A,
and its destruction does not grossly reduce the
molecular weight of the molecule. These results
are consistent with its involving a short se¬
quence of uronic acid units. The binding site is
inaccessible when the antigen is still part of the
bacterial cell wall, and it may represent the site
of normal attachment to the bacterium.

Extracellular and surface polysaccharides of
a wide range of microorganisms have biological
activity in animals. Acid polysaccharides from
Escherichia coli are pyrogenic for rabbits and
toxic to mice (20). Moreover, mild alkaline
hydrolysis, which destroys the cell binding ca¬
pacity of the C. paruum soluble antigen, also
inactivates the E. coli acid polysaccharide. The
report that purified acid.polysaccharides from
Serratia marcescens have a pronounced anti¬
tumor activity (18) is of particular interest in
relation to the biological effects of C. paruum on
tumor growth and the reticuloendothelial sys¬
tem, and we are currently investigating the
possibility that it is the C. paruum soluble
antigen, also an'acid polysaccharide, that is the
active fraction of this organism.
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Brief Communication: Antitumor Activity of Corynebacterlum parvum Extracts '■5

W. H. McBride,3' 4 J. Dawes,5'4 and S. Tuach *•s

SUMMARY—Extracts of Corynebacterium parvum produced by
mild hydrolysis of the whole organisms had antitumor activity
if given iv 1 day before iv administration of fibrosarcoma cells
or if given ip or sc in admixture with these cells. A lipid
component seemed responsible for these effects. Unlike whole
bacteria, they had little immunotherapeutic activity if given
3 days after sc tumor implantation unless absorbed onto latex.
However, organisms treated with acid did not have any immuno¬
therapeutic effect in this system either. The extracts, therefore,
did have some antitumor activity, but full activity may depend
on the integrity of the whole bacterium.—J Natl Cancer Inst
56: 437—439, 1976.

Certain anaerobic coryneforms stimulate the immunity
of experimental animals to tumors (1, 2). In addtion, they
cause many other biologic changes, the most striking of
which is an increase in the activity of cells of the mono¬
nuclear phagocyte system (3, 4).

We previously indicated (5) that the antitumor activity
of these organisms is shared by those strains of organisms
antigenically closely related and releasing a water-soluble,
cross-reacting cell-wall material during growth. This anti¬
genic material could be obtained in large amounts by
mild acid or alkali hydrolysis of whole organisms (6).
The antigen was characterized as an acidic polysaccharide
able to bind to a variety of cells by means of an additional
site that, unlike the antigen itself, could be readily
destroyed (6).

This report deals with the antitumor activity of the
cell wall-derived material released from Corynebacterium
parvum #10390 by acid and alkali treatment of whole
organisms. Other workers have already demonstrated that
1) delipified whole cell-wall fractions of certain anaerobic
coryneforms could stimulate cells of the mononuclear
phagocyte system in vivo (7, 8), 2) the organisms release
a chemoattractant for these cells (9) that is of a lipid
nature (10), and 3) lipids from these organisms can
enhance bacterial killing in vivo (11) and affect interferon
production to virus challenge (12).

MATERIALS AND METHODS

C. parvum NCTC #10390 and Propionibacterium freu-
denreichii NCTC # 10470 were grown, harvested, and
prepared as a formol-killed suspension (6). The extracts
were obtained by mild acid or alkali hydrolysis of whole
organisms (0.25 n HC1 or 0.25 m NaOH; 60° C; 1 hr).
The supernatant was taken, neutralized with 2 n alkali or
acid, and dialyzed against saline. Lipid was removed
from an acid extract of C. parvum #10390 by treatment
with chloroform and methanol in a single phase (13) (1
vol chloroform:2 vol methanol:0.8 vol extract). The
mixture was held 1 hour at 0° C before separation of the
lipid into the chloroform layer by the addition of a
further 1 volume chloroform and 1 volume saline. This
procedure was repeated three times before removal of the
solvents by evaporation. The whole extract and the
delipidated extract were both antigenic, giving titers of
1:512 by counterimmunoelectrophoresis (6) against rab¬
bit antiserum to C. parvum. The lipid extract reacted
only when neat. The acid extract of P. freudenreichii was,

as expected (5), negative in the same test. The amount of
each extract injected per mouse was that obtained from
0.7 mg of whole organisms and was given in 0.2 ml
saline. The bacterial preparations, both treated and
untreated, were standardized to optical density 38 at 540 p
before injection of 0.1 ml in the stated volumes of
saline. This is equivalent to approximately 0.7 mg dry
weight of organisms per mouse. For certain experiments,
1 volume of latex particles (Difco, 0.81 p.) was spun
down and resuspended to 2.4 volumes in this concentra¬
tion of extract, incubated at 60° C for 40 minutes and
overnight at 4° C before being spun, resuspended in 2.4
volumes saline, and injected in 0.2-ml doses/mouse.

Fibrosarcoma cell suspensions were prepared from
tumors in their 18th transplant generation (1) and
injected into isogenic CBA mice in the doses and by the
routes described in the text. When the iv route was used,
lung tumor nodules were fixed and counted macro-
scopically 22 days after injection. For subcutaneous
tumors, the index of tumor growth was the sum of
individual tumors measured every 2 days up to a set time
(14). In these experiments, there were 100% tumor inci¬
dence and no spontaneous or induced regressions.

RESULTS

Immunoprophylaxis with C. parvum almost totally
prevents the development of lung tumor nodules that
follow the iv injection of fibrosarcoma cells (15). An acid
extract of C. parvum #10390 given iv 1 day before tumor
cells had the same effect (table 1). On the day they were
killed, the mice were also examined for splenomegaly,
decreased packed blood cell volume, and antibody to C.
parvum. Unlike animals receiving the whole organisms
(5), mice given extract showed no significant difference
from the controls (results not shown).

Mice treated ip with fibrosarcoma cells can also be
protected by ip injection of C. parvum (16). Table 2
shows that alkali or acid extracts injected in admixture
with tumor could, in this system, significantly prolong
survival of mice. Alkali-extracted material appeared the
most efficient; however, there was an indication that this
material could have had a direct effect on the distribution
of the injected tumor cells; mice in this group that died
did so from larger peritoneal tumors than were seen in
the controls. The activity appeared to reside mainly in
the chloroform-soluble (lipid) portion of the extract
(table 2). In these experiments, the viability of the tumor
inoculum was not affected by the materials used, as
judged by dye exclusion and phase microscopy. In addi¬
tion, extracts prepared from an "inactive" strain of
organism P. freudenreichii [see (5)] did not affect survival.
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Table 1.—Effect of C. parvum extract on development of
lung tumor nodules

Treatment

Day —1 Day 0

Number of
lung tumor
nodules •

0.2 ml saline, iv

0.2 ml C. parvum, iv
0.2 ml extract, iv

2.5 X104 fibrosarcoma
cells, iv

1, 2, 3, 4, 6
6, 7, 7, 10, 12
0, 0, 0
0, 1, 1, 1
0, 0, 0
0, 0, 1, 1

• Each figure represents the determination on 1 mouse.

Table 2.—Effect of extracts of C. parvum on survival of
mice given fibrosarcoma cells ip

Treatment

10* fibrosarcoma cells+0.2
ml saline ip

10* fibrosarcoma cells+0.2
ml alkali extract ip

10* fibrosarcoma cells+0.2
ml acid extract ip

10s fibrosarcoma cells+0.2
ml nonlipid extract ip

10s fibrosarcoma cells+0.2
ml lipid extract ip

10* fibrosarcoma cells ip+0.2
ml"acid extract ip, day +3

10® fibrosarcoma cells ip+0.2
ml saline ip, day +3

10*fibrosarcoma cells ip+0.2
ml acid extract ip, day +3

•• Wilcoxon rank sum test.

Median
survival

time
<days)

Mortality
(day 40)

P'

16 16/16 —

39 5/8 P<0.01

20 19/20 P<0.01

18 8/8 Not significant

34 10/15 P<0.01

17 8/8 Not significant

30 8/8 —

34 8/8 Not significant

In contrast to these results, injection of extract ip 3
days after ip administration of 105 or 103 fibrosarcoma
cells did not significantly affect survival of the mice
(table 2).

C. parvum given 3 days after sc injection of 10* fibro¬
sarcoma cells significantly delays the appearance and the
growth of tumor (1) and if given intratumorally 3 days
post inoculation, even tumor rejection can occur. The re¬
sults (table 3) show that the extract had no significant
effect on the tumor growth in these systems. However, if
the extract was injected in admixture with tumor cells,
it delayed tumor growth.

In addition, mild acid treatment of whole C. parvum
organisms could abolish the antitumor action of these
organisms against subcutaneous tumor (table 3). This
treatment also resulted in an almost total loss of the
ability of the organisms when tested against a positive
antiserum in the bacterial agglutination test (a decrease
from log29 to log27 antibody titer) (17), and a decrease
in their in vivo immunogenicity (mean increase in anti¬
body titer to C. parvum of log2l compared with log25).

The extract of C. parvum, unlike the whole bacterium,
does not appear to influence the growth of tumor given
3 days post challenge. One possibility is that the extract
is not efficiently taken up by macrophages. Attempts
were made to enhance this uptake by absorbance of
extract to latex particles. The results (table 4) show that
the extract had a greater effect when this was done,
though not as great as the whole organisms [table 3 and
(5)]. Even when given in this form, the extract caused no
splenomegaly, no drop in packed blood cell volume, and
only a neglible increase in antibodies to C. parvum.

Table 3.—Effect of eztracte of C. panrum on
growth of subcutaneous tumor

Mean of the
Treatment sum of tumor P1

diameteri
se •

10* fibrosarcoma cells sc 506±42 —

10s fibrosarcoma cells+0.1 ml ex¬
tract sc 254±14 PcO.Ol

10* fibrosarcoma cells sc+0.2 ml ex¬
tract ip, day +3 502 ±60 Not significant

10* fibrosarcoma cells sc+0.2 ml ex¬
tract intratumor, day +3 471±39 Not significant

10* fibrosarcoma cells sc+0.2 ml
C. parvum ip, day +3 368±10 P<0.01

10* fibrosarcoma cells sc+0.2 ml
acid-treated C. parvum ip, day +3- 459±33 Not significant

• Mean of the sum of individual tumor diameters measured over the period of
growth ±95% confidence limits of the mean (Student's t-teat).

* Wilcoxon rank sum test.

Table 4.—Effect of extracts of C. parvum plus latex on
growth of subcutaneous tumor

Treatment
Mean of the

sum of tumor
diameter±

se *

p>

104 fibrosarcoma cells sc 630±32
1Q4 fibrosarcoma cells sc+0.25 ml

C. parvum extract ip, day +3 540±28
104 fibrosarcoma cells sc+0.25 ml

P. freudenreichii extract ip, day
+3 587 ±29

104 fibrosarcoma cells sc+0.2 ml
latex ip, day +3 549±30

104 fibrosarcoma cells sc+0.2 ml
latex + Cc parvum extract ip,
day +3 441 ±41

104 fibrosarcoma cells sc+0.2 ml
latex + P. freudenreichii extract
ip, day +3 603 ±19

See footnotes, tsble 3.

<0.1

Not significant

Not significant

P-0.01
(with latex con¬

trol group)

Not significant

DISCUSSION

Extracts to C. parvum produced by acid treatment of
whole organisms have some antitumor action, though not
as much as whole bacterial preparations. However, the
bacteria remaining after such treatment lost their
immunotherapeutic action against a subcutaneous grow¬
ing tumor. One mechanism of action of C. parvum
appears to result in a rapid removal of tumor cells soon
after their injection (18). This can occur when the organ¬
isms are given around the time of tumor challenge. The
extracts appear to mimic this effect. We cannot rule out
a direct effect of the extracts on tumor cells, but the
evidence presented here and elsewhere (McBride WH:
Submitted for publication) argues against this possibility.

C. parvum also appears to cause stimulation of specific
antitumor immunity even against established tumors, a
mechanism that takes some weeks to develop (19). Several
other effects of C. parvum, such as optimum splenomegaly
and antibody response, have the same time restrictions
(5, 17). The extracts used in this study, in the form given,
appear to have little ability to stimulate this form of
tumor immunity, nor do they cause splenomegaly or an
antibody response, even though they are antigenic.

Paradoxically, the organisms treated by acid hydrolysis
are also incapable of giving these "late" effects. A possi-
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ble explanation could be that this mechanism requires
an optimum immune response to the organism itself,
which is not present when either the extracts or the acid-
treated bacteria are injected separately. Recent work in
vitro (20) and in vivo (21) suggests that the production of
activated macrophages depends in part on the presence
of T cells immune to C. parvum.

Thus it seems that these extracts, despite some activity,
cannot in their present form substitute for the whole
organism in tumor immunotherapy models. These pre¬
liminary data also support others (10-12) in suggesting
that a lipid component of the cell wall may be responsible
for some biologic activities of the whole organisms, but
full activity probably depends on the antigenic integrity
of whole bacteria. Phospholipids from a variety of bac¬
terial sources have some biologic activity, for example, in
enhancing in vivo bacterial killing (11), and many of
these bacteria do not possess the full, powerful antitumor
action of C. parvum. However, at present, we cannot
exclude the possibility that the physical form per se in
which the active material is presented to the immune
system is the most crucial factor in determining the com¬
plete expression of the antitumor effect.

REFERENCES

(1) Woodruff MF, Boak JL: Inhibitory effect of Corynebacterium
parvum on the growth of tumour transplants in isogeneic
hosts. Br J Cancer 20:345-355, 1966

(2) Halpern BN, Biozzi G, Stiffel C, et al: Inhibition of tumour
growth by administration of killed Corynebacterium par¬
vum. Nature 212:853-854, 1966

{3) Halpern BN, Pr£vot AR, Biozzi G, et al: Stimulation de
l'activite phagocytaire du syst£me reticuloendothelial pro-
voquee par Corynebacterium parvum. J Reticuloendothel
Soc 1:77-96, 1963

(4) McBride WH, Jones JT, Weir DM: Increased phagocytic cell
activity and anaemia in C. parvum treated mice. Br J Exp
Pathol 55:38—46, 1974

(5) McBride WH, Dawes J, Dunbar N, et al: A comparative
study of anaerobic coryneforms. Immunology 28:49-58, 1975

(6) Dawes J, Tuach S, McBride WH: Properties of an antigenic
polysaccharide from Corynebacterium parvum. J Bacterid
120:24-30, 1974

(7) Pr£vot, AR, Nguyen-Dang T, Thouvenot H: Influence des
parois cellulaires du Corynebacterium parvum {souche 936B)
sur le systeme reticuloendothelial de la souris. C R Acad
Sci [Dl {Paris) 267:1061-1062, 1968

(8) Adlam C: The nature of the active principle of C. parvum.
In Corynebacterium parvum and its Application in Experi¬
mental and Clinical Oncology {Halpern BN, ed.). First In¬
ternational Congress, Paris, May 9-10, 1974, Springer-Verlag.
In press

(9) Wilkinson PC, O'Neill GJ, Wapshaw KG: Role of anaerobic
coryneforms in specific and nonspecific immunological reac¬
tions. II. Production of a chemotactic factor specific for
macrophages. Immunology 24:997-1006, 1973

(10) Russell RJ, McInroy RJ, Wilkinson PC, et al: Identification
of a lipid-chemoattractant {chemotactic) factor for macro¬
phages from anaerobic coryneform bacteria. Proceedings of
Scottish Immunology Conference, Edinburgh, 1975, Behring
Institute Mitteilungen. In press

(11) Fauve RM, Hevin B: Immunostimulation with bacterial phos¬
pholipid extracts. Proc Natl Acad Sci USA 71:573-577, 1974

(12) Fischbach J, Glasgow LA: Effect of Corynebacterium acnes on
interferon production in mouse peritoneal exudate cells.
Infect Immun 11:80-85, 1975

(13) Bligh EG, Dyer WJ: A rapid method of total lipid extraction
and purification. Can J Biochem 37:911-917, 1959

(14) Woodruff MF, Dunbar N, Ghaffer A: The growth of
tumours in T-cell deprived mice and their response to
treatment with Corynebacterium parvum. Proc R Soc
Edinb [B] 184:97-102, 1973

(15) Milas L, Mujagic H: Protection by Corynebacterium parvum
against tumour injected intravenously. Rev Eur Etudes Clin
Biol 17:498-500, 1972

(16) Milas T, Hunter N, Basic I, et al: Nonspecific immuno¬
therapy of murine tumors with C. granulosum. J Natl
Cancer Inst 54:895-902, 1975

(17) Woodruff MF, McBride WH, Dunbar N: Tumour growth,
phagocytic activity and antibody response in C. parvum
treated mice. Clin Exp Immunol 17:509-518, 1974

(18) Bomford R, Oliyotto M: The mechanism of inhibition by
Corynebacterium parvum of the growth of lung nodules
from intravenously injected tumour cells. Int J Cancer
14:226-235, 1974

(19) Scott MT: Corynebacterium parvum as a therapeutic anti-
tumour agent in mice. II. Local injection. J Natl Cancer
Inst 53:861-865, 1974

(20) Christie GH, Bomford R: Mechanisms of macrophage activa¬
tion by Corynebacterium parvum. I. In vitro experiments.
Cell Immunol 17:141-149, 1975

(21) Bomford R, Christie GH: Mechanisms of macrophage activa¬
tion by Corynebacterium parvum. II. In vivo experiments.
Cell Immunol 17:150-155, 1975



032
Clin. exp. Immunol. (1975) 19, 143-147.

ACTIVATION OF THE CLASSICAL AND ALTERNATE

PATHWAYS OF COMPLEMENT BY

CORYNEBACTERIUM PARVUM

W. H. McBRIDE, D. M. WEIR, A. B. KAY,* D. PEARCEt and

J. R. CALDWELLj

Immunology Laboratory, Department of Bacteriology, Medical School,
University of Edinburgh, * South-East Scotland Regional Blood Transfusion Centre,

Royal Infirmary of Edinburgh and University Department of Respiratory Diseases,
City Hospital, Edinburgh, and t Division of Allergy and Rheumatology,

Division of Infectious Diseases and Immunology, The J. Hillis Miller Health Centre,
University of Florida, Gainesville, Florida 32610, U.S.A.

(Received 7 June 1974)

SUMMARY

The immunological adjuvant Corynebacterium parvum has been shown to activate
the alternate pathway of complement in human and guinea-pig serum. Human
serum in addition contains anti-C. parvum antibodies leading to activation of the
classical complement pathway.

The possible role of a C. parvum derived polysaccharide in this activation is con¬
sidered in relation to the biological effects of the micro-organism.

INTRODUCTION

A number of biological effects are associated with the administration of a killed vaccine of
Corynebacterium parvum to experimental animals. These include adjuvant effect for both
T cell- and B cell-dependent antigens (Howard, Scott & Christie, 1973) and the ability to
induce 'anti-self' red cell activity in CBA mice (McCracken, McBride & Weir, 1971). There
is also widespread proliferation of lymphoid cells, including macrophages, in response to
C. parvum injection which results in marked hypertrophy of lymphoid tissues (Halpern el al.,
1964). Of particular interest is the ability of C. parvum to inhibit tumour growth in mice
(Woodruff & Boak, 1966; Halpern et al., 1966), and the effectiveness of this agent to
influence dissemination of tumour in man is currently under investigation (New Scientist,
1973).

The mechanisms underlying these effects are still obscure as are the particular constituents
of the micro-organism responsible. Our recent observation that a polysaccharide moiety
extractable from a strain of C. parvum binds to tissue cells (McBride, Jones & Weir, 1974)
suggests the need to consider the possible involvement of this material in the biological

Correspondence: Dr W H. McBride, Immunology Laboratory, Department of Bacteriology, Medical
School, The University, Edinburgh.
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effects of the organism. Various polysaccharides such as inulin, zymosan and endotoxin
are known to activate complement. In addition various polysaccharides have anti-tumour
effects which are possibly a result of activation of complement components (Okuda et a!.,
1972). In the present study we report a further biological activity of C. parvum, that is its
capacity to activate directly the complement system in both human and guinea-pig serum.

MATERIALS AND METHODS

Assay of complement components
Individual components were assayed by the effective molecular titration method described

by Rapp & Borsos (1970).
C3 proactivator was identified in immunoelectrophoresis using anti-C3 proactivator

antibody (Hoechst Pharmaceuticals) (Gotze & Muller-Eberhard, 1971).

Agglutination tests
Direct agglutination tests were performed in the presence of Difco latex 0-8 ^m, 100 pi of

latex suspension in 1 ml of suspension of C. parvum 3x 10" organisms/ml. The stock
suspension is finally diluted 1/20 before use in the agglutination test (Woodruff, McBride &
Dunbar, 1974).

C. parvum strain 10390 was obtained from the National Collection of type cultures
(Colindale, England) and cultured as described previously (McBride et al., 1974).

RESULTS

When increasing concentrations of a washed suspension of killed C. parvum 10390 were
incubated with guinea-pig or human serum for 1 hr at 37°C and centrifuged, there was a
dose-dependent decrease in the total haemolytic complement (CH50) of the supernatant
(Fig. 1). The levels of the individual complement (C) components CI, C4, C2 and C3 were
then measured in pooled sera before and after treatment with a dose of 5 x 109 organisms per
ml. Following treatment of human serum the level of C3 was greatly depleted as were the
components of the 'classical pathway' CI, C4 and C2. In contrast, whereas guinea-pig C3
was also depleted after treatment there was apparent sparing of CI, C4 and C2 in this serum
indicating activation via the 'alternate pathway' of complement (Table 1).

Evidence that human, but not guinea-pig serum, contained 'natural antibodies' to
C. parvum was provided by direct agglutination tests. Agglutination of C. parvum was
observed at a 1 in 32 dilution of the human serum pool whereas no agglutination was
observed with the guinea-pig pool. Further evidence that antibodies to C. parvum were
present in human serum and could account for 'classical pathway' activation was obtained
by testing sera that had been repeatedly absorbed with the organisms in the presence of
0-04 M EDTA. The absorbed serum was dialysed against dextrose-gelatin veronal buffer
containing Ca + + and Mg+ + and divided into two. One half was treated with C. parvum at a
concentration of 5 x 109 organisms per ml, while the other was left untreated. The C4 titres
of the treated and the untreated control sera were similar, being 7750 and 6940 respectively.
In contrast, the titres of the terminal components (C3-9) (Borsos & Rapp, 1967) were 41 and
194 respectively indicating activation of the 'alternate pathway' of complement. These
experiments therefore suggest 'that C. parvum has the capacity, in human serum, ofactivating
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Fig. 1. Depletion of the CH50 of human (a) and guinea-pig (•) serum by C.parvum. The CH50
was measured by the method of Mayer (1961). Each estimation was performed on a pool
prepared from equal volumes of fifty human and twenty guinea-pig sera.

both pathways of complement'. These observations were further substantiated by incubating
the human serum with the organisms in the presence of Mg++ EDTA, which permits
'alternate' (but not the Ca++-dependent 'classical') pathway activation. The C3-9 titre of
the serum that had been treated with C. parvum in the presence of Mg++ EDTA was <5
compared with the untreated control titre of 115, again indicating terminal component
activation. Following immunoelectrophoresis using an antibody against the C3 proactivator
(Hoechst Pharmaceuticals) the electrophoretic mobility of this protein had changed in the
serum treated with C. parvum from the ft to the y region; an observation compatible with
'alternate pathway' activation (Gotze & Muller-Eberhard, 1971). Thus the difference in the
pathways of complement activation between the sera of man and guinea-pig is most likely
due to the presence of 'natural antibodies' to C. parvum present in the human but not in the
guinea-pig serum.

Table 1. The effect of C. parvum on the titre of the individual complement components
CI, C4, C2 and C3 in human and guinea-pig serum

Human serum Guinea-pig serum

C. parvum treated Control C. parvum treated Control

CI 11700 208000 22261 19321
C4 <5000 17021 9142 10240
C2 <50 1143 30567 35310
C3 305 2250 <50 1650
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DISCUSSION

These results show that the immunological adjuvant C. parvum is capable of activating the
alternate pathway of complement in both human and guinea-pig serum. The activation of
the classical pathway in human serum is likely to be due to anti-C. parvum antibodies present
in such sera.

It has been suggested that receptors for C3 on lymphoid cells may play a role in the antigen
induction phase of the immune response (Pepys, 1972; Dukor et al., 1974). A C. parvum-
derived polysaccharide, bound to these cells (McBride et al., 1974), and activating C3 may
result in an amplification of the activity of these cells and also account for some of the
biological effects of this agent. Whether or not the observed anti-tumour effect referred to
above depends upon the presence of an intact complement system has yet to be determined.
This study raises a number of issues relating to the biological activities of corynebacteria,
some of which may be concerned in the initiation and amplification of cellular defence
mechanisms. In addition this report points to a possible hazard in the use of C. parvum as a
therapeutic agent, due to the formation of immune complexes with subsequent activation
of the complement system.
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Summary.—The anti-inflammatory agent sodium aurothiomalate appears to act
upon mononuclear phagocytes, inhibiting their lysosomal enzyme activity. Evidence
is presented that gold salts can increase the number of lung tumour nodules that
develop following intravenous injection of tumour cells and pretreatment can enhance
the take of a subcutaneous tumour inoculum. In contrast, they do not affect the later
growth of tumour. Gold salts can also suppress the action of systemically ad¬
ministered C. parvum in inhibiting the growth of subcutaneous tumours. These
results are taken as supporting the evidence in favour of a fast acting nonspecific
anti-tumour mechanism, probably macrophage mediated, that can be inhibited by
gold salts and enhanced by C. parvum. The effect of gold salts upon other biological
changes induced by C. parvum is examined, including its adjuvant action, and the
results are discussed in the context of the mechanisms underlying the immuno-
therapeutic action of this organism.

The injection of dead Corynebact-
eriurn parvum into animals inoculated
with tumour cells has been found, under
certain experimental conditions, to inhibit
the growth or cause the regression of a
wide variety of isogeneic tumours (Wood¬
ruff and Boak, 1966; Halpern et al.,
1966; Milas et al., 1974; Scott, 1974a,
b). Its effectiveness as an anti-tumour
agent in man is under investigation
(Israel and Halpern, 1972; Woodruff et
al., 1974a).

A number of other biological effects
follow its injection; these may or may
not be part of the anti-tumour action.
There is, for example, widespread pro¬
liferation, redistribution and mobilization
of lymphoid cells including haemato¬
poietic stem cells (Bennett and Cud-
kowicz, 1968; McBride, Jones and Weir,
1974; Warr and Sljivic, 1974; Castro,
1974). Mononuclear phagocytes are
markedly increased and become function¬
ally more active in a variety of tests
(Halpern et al., 1964; Wilkinson et al.,
1972; Ghaffar et al., 1974). Adjuvant

and immunosuppressive effects can be
obtained on both T dependent and T
independent immune responses (Asherson
and Allwood, 1971; Scott, 1974c; Howard,
Christie and Scott, 1973; Warr and
James, 1975). As with other adjuvants,
the dose and timing of the injections are
crucial to the outcome. The mechanisms

underlying these effects are still obscure,
as indeed is their relation to each
other.

There is abundant evidence that C.
parvum primarily influences the mono¬
nuclear phagocyte system and because
of the importance of macrophages in
defence against neoplastic disease (see
Levy and Wheelock, 1974), we decided
to inhibit certain activities of these
cells and to study the effect on tumour
immunity and on the anti-tumour action
of C. parvum. For this purpose we
chose the anti-inflammatory agent sodium
aurothiomalate because it is known to
be concentrated within phagocytic cells
and to inhibit their lysosomal enzyme
activity (Persellin and Ziff, 1966).
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MATERIALS AND METHODS

Corynebacterium parvum.—C. parvum
N CTC 10390 from the National Collection
of Type Cultures, Colindale, London, was
grown, harvested and prepared as a formol
killed suspension (see Dawes, Tuach and
McBride, 1974). The organisms were washed
once in saline immediately before use to
decrease toxicity. Unless stated, mice were
injected i.p. with 0-7 mg dry wt organisms
in 0-1 ml sterile saline.

. Gold salts.—Mice received 1 or 5 mg
sodium aurothiomalate (Myocrisin, 45% me¬
tallic gold, Maj' & Baker Ltd, Dagenham,
England) in 0-2 ml saline i.p. or i.v., either
as a single injection or 3 injections a week
up to a total of 8 (multiple injection schedule).
Mice receiving treatment showed no visible
signs of distress at any time.

Animals and tumour.—The mice were

adult (18-22 g body weight) CBAs. The
isogeneic methylcholanthrene induced fibro¬
sarcoma was in its 18th transplant genera¬
tion. Viable cell suspensions were prepared
as described by Woodruff and Boak (1966)
and were injected i.v. into the lateral tail
vein or s.c. into the hind thigh. The
diameters of the s.c. tumours were measured
3 times a week and the results expressed as
the mean of the tumour diameters of the
group. The sum of individual tumour
diameters over the period of observation
was taken (Woodruff, McBride and Dunbar,
19746) for statistical analyses by the non-
parametric Wilcoxon Rank-Sum test (Scien¬
tific Tables, Geigy, Basle, Switzerland).
The number of lung tumour nodules present
23 days after i.v. injection of tumour cells
was counted macroscopically.

Anti-sheep red blood cell response.—Mice
were injected with 1 x 108 washed SRBC.
Haemagglutination titres of sera were mea¬
sured by the Microtitre technique (Cooke
Engineering, Alexandria, Va). 25 p\ volumes
of serum dilutions, phosphate saline and
1% SRBC were incubated at 37 °C for
30 min and 4°C overnight before reading for
agglutination.

Antibodies to C. parvum.—Antibodies to
C. parvum were assayed by the agglutination
test described by Woodruff et al. (19746).

Collection and examination of peritoneal
exudate calls (PEC).—These were collected
by lavage of the peritoneal cavity with
minimal Eagle's medium and 10 i.u./ml

39

heparin. Smears were stained by Leishman
or Gram stain.

Blood differential count.—Monocytes, poly¬
morphs and lymphocytes were distinguished
on Leishman and peroxidase stained smears.
The peroxidase stain was carried out accord¬
ing to the method of Kaplow (1965).

RESULTS

Subcutaneous tumour

The effect of gold salt on tumour
growth.—When the multiple injection
schedule for gold salts was started 2 days
before 104 tumour cells, administered
subcutaneously, the tumours were larger
throughout the period of observation.
The mean sum of the tumour diameters
was 50 mm compared with 45 in the
controls (P < 0-01, 8 mice per group).
If the series of gold salt injections was
started 2 days after tumour inoculation
there was no effect. This suggests that
there is a stage at or soon after tumour
inoculation that gold salt can alter,
and that the result is an increase in the
number of cells that " take " and go on
to produce tumour.

Inhibition of anti-tumour (s.c.) action
of C. parvum.—In these experiments all
control, groups which received gold salts
after 104 tumour cells s.c. grew tumours
at a very similar rate and to the same
extent as those receiving tumour alone
and are omitted for the sake of clarity.

As expected (Woodruff and Dunbar,
1973), C. parvum slowed the growth of
the tumour, particularly 2-3 weeks after
injection (Fig. la). Multiple injections
of gold salts significantly inhibited the
anti-tumour action of C. parvum (P<0-01,
Fig. la). In contrast, single injections
of 1 mg gold salts either before or after
injection of C. parvum were essentially
ineffective (see legend for details).

To investigate whether prior or post-
treatment with gold salt was necessary
for inhibition of the action of C. parvum,
another experiment using 5 mg rather
than 1 mg of gold salt was set up (Fig.
lb). Prior treatment with gold almost



560 W. H. MeliKIDE, S. TUACH AND 1!. P. MAKMION

15x

Gold salts i.p.-Inhibition of anti - tumour( s c.)
Action of C.parvum-\

Tumour 10
Diam
(mm)

5-

10 15 "ST
—i

25

DAYS
Fig. la.—Inhibition of the anti-tumour action of C. parvum by gold salts.—All mice received 104 tumour

cells s.c. on Day 0. In addition, all except the control group (x x) received 0-7 mg C.
parvum i.p. on Day +3 Fig. la.—C. parvum alone (0 0) significantly (P < 0-01)
inhibited tumour growth. This effect could be prevented by giving multiple i.p. gold salt injections
starting on Day +2 (■— • —■; P 0-01 with C. parvum; 0-01 < P < 0-02 with control
group). Single i.p. injections of 1 mg gold salts given on Day -4-2 (O O) Day — 4
(□ □) or Day +7 (A A) were, by comparison, only marginally effective (P < 0-02.
P < 0-01, P < 0-05—with C. parvum group).

completely abolished the anti-tumour
effect of C. 'parvum. Post-treatment with
gold had no significant effect.

Intravenous tumour

The effect of gold salt on tumour meta¬
stases.—Repeated gold injections were
started 2 days before tumour injection.
The number of tumour nodules found in
the lung was significantly increased in
mice receiving repeated gold salt injec¬
tions starting 2 days before tumour
injection (Table I, Expt 1). A further

experiment was performed to find out
if single injections of 1 mg gold salt
had the same effect. Tumour metastases
were dramatically increased if gold was
given from 2 days before up to 3 days
after tumour (Table I, Expt 2).

The effect of gold salt on the anti-tumour
(i.v.) action of C. parvum.—As expected
(Milas e< al., 1974) pre-treatment with C.
parvum almost completely abolished the
development of tumour metastases in
the lung (Table I, Expt 1). Multiple
injections of gold salts had no effect
upon this action of C. parvum.
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Fig. lb.—The experimental plan was identical to that in Fig. la except that single 5 mg i.p. injec¬
tions of gold salts were given on Day -{-2, one day before C. parvum (O— * —0)» or on Day
+ 4 (□ □). The former treatment was effective in inhibiting the action of C. parvum
(not significantly different from control group, x X ), whereas the latter treatment was
less effective (not significantly different from C. parvum group, A A)- Bars, where
shown, represent 1 s.e. (8 mice per group).

The effect of gold salt on adjuvant action
and antibody response

Intramuscular gold salt injection has
been reported not to affect the delayed
hypersensitivity response of guinea-pigs
to diphtheria toxoid and dinitrochloro-
benzene, nor the antibody response of
rabbits to BSA, typhoid-paratyphoid
vaccine and Esch. coli (Persellin, Smiley
and Ziff, 1967). It increased the plaque
forming cell response of mice to sheep
red blood cells (Scheiffarth, Baenkler and
Pfister, 1971; Measel, 1975) but, given
by the i.p. route, did not modify the
antibody response to Semliki Forest virus

(Allner et al., 1974).
Because of the lack of a comparable

study, we examined the influence of
gold salt upon the response of mice to
sheep red blood cells with the dosages
and routes of administration used in
this study. In view of available informa¬
tion on the action of gold salts, haem-
glutination was chosen as an assay so
that the timing of the responses could be
examined.

The immune response to sheep red
blood cells.—Mice received 108 SRBC
either i.v. (Fig. 2a) or s.c. into the hind
thigh (Fig. 2b) on Day 0. C. parvum was
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Fig. 2.—The effect of gold salt upon the immune response to s.c. and i.v. SRBC.—All mice received

108 SRBC s.c. (Fig. 2a) or i.v. (Fig. 2b) Day 0. Gold salt (x groups) or saline (# groups) i.p.
injections were started Day —4. C. parvurn (x X ; • • ) was given i.p. Day —3.
Results are expressed as mean log, haemagglutination titre ±1 s.e. Each group contained
6 mice.
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Table 1.—Increase in the Number of Lung Tumour Nodules in Mice Treated with Gold
Salt and the Effect of C. parvum

No. of tumour • iulos1

Protocol Median R-ange
Expt 1

— — Tumour i.v.|| 6 4-23
— C. parvum J Tumour i.v. 0 O P<0-01

M.I.S.§ NaAu — Tumour i.v. 17 7—65 P < 0 • 05
M.I.S.§ NaAu C. parvum\ Tumour i.v. 0 «*-7 P<001

Expt 2
Tumour i.v. 3 ••-25

NaAu (Day — 2) Tumour i.v. 56 2-N^I P<0-01
NaAu (Day — 1) Tumour i.v. 71 34—N^j P<001
NaAu (Hours 4) Tumour i.v. 31 11-N«I P<001
NaAu (Day -f 3) Tumour i.v. 71 4-N«[ P<001

* 6-8 mice per group.
t Wilcoxon Rank-sum test.
j 0-7 mg C. parvum 10390 i.p. Day —1.
§ Multiple injection schedule for sodium aurothiomalate (NaAu), 3 i.p. injections a week for 8 injections

starting 2 days before tumour.
|| 1-5 x 10s fibrosarcoma cells i.v. Day 0.
% N = too many nodules to count. N taken to be 100 for statistical purj»?es.

given on Day —3 and the multiple gold
salt schedule was started on Day —4.
The adjuvant action of C. parvum was,
as expected, apparent from Day 7 on
in both experiments. Gold salts appeared
to delay all responses (Fig. 2a, b) and to
slightly decrease the peak titres. In
fact, in both experiments the delay was
primarily due to a lack of 2-mercapto-
ethanol sensitive (IgM) antibody in the
gold treated mice on Day 4. The 2-
mercaptoethanol resistant (IgG) antibody
was slightly affected but less so. The
adjuvant action of C. parvum could still
be seen in gold treated mice but appeared
to be slightly suppressed in those given
SRBC by the subcutaneous route.

The immune response to C. parvum.—
The antibody response to C. parvum in
mice has already been described (Woodruff
et al., 19746). Multiple injections of gold
salts partially inhibit this response (peak
titre log2 6-8 compared with log2 8-9;
P < 0-01). Single doses of 1 mg gold on
Day — 1, Day +1 or Day 4 had no
significant action, although there was a
suggestion that prior treatment could be
effective (P < 0-1).

The effect of gold salts on other biological
changes caused by C. parvum

C. parvum causes a wide variety of
physiological and cellular changes that
may or may not t>e related to its anti-
tumour action. The effect of gold salt
on some of these can be seen in Table II.

Gold salt in multiple injections i.p.
prevented many of the sequelae of C.
parvum injection. Thus, the develop¬
ment of splenomegaly was inhibited,
particularly when Treatment was started
before C. parvum injection. The de¬
creased packed cell volume, white cell and
nucleated bone marrow count that follow
C. parvum injection did not develop.
In contrast, gold salts did not restrict
the C. parvum induced increase in peri¬
pheral blood monocytes. Interpretation
of the changes in peripheral white cells
is, however, complicated by the fact
that gold salt alone gave rise to a slight
leucocytosis.

When peritoneal exudate cells were
examined on Day I, 2 and 4 by the Gram
stain for the presence of the i.p. injected C.
parvum, the total number of cells con¬
taining C. parvum was at all times
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Table II.—The Effect of Gold Sail on Biological Changes Caused, by C. parvum

Spleen Packed Nucleated bone
weight blood cell I'WBC Differential marrow cells

Treatment (mg) vol. % ( x 106/ml) M, polys, lymph ( x 106 per femur)
NaAu M.I.S. * C. parvum f 106 + 5- 8 J 461±2-4 6-6J-1-4 14. 46, 40 15
NaAu Day — 1 * C. parvum 184±27-0 N.D. N.D. N.D. N.D.
NaAu Day -f 1 * c, parvum 399 ±37 • 3 N.D. N.D. N.D. N.D.
NaAu Day +4* c, parvum 350 ±51 -5 N.D. N.D. N.D. N.D.

c. parvum 449± 16- 8 36 0±0-8 3-2±0-9 15, 31, 55 7
NaAu M.I.S.« — 81 ±7-6 52 0±10 10-l±2-6 6, 37, 57 17

— — 86± 11 • 6 52-6±l 1 7 ■ 4 d: 1 - 5 4, 24, 72 18
* Mice received 1 mg i.p. injections of sodium aurothiomalate either in multiple doses (M.I.S.) or as

single doses on Day — 1, Day ± 1 or Day ±4.
t 0-7 mg C. parvum i.p. Day 0.
j 1 8.e._mean. Each value represents the mean of at least 6 mice.
All measurements were performed on Day 12.

Table III.—The Effect of Route of Injec¬
tion upon Inhibition by Gold Salt of
C. parvum Induced Splenomegaly

Treatment
, * ^ Spleen weight J

parvum* Gold Balt| (mg) t§ X s.e.
— i-P-11 68 6

i.p. i.p. 142 40
i.p. 312 55
i.v. i.v. 168 37
i.v. — 319 31
i.p. i.v. 264 17
i.v. i.p. 264 38

*0-7 mg C. parvum 10390.
t 1 mg three times a week from one day prior

to injection of C. parvum.
J Measured ten days after injection of C. parvum.
§ Students t giving 95 % confidence limits for

mean.

|| Gold salts i.p. or i.v. do not affect spleen
weights compared with saline injected controls.

greater in the mice also given gold salt
and the number of cells containing C.
parvum decreased more slowly with time
in the gold treated mice. This suggested
a slower rate of degradation. Perhaps
surprisingly, the peritoneal exudate cells
from mice receiving gold salts and C.
parvum contained almost as many cells
and as high a percentage of large morpho¬
logically " active " macrophages as did
those receiving only C. parvum. Again,
gold salt alone slightly increased the
number of cells and the percentage of
" active " macrophages in the peri¬
toneum, as judged by morphological
criteria.

It should be noted that in order to
inhibit at least the splenomegaly caused

by C. parvum it is important that the
gold salt be given by the same route as
the C. parvum (Table III). Histological
examination showed what appeared to
be gold granules within macrophages and
some of these cells were also found to
contain C. parvum if it was given by the
same route.

DISCUSSION

The available evidence suggests that
the anti-inflammatory agent sodium auro¬
thiomalate is rapidly concentrated within
phagocytic cells where it inhibits lyso¬
somal enzyme activity (Persellin and
Ziff, 1966), probably by sulphydryl bind¬
ing (Ennis, Granda and Posner, 1968).
It does not appear to affect the stability
of the lysosomal membrane (Ennis et al.,
1968). It has also been reported to
suppress the cellular and fluid phases of
the in vivo inflammatory response and
the phagocytic activity of these cells
(Vernon-Roberts, Jessop and Dore, 1973).

The number of lung tumour nodules
that develop in mice injected i.v. with
tumour cells is in large part dependent
upon nonspecific immune mechanisms.
In this study we found that gold salts
could readily increase the number of
tumour nodules. A similar effect can be
obtained with low doses of x-irradiation
(Williams and Till, 1966; Milas et al.,
1974) which are known to also decrease
the number of tumour cells eliminated
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over the 24 h following injection (Brown,
1973). These studies are consistent with
the view that protection against lung
tumour development is largely nonspecific
and probably mediated by macrophages.

C. parvum protects against lung tu¬
mour nodule development (Milas and
Mujagic, 1972; this study) and causes
increased elimination of tumour cells over

the same 24 h period (Bomford and
Olivotto, 1974), suggesting that the non¬
specific rejection mechanism is stimulated.
Our finding that C. parvum could, under
the conditions of the experiment, confer
protection even in gold treated mice
is probably a tribute to the intense
stimulatory action of this agent and is
paralleled by the finding that C. granu-
losum can prevent the growth of x-irradia-
tion enhanced lung tumour nodules (Milas
et al., 1974).

The mechanism by which gold salts
injected intraperitoneally enhance the
take of subcutaneous tumour requires
further investigation. It is postulated
that in the untreated animal there is an

influx of macrophages into the sub¬
cutaneous site shortly after injection of
tumour. Gold salts might interfere with
the anti-tumour activity of these cells.
It should be noted that gold salts do not
appear to affect the in vitro chemotaxis
of cells (Russell, personal communication)
but, as will be argued later, can affect their
anti-tumour action.

Inhibition of the growth of sub¬
cutaneous tumour following injection of
C. parvum is well documented (Woodruff
and Dunbar, 1973; Scott, 1974a, b).
In this situation both nonspecific and
specific immune responses to the growing
tumour can be stimulated. Evidence for
the former is that C. parvum i.p. is
effective in T-cell deprived mice (Wood¬
ruff and Dunbar, 1973) and that in these
and in treated intact mice peritoneal
macrophages and spleen cells develop
that, in vitro, are non-specifically cyto¬
static for tumour cells (Ghaffar et al.,
1974; Bomford and Olivotto, 1974). It
seems likely that C. parvum i.p. stimulates

the early nonspecific rejection or cyto-
stasis of the tumour inoculum. However,
direct intratumour injection of C. parvum
into the subcutaneous site seems to
favour a T-cell dependent immunological
rejection mechanism (Scott, 19746) and
the marked inhibition of tumour growth
2 weeks following intraperitoneal C. par¬
vum may also be T-cell dependent (Scott,
1974a, McBride, unpublished). There is
some evidence that this specific response
may be due to antigenic cross-reactivity
between C. parvum and the tumour cell
surfaces.

In this study prior treatment with
gold salts prevented intraperitoneal C.
parvum from exerting its normal anti-
tumour (s.c.) effect. In C. parvum treated
mice the development of peritoneal cells
that in vitro are nonspecifically cytostatic
for tumour cells is also inhibited (McBride
and Ghaffar, to be published). Hibbs
(1974) has found that the in vitro cyto¬
toxic activity of BCG activated macro¬
phages is decreased by antagonists of
lysosomal enzymes. These studies sup¬
port the suggestion (Scott, 1974a) that
systemic C. parvum acts mainly by
activating macrophages and nonspecific
early elimination or cytostatis of tumour
cells, a process that can be blocked by-
gold salt. Gold salts may also partially
suppress the specific anti-tumour response
stimulated by C. parvum. It may be
relevant that it prevents the appearance
of serum immunoglobulin that binds to
tumour cells and that arises following
injection of C. parvum (Willmott et al.,
1975). This aspect requires further in¬
vestigation.

It is also possible that by inhibiting
lysosomal enzymes and/or the processing
of C. parvum at the macrophage level,
gold salts prevent the general stimulus
of C. parvum upon other cells. Thus,
many of the numerous in vivo conse¬
quences of C. parvum inoculation were
inhibited by gold. It is of interest
that the B cell mitogenicity of C.
parvum is macrophage dependent,
that gold can inhibit the response of
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lymphocytes to phvtohaemagglutinin (Ca-
hill, 1971), a process that is macrophage
dependent, and that gold can inhibit
the stimulus to in vitro tumour cell

growth given by normal peritoneal cells
(McBride and Ghaffar, to be published).
Although we did not find a very marked
inhibition of the adjuvant action of C.
parvum in this study, further investigation
may show that this is also inhibited.

We would like to thank Krystyna
Gruszecka and Helen Parry Jones for
their help and the Cancer Research
Campaign for their support.
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Macrophages from Corynebacterium parvum-lrealed mice have been shown to exert a
cytotoxic effect on cultured tumor cells in vitro. Experiments were carried out to deter¬
mine the effect ofgold salt treatment ofC. parvum- treated mice on the in vitro cytotoxicity
of their macrophages. The effect of adding gold salt to macrophages in vitro on this
cytotoxic activity was also determined. The results indicate that gold salt treatment of C.
parvum-treated macrophage donors interfered with the cytotoxic activity of their mac¬
rophages. Furthermore, in vitro gold salt treatment of cytotoxic macrophages from C.
parvum-treated donors drastically reduced their cytotoxic activity against tumor cells.

INTRODUCTION

Murine macrophages activated in vivo by Corynebacterium parvum (1, 4) or a
variety of other agents (5, 7) can cause stasis and/or death of tumor cells. Little is
known about the regulation of these effector cells, or the biochemical nature of the
substance(s) mediating target cell destruction.

The antitumor action of systemically administered C. parvum can be suppressed
by the anti-inflammatory (10) agent sodium aurothiomalate (8). Gold salts appear to
be ingested by macrophages and can inhibit their lysosomal enzyme activity (9). In
this study, we have used gold salts to investigate the mechanism(s) of in vitro tumor
cell cytostasis and/or destruction by C. parvum-activated macrophages and the
modulation of this effector function by C. parvum.

MATERIALS AND METHODS

Corynebacterium parvum. Corynebacterium parvum 6134 (batch number
EZI74) was obtained from Burroughs Wellcome Research Laboratories, Becken-
ham, Kent, England. Adult CBA mice (18 to 22 g) were inoculated i.p. with 0.7 mg
or 1.4 mg of formalized vaccine in 0.1 ml or 0.2 ml saline.

"Present address: Laboratory of Virology, Department of Microbiology, University of Miami, School
of Medicine, P.O. Box 520875, Biscayne Annex, Miami, Florida 33152
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Gold Salts. Mice were injected i.p. with 1 mg sodium aurothiomalate ("myocri-
sin." May and Baker, Ltd.. Dagenham, England) in 0.2 ml saline at the times stated.
Experiments reported elsewhere (8) showed that to inhibit the inflammatory re¬
sponse to C. parvum and its antitumor action, it was necessary to give the salt first
and preferably as multiple injections. This determined the protocol for these exper¬
iments.

Peritoneal Exudate Cells. Peritoneal exudate cells (PEC) were harvested by
lavage with 3 ml RPM1-1640 medium (Difco, West Moseley, Surrey, England)
containing 10 international units of heparin per ml, 100 units of penicillin per ml and
100 pg of streptomycin per ml. Cells were washed 3 times in growth medium
(RPMI-1640 supplemented with 10% fetal calf serum, 2 mM glutamine. 100 units of
penicillin per ml and 100 pg of streptomycin per ml) and suspended in the growth
medium at concentrations of 32, 16 and 8 x 105 cells per ml.

Tumor Cells and Cytotoxicity Assay. A CBA fibrosarcoma induced by methyl-
cholanthrene was used as the target in these studies. A description of the charac¬
teristics of the tumor and the procedure for culture in vitro has been documented
elsewhere (4). Before use as a target, the tumor was cultured in vitro for 10 to 14
days.

The cytotoxicity assay used in these studies is a modification of the method
' described by Evans and Alexander (2). Briefly, 0.1 ml of a suspension of PEC were

seeded in wells of a microculture plate (Linbro 1S-PB-96-TC) and incubated at 37 C
for 2 hr in a 5% CO2: air atmosphere. The plate was gently shaken and non-adherent
cells were removed with the medium. The adherent cells were washed twice with
the growth medium and 0.2 ml ofa tumor cell suspension containing 4 x 103 cells was
added to each well. The adhering cells that remained after washing were principally
macrophages and are referred to as adherent cells or macrophages. After 24 hr
incubation, 0.1 ml of the medium was removed and replaced by an equal volume of
medium containing 0.25 pCi IS51UDR. The plate was reincubated tor an additional
16 hr. Following the final incubation, the wells were emptied and carefully washed 3

TABLE 1

The in vitro Cytotoxicity of Macrophages from C. parvum-
Treated Mice: The Effect of in vivo Gold Salt Treatment

Day of
P.E. cell
harvest

Effector:

Target
ratio

Material(s) injected

Saline Gold salt1 C. parvum' Gold salt' &
C. parvum'

80:1 13,222' 5,442 256 1.595

Day 4 40:1 15,793 7.920 966 3,700
20:1 10,537 6,867 2,933 5.786

80:1 17,848 5,824 288 197

Day 7 40:1 24,224 16,788 2,024 967
20:1 18,258 26,477 7,439 6,179

11 mg gold salt i.p. day — I, +1, +3 (also +6 for day 7 harvest)
"0.7 mg C. parvum i.p. day 0
'Geometric mean counts/min of quadruplicate samples. Max error 15% (I S.E.)
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times with Dulbecco's medium containing 59? fetal calf serum, dried at room
temperature and sprayed with an aerosol plastic solution. Individual wells were cut
out and counted in a gamma scintillation spectrometer.

In Vitro Treatment with Gold Salt. In experiments in which the in vitro effect of
gold salt on the cytotoxicity of macrophages from C. parvum-treated animals was
examined, adherent PEC were initially incubated with gold salt for 2 hr. Before the
addition of tumor cells, the wells were washed 3 times with the growth medium to
remove gold salt and non-adherent PEC. The cytotoxicity assay was then per¬
formed as described above.

In Vitro Rcstimulalion ofMacrophages with C. parvum. Peritoneal exudate cells
from C. parvum-treated animals (8 x 105 cells in 0.1 ml per well) were incubated in
culture plate wells for I to 1 '/i hours. The non-adherent cells were removed and the
adherent cells were washed once with the growth medium. Groups of wells received
either 0.56 pg C. parvum in 0.2 ml of medium or various quantities of gold salt or
both at the same time. The control group received medium alone. After 20 to 24 hr
incubation, the plate was shaken and the wells were washed 3 times with growth
medium to remove gold salt and C. parvum. The cytotoxic index of the adherent cell
population was then determined as described above.

Presentation ofResults. The results have been expressed either as the geometric
mean of counts per minute (cpm) for a group of 5 cultures or as the cytotoxic index
(C.I.), which was calculated as follows:

Mean cpm in cultures with Mean cpm in cultures with

CI _ control macrophages — stimulated macrophages ^
Mean cpm in cultures with control macrophages

Wherever expressed, the significance of the data was assessed by the standard
Student's two tail t test.

RESULTS

The injection of C. parvum into the peritoneal cavity of mice results in the
appearance of a population of plastic-adherent cells (macrophages) that are
cytotoxic for tumor cells in vitro (1,4) (Table 1). Treatment of C. parr«w-injected
macrophage donors with repeated doses ofgold salt reduced the cytotoxic potential
of these macrophages. It will be seen from Table 1 that the antagonistic effect of
gold salt was evident on day 4 but not on day. 7 and it was most noticeable at the
effector to target ratio of 20:1. It is also notable that gold salt itself generated some
cells with cytotoxic potential.

When C. parvwm-stimulated macrophages were incubated in vitro with gold salt
their cytotoxicity was affected in a dose response fashion. Results of 3 experiments
summarized in Fig. 1 indicate that the cytotoxicity of macrophages could be
inhibited by in vitro incubation of macrophages with gold salt and that the degree of
inhibition was related to the cytotoxic activity of macrophages in different experi¬
ments. In all experiments 50 p.g of gold salt completely abolished the cytotoxic
activity. The dosage range of gold salt used in these experiments had no cytotoxic
effect on macrophages as evidenced by their morphologic appearance and their
plastic adhering ability. Furthermore, in vitro treatment with gold salt did not in any
way alter the effect of normal macrophages on tumor growth.

When plastic adhering cells from C. parvum-treated mice were cultured in vitro
for 20 to 24 hr, they lost their cytotoxic potential (Tables 2,3). When C. parvum was
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fjg Cold Salt per Culture
Fig. 1. The effect of in vilro gold salt on the cytotoxic activity of macrophages from C. pani/m-treated

mice. Each line represents an individual experiment. A 20:1 effector to target ratio was used in each
experiment.

present in the culture medium over this period, the effectorcells expressed their full
cytotoxic potential (Tables 2, 3).

Cells taken on day 4 from mice treated with a combination of gold salts and C.
parvum did not regain their cytotoxic potential when cultured with C. parvum in
vitro; in contrast, cells harvested on the 7th day recaptured their cytotoxic ability
when cultured with the organisms (Table 2).

The C. parvtim-induced retention or restimulation of cytotoxicity in cultures of
plastic-adhering PEC from mice treated with C. parvum was markedly inhibited
when gold salt was added to the cultures (Table 3). It is also apparent from Table 3
that, whereas the cells from C. parvum-injected mice exerted a strong cytotoxic

TABLE 2

Cytotoxic Activity of Cultured Macrophages from Mice
Injected with C. parvum or a Combination ofC. parvum and gold salt: The Effect of AddingC. parvum to

the Cultured Cells

Day of
P.E. cell
harvest

Material(s) injected

Treatment
in vilro Saline Gold salt' C. parvum1

Gold salt'
and C.

parvum1

Day 4 None 24,269' 40.386 44.653 40,698
C. parvum' 27,500 38.522 7.060s 29.213s

Day 7 None 20.709 29.097 23.138 31,767
C. parvum' 26,820 31,018 1,024s 5,743s

11 mg gold salt i.p. day — I, — 1. +3 (also +6 for day 7 harvest)
*0.7 mg C. parvum i.p. day 0
'Geometric mean counts/min of quadruplicate values. Max error 1591 (1 S.E.)
'Cells incubated for 24 hours in the presence of either medium or 0.56 pg C. parvum in 0.2 ml before

washing and adding of tumor cells
sp < 0.01: Comparison with group immediately above. The ratio of effector: target cells was 20:1 for

the data presented
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TABLE 3

Cytotoxic Activity of Cultured Macrophages from C . parvum-
Treatcd Mice: The Effect of in vitro Addition of C. parvum and Gold Salt

Treatment and Gold salt in vitro'

day of cell C. parvum
harvest in vitro None 10 pg 20 pg

Saline None 24,2693 Not done 18,762
C. parvum' 24.953 Not done 18.261

C. parvum' None 44.653 38.169 22.731

Day 4 C. parvum 7,060' 26,786' 24.953

C. parvum None 23.138 26.289 24,910
Day 7 C. parvum I.024* 20.044' 26.183

'P.E. cells harvested 4 or 7 days after 1.4 mg C. parvum i.p.
•Cells incubated for 24 hours in the presence of medium, 0.56 p.g C. parvum, 10 or 20 pg gold salt or a

combination of C. parvum and gold salt before washing and adding tumor cells.
•Geometric mean counts/min of quadruplicate values. Max error 15% (I S.E.).
'p < 0.01: Comparison with group immediately above. The ratio of effector: target cells was 20:1 for

the data presented.

effect when cultured for 24 hr with C. parvum, they failed to exhibit cytotoxicity in
the presence of C. parvum and gold salt.

It should be noted (Tables 2, 3) that C. parvum did not directly activate normal
macrophages in vitro. This has been reported before (1, 3).

DISCUSSION

Macrophages "activated" in vivo by the administration of C. parvum may be
generated by both non-specific and specific mechanisms (1, 4).

In this paper, we have shown that the in vitro cytotoxic effector function of such
activated macrophages against a syngeneic fibrosarcoma can be inhibited by in vitro
treatment with gold salt.

When gold salt is injected into mice the cytotoxic activity generated by C. parvum
in the peritoneal cell population is depressed 4 days but not 7 days afterC. parvum.
It has previously been shown that both the inflammatory response to the vaccine
and the in vivo antitumor action ofC. parvum can be inhibited by the administration
ofgold salt (8). This suggests a role for early macrophage activation in the antitumor
action ofC. parvum. The recovery of cytotoxic potential after gold salt administra¬
tion (between days 4 and 7; Table 1) may be due to continuing reticuloendothelial
stimulation by C. parvum and it is likely that gold salt serves to inhibit the function
of the mature effector cells (macrophages) rather than to interfere with the in vivo
mechanism by which these cytotoxic macrophages are stimulated.

Gold salt is known to be concentrated within phagocytic cells and can inhibit
lysosomal enzymes (9). Although the effect of gold salt on other intracellular
functions cannot be ruled out, it is likely that the mechanism of cytolysis and
cytostasis of C. pam/m-activated macrophages depends upon the activity of their
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lysosomal enzymes, ll has already been shown that the cytotoxic effect of BCG-
stimulated macrophages can be inhibited either by preventing exocytosis of
lysosomal enzymes or by directly inactivating these enzymes before they are
secreted into the target cell (6). The abrogation of cytotoxic activity by gold salt
observed in these studies is consonant with the concept that lysosomal enzymes
contribute to the cytotoxic action of C. parvum-activated macrophages.

The mechanisms regulating the cytotoxic potential of activated macrophages are

essentially unknown. The addition ofC. parvum to cultures ofC. parvwm-activated
macrophages leads to retention of cytotoxic potential that would otherwise be lost
on culture. This is presumably due to continuous restimulation of the cytotoxic
potential by C. parvum (3). an event which can be blocked by in vitro gold salt
treatment of the cells. At present it is not clear whether this restimulation of the
cytotoxic potential is the result of direct action of the C. parvum upon the mac¬

rophages or is due to the presence on their surface of a mediator released by
lymphocytes (2). Both mechanisms are possible and both may be operating (1.3).

When the cytotoxic ability of cells taken from mice treated in vivo with both gold
salt and C. parvum was examined in this way the results were similar to those
observed in the direct cytotoxic assay. Thus, cells taken from gold salt-treated mice
4 days after inoculation ofC. parvum were less cytotoxic than those taken at 7 days.
This may suggest that the continuing cytotoxicity generated by the presence of C.
parvum may be regulated in a self-limiting fashion.

The ability of gold salt to inhibit the recapture of cytotoxic potential in vitro
suggests that the renewed cytotoxic potential of macrophages by in vitro exposure
toC. parvum is mediated by regeneration of lysosomal enzymes. It is apparent that
the regeneration of cytotoxicity in vitro is limited to cells already 'primed' by in vivo
treatment with C. parvum.

The effector cells which are responsible for the in vivo antitumor effect that
follows the administration of C. parvum remains to be defined; these studies and
those reported elsewhere (1,4) point to a key role for macrophages.
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The cytotoxicity of peritoneal exudate cells from mice which had been injected with
anaerobic coryneform organisms which have adjuvant activity was assessed by mea¬
suring the release of radioactive chromium from monolayers of whole mouse embryo
cells. It was found that the peritoneal cells from adjuvant-stimulated mice were more
cytotoxic than cells from normal mice. The increased cytotoxicity was present as
early as 2 days after injection of the organisms, and was abolished by trypsin treat¬
ment of the peritoneal cells. The cytotoxic effect requires the presence of live peritoneal
cells, and is more marked as the ratio of effector to target cells is increased. The plastic-
adherent cells of the peritoneal cell population are more effective in the cytotoxic
reaction than are the non-adherent cells. The stimulated peritoneal cells can kill both
syngeneic and allogeneic mouse embryo cells. Consideration is given to the possible
mechanisms by which the increased cytotoxicity might be induced.

INTRODUCTION

It has been shown that killed suspensions of certain anaerobic coryneform
organisms are capable of stimulating macrophage activity, as measured by increased
carbon clearance in vivo (1, 2), inhibition of tumor cell growth in vitro (3), and
increased phagocytosis of red blood cells in vitro (4). These anaerobic coryneforms,
which are variously known as Corynebacterium parvum, Corynebacterium acnes,
and Propionibacterium acnes (5) also have adjuvant activity (6, 7).

The anaerobic coryneform adjuvants have also been shown to stimulate anti-self
reactivity when injected into mice. They bring forward the onset of autoimmune
haemolytic anaemia in NZB mice (8) and killed organisms, when injected into
CBA mice, induce spleen cells to react with syngeneic red blood cells (9). The
present work was designed to determine whether anti-self reactivity was expressed
by the stimulated macrophages from the peritoneum of adjuvant treated mice.

Preliminary observations in this laboratory (Taylor, unpublished) suggested
that peritoneal exudate cells (PEC) from C. parvum-tTeated mice were cytotoxic
for normal mouse cells, and that this cytotoxicity could be successfully assessed by
measuring release of radioactive chromium from monolayers of embryonic cells.

MATERIALS AND METHODS

Mice. Mice were obtained from the Centre for Laboratory Animals, The Bush,
Milton Bridge, Midlothian. Mice for peritoneal exudate were inbred CBA or C3H

'Present address: MRC Radiobiology Unit, Harwell, Didcot, Oxfordshire OX11 ORD.
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females aged approximately 20 wk. Pregnant mice of various inbred and outbred
strains, used to provide embryos for the culture of target cell strains, were obtained
from the same source.

Adjuvant. A killed, washed suspension of Corynebacterium parvum NCTC strain
10390 was injected into the mice intraperitoneally at a dose of 0.7 mg in 0.1 ml
saline. Other organisms used were Propionibactcrium avidum (VPI number 4982,
a kind gift of Prof. C. S. Cummins, Virginia Polytechnic Institute and State Uni¬
versity, Blacksburg, Virginia 24061), and SF16, a coryneform isolate from a
rheumatoid joint, a gift of Dr. Sheila Stewart, Bacteriology Department, Univer¬
sity of Edinburgh Medical School. Of these, the mice received a dose of 0.1 ml
intraperitoneally of a killed washed suspension that had been standardised at an
optical density of 40 (540 nm).

Effector cells. Peritoneal cells were collected from mice which had been killed
with ether. The cells were washed from the peritoneum with 2 ml of Dulbecco's
saline, containing 5 IU/ml heparin. The cells were washed once with Dulbecco's
saline without heparin, and then resuspended to the required concentration in
medium 199 with bicarbonate, antibiotics, HEPES (iV-2-hydroxyethylpiperazine
V-2-ethanesulphonic acid, BDH Chemicals Ltd., Poole, Dorset) buffer 0.1 M, and
10% foetal calf serum.

Trypsin treatment. Peritoneal cells were suspended in Dulbecco's saline contain¬
ing 0.1% trypsin and 0.0125% versene for 30 min at 37°C with occasional shaking.
They were then washed once in Dulbecco's saline and resuspended in culture
medium.

Target cells. Cell strains were obtained by trypsinization of minced whole mouse
embryos of 10-16 days gestation. The resulting cell suspension was cultured in
medium 199 with bicarbonate, penicillin, streptomycin, mycostatin, and 10% foetal
calf serum, with glutamine being added immediately prior to use. Cultures were
grown in 100 ml medical flat bottles and passaged at 4—7 days. They were usually
used as targets at passage 2 or 3, and in no case were cells of more than passage 6
used.

Labeling of target cells. The target cells were removed from the culture bottles
with trypsin-versene, and suspended in medium 199 with bicarbonate, antibiotics,
5% foetal calf serum, and HEPES buffer. They were then labeled by one of two
methods, either after having been grown overnight in the microtitre plates used for
the assay, or immediately, before being added to the microtitre plates. In the first
method, they were added to flat-bottomed microtitre tissue culture plates (Cooke
Engineering Co., 900 Slaters Lane, Alexandria, Va. 22314) at a density of
2 X 104 cells/well, in 0.2 ml culture medium. The plates were covered with Trans-
paseal (Coated Specialities Ltd., Basildon, Essex) and incubated overnight at
37°C, by which time the cells had formed a confluent monolayer. The medium
was removed from the wells, and to each well was added 0.1 ml of medium contain¬
ing Na251Cr04 (Radiochemical Centre, Amersham, Bucks) at a concentration of
2 /iCi/ml. The plates were re-covered and incubated for 3—4 hr. The radioactive
medium was then removed and the monolayers washed three times with Dulbecco's
saline before the effector cells were added. In the second method of labeling, the
target cells were suspended in medium containing Na2"Cr04 at 2 fiCi/ml, and
were then incubated at 37°C for 3-4 hr in a rolling universal bottle. They were
then removed from the radioactive medium by centrifugation, washed three times
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■4
Fig. 1. Increase in cytotoxicity of PEC 2, 4, and 6 days after injection of C. parvum. Counts

per second per 0.1 ml supernatant, 2, 4, and 6 days after injection of 0.1 ml C. parvum, mean
of five replicates, SE indicated. Spontaneous release subtracted. Effector cells, 2 x 105 CBA
PEC; target cells, 2 x 10' CBA whole mouse embryo cells. Shaded bars: PEC from C.
parvum injected CBA mice. Unshaded bars: PEC from saline injected mice. Significance of
increased release by PEC from treated mice (Student's t test) : 2 days, P < 0.005; 4 days,
P < 0.05; 6 days, P < 0.001.

in Dulbecco's saline, and added to the microtitre plates at the same time as the
effector cells. The second method gave better reproducibility, but a similar pattern
of release.

Cytotoxicity assay. The target cells and the required effector cells were added
to five replicate wells in the microtitre plate. To measure spontaneous release of
label, target cells and medium only were added to some wells. To measure the total
amount of label which had been taken up by monolayer, target cells and 0.5%
Triton X-100 were added to some wells. The spontaneous release of label from
target cells over the standard 18 hr incubation period was approximately 30%.
Under experimental conditions the maximum release [experimental-spontaneous/
total-spontaneous] averaged a further 30%. The plates were covered with Trans-
paseal, and incubated for the required length of time, usually overnight. After
incubation, the plates were centrifuged at 250<7 for 10 min, then 0.1 ml of the
culture supernatant was removed into a tube and counted in a Wallac gamma
counter.

The cytotoxic effect of adjuvant-stimulated, peritoneal cells. The treatment of
mice with killed suspension of some anaerobic coryneform organisms causes changes
in the ability of their PEC to kill normal cells. CBA mice were injected intra-
peritoneally with a suspension of C. parvum, an organism which has been shown
to have adjuvant effect. Cells were washed from the peritoneum at various times
after injection, and incubated with "Cr-labeled cells grown from normal CBA
embryos. The release of the label was greater in the presence of the C. parvum-
stimulated cells than in the presence of PEC from saline-rejected control mice
(Fig. 1). This increased cytotoxic potential is present as early as 2 days after the
injection of the adjuvant.

In most experiments, C. parvum strain 10390 was used to stimulate the cytotoxic
potential of the mouse PEC, but this organism is not the only coryneform to have

RESULTS
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TABLE 1

The Type of Cell that Exerts the Syngeneic Cytotoxic Effect

Cell type Mean difference,
stimulated-normal

cells"

P values'

Whole PEC

Expt 1 + 72 <0.001

Expt 2 +59 <0.05

Adherent cells"

Expt 1 +63 <0.02

Expt 2 + 115 <0.01

Nonadherent cells

Expt 1 +8 Not significant
Expt 2 +6 Not significant

• Mean difference between counts released by C. panmm—stimulated CBA PEC and normal
PEC in 100 sec. Mean of five relicates in each of two experiments.

' Student's t test used to test whether difference between stimulated and normal cells is sig¬
nificantly different from zero.

' Cells from PEC which adhered to plastic culture wells in 2 hr at 37°C.

this stimulatory effect. In other experiments, P. avidum strain 4982, (10) and
SF16, a rheumatoid joint isolate (11) have been shown to act in a similar manner.

The cells that exert the cytotoxic effect. In order to determine whether one cell
type was responsible for the target cell killing, or whether the presence of all
peritoneal cell types was required, the cells in the peritoneal exudate were frac¬
tionated by allowing them to adhere to the plastic surface of the bottom of the
microtitre plate wells. The nonadherent cell population (lymphocyte enriched) was
then removed, and made up to cell numbers similar to those of the adherent cells
(macrophage enriched). The adherent cells, the nonadherent cells, and the whole
peritoneal cell population were then incubated at several different effector to target
cell ratios, with comparable numbers of effector cells of the three kinds. The
results of two such experiments are shown in Table 1. It is apparent that the
cytotoxic capacity of the peritoneal exudate resides mainly in the adherent cell
population.

Specificity of the cytotoxicity. In an attempt to determine whether the cytotoxic¬
ity of the peritoneal cells was specifically directed against self-antigens, or whether

TABLE 2

Specificity of Cytotoxicity of C. paraum-STiMULATED CBA PEC

Target cell Difference ± 1 SE°

CBA +41.3 ± 2.2
C3H +39.5 ± 3.2

Albino (outbred) +28.0 ± 1.9

• Mean difference between counts released by C. porvum-stimulated and normal PEC in 100 sec.

Means were of five replicates.



adjuvant-induced cytotoxicity 379

Fig. 2 Decrease in cytotoxicity of C. parvum-treated PEC as cells are killed by freezing
and thawing. Counts per second per 0.1 ml supernatant, released from 2 x 10* CBA whole
mouse embryo cells, as a function of the number of viable CBA PEC per well, x 10*. Mean
of eight replicates, 1 SE indicated. Spontaneous release subtracted. Significance of difference
between C. parvuni-treated and control PEC at 20 x 104 per well, P < 0.001. (O O) PEC
from C. parvum-in]ected mice. (• •) PEC from saline-injected mice.

it would be expressed toward other target cells, adjuvant-stimulated cells from
CBA mice were incubated with embryonic cells grown from different strains of
mice. Table 2 shows the mean difference in the counts released by normal cells
and by C. ^artium-stimulated cells. The release of label from syngeneic cells is
somewhat higher than the release of label from allogeneic cells.

In another experiment, C. />own tn-stimulated PEC from C3H mice were tested
with both C3H cells and CBA cells as targets. In this case the release of label by
adjuvant-stimulated PEC was significantly increased (P < 0.05, Student's t test)
from syngeneic target cells but not from allogeneic ones.

The mechanism of cytotoxic effect. Consideration was given to the question of
whether the cytotoxic effect required the presence of live PEC, or whether it may

IB CD

Fig. 3. Effect of incubating PEC with syngeneic target cells in presence of killed. C. parvum,
Counts per second per 0.1 ml released from 2 x 10' CBA whole mouse embryo cells, means of
five replicates, 1 SE indicated. Spontaneous release subtracted. Shaded bars: PEC from C.
parvum-injected CBA mice.

A. 3 x 10s PEC per well.
B. 3 x 10° PEC plus killed C. parvum, 1.5 x 10' organisms.

Significance of difference between A and B, P < 0.005, Student's t test Unshaded bars:
PEC from saline-injected CBA mice.

C. 3 x 105 PEC per well.
D. 3 x 10" PEC plus killed C. parvum, 1.5 x 10* organisms.

Difference between C and D not significant
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Fig. 4. Effect of trypsin treatment of PEC on cytotoxicity. Counts per second per 0.1 ml
supernatant, released from 2 X 10' C3H whole mouse embryo cells. Means of five replicates, 1
SE indicated. Spontaneous release subtracted.

Shaded bars: PEC from C. parvum-in]ected C3H mice, 2 X 10° cells per well.
A. Untreated.
B. Trypsin-treated. Unshaded bars: PEC from saline-injected C3H mice, 2X10° cells

per well.
C. Untreated.
D. Trypsin-treated. Significance of difference between A and B, P < 0.05.

Significance of difference between A and C, P < 0.05 (Student's t test).

have been mediated by a nonliving cell component or product (such as increased
lysosomal enzymes), or by adjuvant released in vitro from phagocytic cells. In order
to test whether the presence of live PEC was required, the effector cells were

disrupted by freezing and thawing up to six times before incubation with the target
cells. As the numbers of viable cells were diminished, the enhanced cytotoxic capac¬
ity of the adjuvant-stimulated cell suspension disappeared (Fig. 2).

The labeled target cells were also incubated in the presence of the supernatant
from a peritoneal cell suspension which had been frozen and thawed six times, and
then centrifuged at 1500<j for 20 min. This centrifugation will normally remove
whole killed organisms from suspension, as well as the larger cell debris, leaving
in the supernatant any soluble factors from the stimulated cells. This supernatant
did not cause any increased lysis of the target cells.

Target cells incubated in the presence of a suspension of the killed organisms do
not show any increased lysis. In the presence of killed organisms, normal PEC
show a slight but not significant increase in cytotoxicity. However, incubating stim¬
ulated PEC and the target cells together in the presence of a suspension of killed
organisms does significantly increase the cytotoxic effect (P < 0.005) (Fig. 3).

Fig. 5. Time Course of Release of "Cr from target cells during the cytotoxic assay. Counts
per second per 0.1 ml released from 2 X 10* CBA whole mouse embryo cells after different
times of incubation with 3 X 10° effector cells. Mean of five replicates, 1 SE indicated. Spon¬
taneous release subtracted. (O O) PEC from C. parvum-treated CBA mice. (• •)
PEC from saline-treated CBA mice.

B
Soon
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Fig. 6. Effect of increasing effector to target cell ratio upon cytotoxicity. Counts per second
per 0.1 ml supernatant released from 2 x 10* CBA whole mouse embryo cells by PEC ranging
in number from 1 x 10® per well to 8 x 10s per well. Mean of four replicates, 1 SE indicated.
(O O) PEC from CBA mice injected with strain 4982. (• •) PEC from CBA
mice injected with saline.

In order to determine whether the interaction between the adjuvant-stimulated
cytotoxic cell and the target cell could be blocked by altering the proteins on the
surface of the effector cell, the PEC were treated with trypsin-versene, and then
washed before being added to the target cells. As can be seen in Fig. 4, the increased
cytotoxic capacity of the stimulated cells was completely abolished by this treat¬
ment. (The trypsin treatment did not significantly affect the number of viable cells
in the PEC suspensions.)

The time course of the target cell killing by the PEC was studied by incubating
target cells with effector cells and determining the counts which had been released
into the supernatant of the culture after different periods of time. As can be seen
from Fig. 5, the difference between stimulated PEC and normal ones is apparent
by 5 hr after the start of incubation. The kinetics of chromium release were not
markedly different whatever method of adding cells was used. The three methods
tried were: (1) target cells added first and allowed to form a monolayer before
addition of effector cells; (2) effector cells added first and allowed to adhere
before addition of target cells; and (3) both cell types added simultaneously.

As the ratio of effector cells to target cells was increased, there was more label
released in the cultures containing adjuvant stimulated PEC, while the level of
release remained steady in the wells containing normal PEC (Fig. 6, and see also
Fig. 2).

DISCUSSION

The initial reason for this investigation was to see whether certain anaerobic
coryneform bacteria were capable of inducing cell-mediated anti-self reactivity. We
have demonstrated that PEC which have been stimulated by killed suspensions of
these bacteria are capable of killing normal syngeneic and allogeneic mouse
embryonic cells. The cytotoxic effect requires the presence of viable PEC, and is
more marked as the ratio of effector cells to target cells is increased. The increased
cytotoxic capacity of the PEC is present as early as 2 days after injection of the
killed organism into the mice, and it is abolished by trypsin treatment of the effector
cells. The plastic-adherent cells of the PEC population are more effective in the
cytotoxic reaction than are the nonadherent cells.

One factor which must be considered in looking at the differences between C.
parvum-stimulated and normal PEC is that there is a difference in cell composi-
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tion. We have found that under the conditions of our experiments, the number of
plastic-adherent cells in normal peritoneal exudate is approximately 60%, and the
number in adjuvant-stimulated PEC is approximately 72%. However, when cell
types are separated, and comparable numbers of each are tested separately, the
difference between normal and stimulated adherent cells is apparent.

Induction of cytotoxicity. There are several mechanisms which must be considered
as possible ways in which C. parvum might increase the cytotoxic potential of PEC.
The first is that the administration of C. parvum itself increases the content of lyso¬
somal enzymes in macrophages (4), and it might be argued that upon being put into
culture, the stimulated PEC release their lysosomal enzymes, and induce lysis of
the target cells. However, the finding that disrupted PEC, or the supernatant from
disrupted cells, will not cause increased lysis is evidence that viable cells are
required in the cytotoxic process.

Secondly, it might be considered that the C. parvum affects the peritoneal macro¬
phages directly, and renders them cytotoxic in a manner similar to double-stranded
RNA and endotoxin (12). Our experiments in which killed C. parvum was incu¬
bated overnight with normal PEC and failed to increase the cytotoxic potential of
the cells, seem to rule out any such direct and immediate effect on the peritoneal
macrophages.

Thirdly, we must consider whether any other cell types are involved in the stim¬
ulation of the macrophages, and by what mechanism they might be acting on them.
Our results with trypsin treatment of the PEC suggest that the expression of
cytotoxicity requires the presence of some removable surface protein. McCracken,
McBride, and Weir (9) have observed that C. parvum is capable of inducing spleen
cells to express anti-self activity. It thus seems possible that in response to C.
parvum, lymphocytes may be producing a factor, perhaps cytophilic antibody, which
attaches to the surface of the macrophages and renders them cytotoxic for embryonic
cells.

Another possibility is that in response to C. parvum injection the macrophages
are undergoing a nonspecific activation (13) perhaps mediated by a lymphokine,
which would make them cytotoxic for any cells with which they came in contact.
In determining whether the third or fourth mechanism or both are acting, it is
necessary to examine the specificity for target cells of the cytotoxic activity.

Specificity of cytotoxicity. The specificity of the cytotoxicity expressed by C.
parvum-stimulated PEC is not narrow. Corynebacterium parvum-stimulated PEC
are capable of affecting both syngeneic tumour cells (3) and syngeneic and allo¬
geneic mouse embryo ceils.

Although some nonspecific killing was found in our experiments there was a
tendency for syngeneic cells to be more readily lysed. It seems possible that more
than one mechanism could be operating. The more specific response could be
similar to that found by Mclvor and Weiser (14) with an alloimmune cytotoxic
system which involves a specific soluble cytotoxin responsible for target cell lysis
following attachment of macrophages to target cells. Trypsin treatment abolished
cytotoxicity in this system as indeed it did in ours and the possibility of a specific
cytophilic antibody-like substance should be considered.

Other workers who have investigated the cytotoxicity of stimulated macrophages
have failed to find reactivity with normal cells. Hibbs and Remington (15-17)
have described a cytotoxic effect of adjuvant-stimulated macrophages on tumour
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cells, and on cell lines with abnormal growth characteristics, but were unable to
demonstrate cytotoxicity toward normal embryonic cells. Our results seem to be
in disagreement with theirs; the difference is probably explainable either in terms
of the adjuvant used, or of the assay system. They looked for visible cleared patches
in a monolayer of target cells after 60 hr incubation. It is possible that destruction
of normal cells was taking place in their cultures, but that the increase in normal
cell lysis was too small to be detected visually. Using an adjuvant more similar to
ours, Basic et al. (18) found that C. gramilosum-activated macrophages destroy a
xenogeneic cell line in an immunologically nonspecific manner, but they did not
detect an effect of normal embryonic cells. Their assay was also a visual one of
counting target cells remaining on a macrophage monolayer. Our results certainly
indicate that even with a sensitive assay system, the difference in embryonic cell
killing between normal and adjuvant-stimulated PEC is not large, while the differ¬
ences which have been demonstrated with tumour cell lines by Hibbs et al. (15-17)
and by Basic et al. (18) have been more striking.

It therefore seems that in addition to nonspecifically activating macrophage
activity toward tumour cells C. parvum is also capable of inducing anti-self-reactiv¬
ity of the macrophages. This work extends our previous observations of C. parvum-
induced anti-self reactivity (4, 9). It has been demonstrated that there are cells of
the immune system, probably B cells, which are capable of reacting to self (19-21)
whose potential is not expressed in the normal individual, but which are capable
of expressing their anti-self reactivity when given an appropriate stimulus. The
mechanism by which adjuvant provides the stimulus remains to be determined.
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Summary
Peritoneal exudate cells taken from mice 4 days after treatment with C. parvum can non-speci-
fically kill foetal cells in vitro. The relevance of these findings to those mechanisms of im¬
munity to tumours that can he non-specifically stimulated, is discussed.

Introduction

A large body of evidence is accumulating to
suggest that the host resistance to tumours

may be enhanced by a variety of non-specific
agents. In animal experiments, the growth of
both allogeneic and syngeneic tumours has

been inhibited, for example, by infection with
Nippostrongylus brasiliensis (Keller et al.,
1971), Toxoplasma or Besnoitia (Hibbs et ah,
1972) or by injection of Corynebacterium par¬
vum (Woodruff & Boak, 1966), B.C.G. (Old
et ah, 1962); peptone, endotoxin, starch, gly-
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cogen or poly I;C (Keller 81 Hess, 1972). As
most of these agents have a stimulatory effect
on the cells of the reticuloendothelial system
it seems likely that their anti-tumour activity
is mediated by phagocytic cells. There is evi¬
dence to support this proposal in that glass
adherent cells taken from animals whidi are

not sensitised to the tumour, but which have
been 'activated' in vitro or in vivo with at

least some of the previously mentioned agents
can non-specifically kill tumour cells in vitro
(.Hibbs et al., 1972; Keller & Hess, 1972; Kel¬
ler, 1973; Alexander & Evans, 1971). This does
not necessarily preclude an in vivo mechanism
based upon co-operation between antigen-
reactive effector lymphocytes and 'activated'
effector macrophages. (Lohmann-Matthes &
Fischer, 1973).

For some time we have been interested in the
anti-tumour activity of organisms loosely cal¬
led C. parvum and recently have started to
examine their potential to generate cells which
are cytotoxic in vitro to both allogeneic and
other syngeneic cells.

Most strains of C. parvum belong to the C.
acnes group of organisms (Johnson & Cum¬
mins, 1972). These organisms form an anti-
genically related group and all of those we
have so far tested can be shown to varying
degrees to be capable of inhibiting the growth
of an isogeneic CBA fibrosarcoma (McBride
et al., 1974). In addition glass adherent peri¬
toneal cells taken from mice treated with C.

parvum four days previously have been shown
to be able to inhibit the growth of the tumour
cells in vitro (Ghaffar, et al., 1974). The in
vivo anti-tumour effector cells from the peri¬
toneal exudate may also be macrophages; they
are unlikely to be thymus-derived lymphocytes,
as the effects of C. parvum are similar in nor¬
mal mice and in B (thymectomised, X irradia¬
ted, bone-marrow reconstituted) mice (Wood¬
ruff et al., 1973; Ghaffar et al., 1974). How¬
ever, it is thought that there may be a residual
primed T-cell population that is not eliminated
by X irradiation in these B mice, as the anti¬
body response to C. parvum is intact in B

mice, but not in NuNu mice. (Woodruff et al.,
1974). Therefore, it is still possible that T cells
are required for the generation of the anti-
tumour effector cells.

In previous work we have noted that C. par¬
vum induces anti-self reactivity in mice
(McCracken et al., 1971; McBride et al.,
1974) and, because of the previously mention¬
ed anti-tumour activity of cells taken from
such mice, we decided to see if there was any

relationship between the two phenomena,
and if there was any specificity in the killing.
For these purposes we examined the cyto¬
toxic effects of peritoneal cells from C. par¬
vum treated mice on syngeneic and allogeneic
foetal cells.

Materials and methods

Foetal cells were obtained by trypsinisation of
minced whole mouse embryos of 10-16 days
gestation. The cells were cultured for 4-7
days in 199 plus 10°/o foetal calf serum before
the glass adherent cells were passaged. The
cells were used for experiments 4 to 7 days
later. They were labelled with Na51CrC>4 by
being incubated at a cell concentration of
2xl05/ml in medium containing 2 /cCi/ml
Na51Cr04. They were labelled either immedi¬
ately before being added to the wells of micro-
titre plates (Cooke) or after 24 hours of cul¬
ture in the wells.

The effector cells were peritoneal cells taken
from mice which had been injected with
0.7 mg C. parvum 10390 (NCTC, Colindale,
England), 2-6 days previously. Assays were
done with five replicate wells for each ex¬

periment.

Results

When peritoneal cells from CBA mice were
added to a monolayer of primary syngeneic
mouse embryo fibroblasts at a ratio of 10 : 1
they were found to have a cytotoxic effect as
measured by the amount of 51Cr released 18
hours later. The results of one of many such
experiments are shown in Table 1. The effect
could be magnified by increasing the effector:
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Table 1 The cytotoxic effect of CBA perito¬
neal cells on CBA foetal cells.
5,Cr release from the target cells
was measured after 18 hours incu¬
bation.

Effector effector : target Cytotoxicity
cells cell ratio Index (%)

C. parvum-
induced

peritoneal 10:1 41.6
exudate
cells

(day 4)

'Normal'

peritoneal 10:1 4.9
exudate
cells

assay. Peritoneal cells which have been killed
by freezing and thawing are not cytotoxic.
The cytotoxic effect is expressed against allo¬
geneic as well as syngeneic primary mouse
embryo cells, and appears as early as two days
after injection of C. parvum (Table 2).

Discussion

Certain cells of the lymphoreticular system,
and in particular "activated" macrophages ap¬
pear to be able to non-specifically kill a variety
of target cells in vitro, although the full re¬
quirements for this form of killing are not clear.
Hibbs et al. (1972) have shown that a variety
of syngeneic and allogeneic tumour cells, as
well as abnormal cell lines, could be attacked
by glass adherent peritoneal cells taken from

target cell ratio to 20 : 1 or to 40 : 1, but was
of doubtful significance at 5 : 1. Similar results
were obtained if both the effector and target
cells were added to the plates simultaneously,
and a slightly decreased though significant
effect was found if the target cells were added
to glass adherent peritoneal cells only. The 51Cr
released was observable at 6 hours and maximal
at 24 hours (Fig. 1).
C. parvum itself does not appear to be cyto¬
toxic to foetal cells in culture. C. parvum
added in vitro to either the C. parvum stimu¬
lated peritoneal cells, or to normal peritoneal
cells, does not appear to increase their cyto¬
toxicity during the time period used for the

10 15 20 25

Fig. 1: Kinetics of SICr release from allogeneic
embryonic cells by peritoneal exudate cells from
normal ( ) and C. parvum (day-4) treated
mice ( ). Effector to target cell ratio 10 :1.

Table 2 The cytotoxic effect of normal or C. parvum stimulated peritoneal cells upon
syngeneic and allogeneic foetai ceils.
Peritoneal cells were taken 2,4 or 6 days post C. parvum. The results are expressed
at % 5,Cr release after 18 hours incubation.

Time after Effector Fibroblast target cells
C, parvum cells

CBA Albino C3H

2 days Experimental PEC 22.2 27.1 28.7
Control PEC 0.6 4.0 10.4

4 days Experimental PEC 19.1 14.2 11.5
Control PEC - 0.2 2.5 2.6

6 days Experimental PEC 35.9 26.4 18.7
Control PEC - 0.4 10.8 1.6
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mice which were infected with Toxoplasma
or were given Freund's complete adjuvant some
weeks earlier. Furthermore, these workers found
that, in their system, foetal cells were not
killed and they postulated that this form of
killing was "not based on recognition of foreign
target cell antigens but on recognition of a
cellular property associated with abnormal
growth".
Our results indicate that shortly after stimula¬
tion with C. parvum, peritoneal exudate cells
will kill even foetal cells in a non-specific man¬
ner. The lack of specificity and the timing
of the response is in contrast to that found in
our previous studies on C. parvum induced
anti-self reactivity (McBride et al., 1974) and
it is tentatively concluded that the two are
not directly related. It seems more likely that
the non-specific killing of foetal cells by C.
parvum stimulated peritoneal cells is similar
to the non-specific killing of tumour cells des¬
cribed by others (Keller & Hess, 1972; Alexan¬
der &i Evans, 1971), in being based on "ac¬
tivated" glass adherent cells. The difference
between our results and those of Hibbs et al.

(1972) in demonstrating killing of foetal cells
may simply be a matter of the degree or man¬
ner of activation of the lymphoreticular cells.
The characteristics of macrophage mediated
cytotoxicity is likely to be highly dependant
upon these factors and others related to the
dose, timing and type of stimulation used.
Furthermore our results do not exclude a role
for preferential non-specific killing of tumour
cells by activated macrophages.
Always keeping in mind that in vitro pheno¬
mena may not truely reflect in vivo events,
we suggest that any non-specific role for the
activated macrophage in immune surveillance
may be an extension of a wider biological role,
perhaps concerned with the control of excessive
proliferative responses.

Discussion
Gutterman:
The difference from the work of Hibb's is

quite interesting. Did you look at the lower
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doses of C. parvum? I believe you said you
used 7 milligrams. If you use, say a log lower,
can you induce cytotoxicity against the tumor
cells but not against the fibroblasts?



44 H. Wagner, M. Rollinghoff

McBride:
This we have not actually looked at yet. What
we can't do is induce cytotoxicity with in¬
active strains. We have not actually done a

complete dose response though I think this is
something whidi is important to do. It is al¬
ways very difficult to compare regimens or
to compare different strains of organism just
using a single dose, and I think that we have
to really look at this closely.
Lejeune:
Do you. deal with purified macrophage or do
you still get some lymphocytes in your culture
system?
McBride:
We can either add whole peritoneal cells to the
fibroblast monolayer or we take macrophage
monolayers and add labeled fibroblast to

them. It does not matter which way we do it.
I think we tend to get better results just ad¬
ding whole peritoneal exudate cells, but cer¬
tainly a glass adherent monolayer of macro¬
phages is effective.
Lejeune:
Are you sure that there are not T or B cells
in your system?
McBride:

No, we are not sure. I think it's certainly pos¬
sible that we do have T cells within the po¬

pulation. We do have evidence in the tumor
system that you can take peritoneal exudate
cells from a B-mouse which has been given
C. parvum, and this is just as effective as

peritoneal exudate cells from a normal mouse.
That again, might not completely rule out the
T cells.

Behring Inst. Mitt., No. 56, 44-47 (1975)

Primary and Secondary Cytotoxic Immune Response Induced
In Vitro Against Syngeneic Murine Plasma Cell Tumors
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Cell-mediated immune response induced in dis¬
sociated lymphoid cell cultures against TATA
may facilitate a deeper understanding of the
cellular mechanisms underlying tumor immu¬
nity in syngeneic hosts. Several considerations
prompted us to use the murine plasma cell tu¬
mor, PCT-HPC-108 as "antigen" for the in¬
duction of syngeneic tumor immunity in vitro.
It has been shown that by injection of PCT-
HPC-108 cells in syngeneic BALB/c mice a
cell-mediated anti HPC-108 immunity could
be induced 'i.e. the PCT-HPC-108 appeared
to be antigenic in vivo (Rollinghoff, et ah,

Abbreviatons used:
PCT = Plasma cell tumor

CL = Cytotoxic lymphocytes
TATA = Tumor associated transplantation antigens

1973). Furthermore, the tumor cell line was
found to be a suitable target cell in a short-
termed 51Cr cytotoxicity assay, that is the
cells were easily lysed by CL activated in vitro
against the H-2 phenotype of the PCT (Wag¬
ner & Rollinghoff, 1973). Thus, it appeared
feasable to use the same tumor cells both as

antigen for the induction of an anti-tumor
response in vitro and as target cells in the
51Cr cytotoxicity assay (effector phase).
In a first series of experiments, we attempted
to define the parameters for the induction of
a primary cytotoxic anti PCT response in vitro.
Irridiated (5000 R) HPC-108 PCT were used
as antigen and syngeneic BALB/c mouse spleen
cells served as responder cells. The culture
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Summary - Intraperitoneal injection of C. parvun results in a population of
CP-PEC of which 85# appear to be of the mononuclear phagocyte lineage and
part of which are a glass adhering cell population cytotoxic to tumour cells
in vitro. These CP-PEC, in contrast to normal PEC, are shown to possess
considerable anti-tumour activity in a "Winn"-style in vivo transfer assay.
Normal cells and plastic microspheres interfere with the expression of this
reaction, presumably by interposing themselves between target and effector
cells.

The activity of the CP-PEC falls off with time if no more C. parvum
is injected. By way of contrast CP-PEC taken from tumour-bearing animals,
treated in the same way, maintain their level of cytotoxic expression.
This suggests some interplay between the stimulus provided by the tumour and
that provided by C. parvum, possibly involving a specifically immune T cell
population.

The overall anti-tumour activity that resides within the spleen of a
tumour-bearing animal is unexpectedly depressed by C■ parvum treatment even
though at this time the tumour is undergoing C. parvum-induced regression.
This depression of activity is also found in the T cell pools separated from
the respective splenic populations. We have previously shown exactly the
opposite result in an adoptive transfer assay i.e. enhanced activity in
splenic T cell populations from tumour-bearing mice injected with C. parvum■
We ascribe the discrepancy to the activity of a suppressor cell population
which is active in the "Winn" assay but not in the adoptive transfer system.

INTRODUCTION

When Corynebacterium parvum is injected into experimental animals it
provides a chronic inflammatory stimulus that causes 'activation' of cells of
the mononuclear phagocyte system (Halpern et al., 1964; Basic et al., 1975;
Ghaffar et al., 1975; Olivotto and Bomford, 1974). This process appears to
be causally related to the enhanced resistance to tumour growth seen in animals
that are treated in this way. Much of the evidence for this viewpoint comes
from studies where macrophages, taken from animals treated with C. parvum,
have been shown to kill or inhibit the growth of tumour cells in vitro
(Basic et al., 1975; Ghaffar et al., 1975; Olivotto and Bomford, 1974;
Ghaffar et al., 1976). The process is immunologically non discriminating as
to the type of target cell attacked although transformed cells that are rapidly
proliferating appear to be more sensitive (Keller, 1976).

We know less about the role of C. parvum-activated macrophages in vivo
although there is some evidence that they can be effective against tumours.
Irradiation, which spares these cells at the expense of other lymphoid
elements, appears, at least in some systems, to have little effect on the
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level of resistance to tumour growth shown by C. parvum-treated mice (Mi las
et al., 1974). In mice treated with gold salt which inhibits macrophage
activity, C. parvum is less effective (McBride et al., 1975; Ghaffar et al.,
1976). Tumours, caused to regress by treatment of the mice with C. parvum,
are infiltrated with macrophages although lymphocytes are also present
(Milas et al., 1974).

More information is obviously required upon the activity of 'activated '
macrophages in vivo and in particular how they interact with and influence
the specifically immune lymphoid populations. For example, questions such
as "can C. parvum-activated macrophages raise the level of specific immunity
to tumour" or "can they augment the effector limb of a specific immune responsd'
remain to be answered.

Intraperitoneal injection of C. parvum into normal mice yields large
numbers of a readily available population of inflammatory cells (CP-PEC)
of which 85% appear to be of the mononuclear phagocyte lineage (Basic et al.,
1975). We report here a series of experiments investigating the anti-tumour
activity of such cells in a subcutaneous transfer assay of the "Winn" type.
It would be wrong to suggest that the effector cells in these populations are
definitely mononuclear phagocytes although the literature would support such
a contention. Other cells may (also) be involved. We compare the activities
in CP-PEC from normal and tumour-bearing mice and describe the effect of
C. parvum treatment on the level of splenic T cell anti-tumour activity.
The tumour used is a highly immunogenic methylcholanthrene-induced fibrosarcoma
(Suit and Kastelan, 1970) which grows progressively in normal hosts but which,
in a high proportion of cases, regresses if C. parvum is injected i;p. or
i.v. 3-7 days after subcutaneous implantation (Milas et al., 1974).

These experiments have already been reported in part (Peters et al.,
1977a) along with experiments dealing with the activity of C. parvum-stimulated
peritoneal cells on transfer into an intraperitoneal site.

MATERIALS AND METHODS

Mice - C3Hf/Bu/E mice were used throughout. Mice of the same sex and age
(3-4 months) were randomised within each experiment.

Tumour - This was a methylcholanthrene-induced fibrosarcoma (Fsa) which is
immunogenic for its C3H hosts (Suit and Kastelan, 1970). Source material for
the experiments was derived from 11 or 12th generation isotransplants. The
method of preparing single cell suspensions has been described previously.
4 x 105 Fsa were injected s.c. to produce tumour bearing PEC donors.

Corynebacterium parvum - C. parvum strain 6134,batch number PX 174^7 mg/ml
was obtained from Wellcome (Beckenham, Kent).

Peritoneal cell donors - CP-PEC were induced by injecting mice with 0.5 mg
C„ parvum i.p. 16 days before harvest and 0.25 mg at minus 12 and 7 days.
In tumour experiments it was given 13, 8 and 4 days before harvest; Fsa was
injected 16 days before harvest. The CP-PEC were washed from the peritoneal
cavity with basal medium containing 50 I.U./ml heparin. Approximately 85%
of the cells could adhere to glass and were diffusely positive by esterase
staining (Mueller et al., 1975). The cell yield was 7-10 times that for
normal mice.
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Cell suspension were prepared from spleens by putting slice fragments
through a 200 wires/inch steel mesh. Splenic "T" cells were separated on
nylon wool Leukopac columns (Julius et al., 1973). Cell suspensions were
washed once before injection. The cell yield was 3-6 times normal in
CJ__parvum-treated mice.

Recipients - Recipients received sublethal whole body irradiation of 530 or

600 rads from an X ray or cesium source one day before cell transfer. This
provides a more sensitive assay system by lowering the TD of the tumour and
helps to circumvent problems which might arise from concomittant immunity.

Subcutaneous latency assay - Unless otherwise stated each recipient mouse
received 4 or 6 subcutaneous injections into the tissue overlying the abdomen.
Unless otherwise stated each injection was of 0.1 ml containing 10^ fibro¬
sarcoma (Fsa) cells admixed with the appropriate lymphoid cells. Each mouse
received either 3 concentrations of lymphoid cells and 2 types of cell
preparations (6 sites) or one concentration and 4 different cellular
compositions (4 sites). Mice were palpated 3 times a week for the development
of tumours, these being first detected at a size of ^ 1 mm^. The results
are expressed as the increase in the latency period of the experimental sites
over that of tumour (Fsa) alone. We consider an increase of 2 days to be
significant.

RESULTS

C. parvum-stimulated peritoneal exudate cells (CP-PEC) express non
selective activity against tumours iji vitro (Basic et al., 1975; Ghaffar
et al., 1975; Olivotto and Bomford, 1974). The first series of experiments
were designed to investigate their activity upon transfer rn vivo.

3 4
CP-PEC in varying numbers were admixed with 10 or 10 fibrosarcoma

cells (Fsa) and injected subcutaneously into irradiated recipients. Table 1
shows that when the ratio of CP-PEC:Fsa was 10:1 or higher there was a
significant delay before tumours were first detected and a lower final
incidence of tumour takes. Normal PEC at the same ratios were not effective

by either of these criteria (data not presented).

In this assay system the action of the CP-PEC can be inhibited by the
presence of non active cells (Table II). The additional presence of various
normal cell types or plastic microspheres tended to prevent the action of
CP-PEC against the tumour. Controls showed that these additions did not
directly influence the time to tumour take nor the final tumour incidence in
any significant manner. It therefore seems likely that they inhibit the
anti-tumour activity of the CP-PEC by physically interposing themselves
between the target and effector cells. This limits the usefulness of the
assay in that it makes experiments dealing with mixed effector cell popul¬
ations of dubious value.

Experiments dealing with the activities of cell populations from
tumour-bearing C. parvum-treated mice were of a similar nature to those
already described in non tumour bearing animals. Mice were injected with 4 x
105 Fsa s.c. and 3 i.p. doses of C. parvum, the last being 4 days before
harvest. At harvest (day 16) the tumours in the treated group were only
slightly smaller than the controls; this is the start of the tumour regression
period in the treated mice (Milas et al., 1974). The results of the transfer
assay are presented in Table III. There was very little activity in the
peritoneal exudate donor populations from normal or tumour-bearing mice. By
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TABLE I - THE ANTI-TUMOUR ACTIVITY OF CP-PEC IN A "WINN"-TYPE TRANSFER ASSAY

Treatment
Prolongation of
latency (days)3

Final ,

• • i D
tumour incidence

(%)

103 Fsa
a

100

+ 103 CP-PEC 0 100

+ 104 CP-PEC A 90

+ 105 CP-PEC 13 80

104 Fsa _a 100

+ 1Q3 CP-PEC 0 100

+ 10A CP-PEC 0 100

+ 105 CP-PEC 11 60

a. Latency period for 50% take of 10^ Fsa was 12 days and for 10^ Fsa 9 days.
The results are expressed as the increase in time to 50% take of the
'experimental groups over the controls. An increase of 2 days is
considered significant.

b. The experiment was terminated after one month.

TABLE II - INHIBITION OF THE
AND MICROSPHERES

ANTI-TUMOUR ACTIVITY OF CP--PEC BY NORMAL CELLS

Treatment Prolongation of
latency (days)3

Final
^

tumour incidence
(%)

104 Fsa _a 100

104 Fsa + 105 CP-PEC 6 80

104 Fsa + 105 CP-PEC

+ 10^ normal PEC s. 3 85

or 103 normal spleen 8 85

or 3 x 103 normal spleen 2 100

or 10^ fibroblasts 1 100

°r 107 red blood cells 2 100

or 103 microspheres 2 90

a. and b. as for Table I.
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TABLE III - THE ANTI-TUMOUR ACTIVITY OF PEC FROM NORMAL AND TUMOUR-BEARING,
C. PARVUM-TREATED (IP) MICE (DAY 16)

Treatment Prolongation of
latency (days)a

Tumour incidence
day 14 (%)c

104 Fsa - 100

50: ld 10:1.2.5 : 1 50:1 10:1 2.,5:1

104 Fsa + normal PEC 3 1 0 80 100 100

+ CP-PEC
b b

5 0 20 40

" + Fsa-PEC6 3 1 0 60 75 90

" + CP-Fsa-PECf >9b >9b 5 0 0 25

4
a. Latency period for take of 50% of sites injected with 10 Fsa was 9 days.

The results of the experimental groups are expressed as the increase in
days required to reach the same 50% end point.

b. A 50% take incidence was not reached in these groups before the animals had
to be sacrificed because of tumours growing at other cell ratios.

c. After day 14 some animals had to be killed because of tumour growth.
Where the experiment was extended the tumour incidence did not appear to
greatly increase.

. 4 .

d. The lymphoid cell populations were mixed with 10 Fsa at ratios of 50:1,
10:1 and 2.5:1.

e. From mice growing tumour for 16 days.

f. From mice growing tumour for 16 days and receiving C. parvum i.p., last
injection day 12.

TABLE IV - THE ANTI-TUMOUR ACTIVITY OF PEC FROM NORMAL AND TUMOUR-BEARING,
C. PARVUM-TREATED MICE (DAY 26)

Treatment Prolongation of Tumour incidence
latency (days)3 day 13 (%)c

104 Fsa
,

100

50:ld 10:1 2.5:1 50:1 10:1 2.5:1

104 Fsa + CP-PEC 3 1 0 10 75 100

" + Fsa-PEC® 7 1 0 10 60 75

" + CP-Fsa-PECf b b
>9 >9 6 0 0 10

a - d as for Table III.

e. From mice growing tumour for 26 days.

f. From mice growing tumour for 26 days and receiving C. parvum i.p., last
injection day 12.
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way of contrast, CP-PEC induced in normal and tumour-bearing mice displayed
considerable anti-<tumour activity even at PEC:Fsa ratios as low as 2.5:1.
If, instead of harvesting the PEC 4 days after the last injection of C . parvum,
the animals were left a further ten days without treatment then the activity
in the CP-PEC had declined (Table IV) although the cell yield was still high.
In contrast the activity in the PEC from tumour-bearing, C. parvum-treated
donors was maintained at a high level. This suggests that there is some

interplay between the stimulus provided by the tumour and the stimulus provided
by the C. parvum that allows the maintenance of a cytotoxic population of cells.
At this time the PEC from untreated tumour-bearing hosts were expressing
rather more cytotoxic potential than earlier although the disease was at a
terminal stage in these mice.

The activity in the spleens from the donor mice has also been
investigated, although to a lesser extent. There seems to be less activity in
spleen cells from animals simply receiving C. parvum (Table V) than there was
in the CP-PEC, although the timing may not have been optimal for its detection.
Activity was found in spleen cell preparations from tumour-bearing mice.
Surprisingly this was depressed by C. parvum treatment. Similar results
were obtained when T lymphocyte pools were separated from the spleen cell
populations on nylon wool columns (85% T cells) (Table V).
TABLE V - THE ANTI-TUMOUR ACTIVITY IN SPLEENS AND SPLENIC T CELL POPULATIONS

FROM TUMOUR-BEARING, C. PARVUM-TREATED MICE

Treatment Prolongation of
latency (days)3

Tumour incidence
day 1A

(%)b

lo4 Fsa - 100

Expt. 1C 50:1 10:1 2.5:1 50:1 10:1 2.5:1

104 Fsa + CP-spleen 0 0 0 60 100 100

+ Fsa-spleen 5 1 2 10 50 35

+ CP-Fsa-spleen 3 0 0 10 85 75

Expt. 2C
104 Fsa + Fsa-splenic T cells 8 4 30 60 -

+ CP-Fsa-splenic T cells 3 3 70 100 -

a. as for Table III.

b. After 14 days some animals had to be killed because of tumour growth
although where the experiment was extended the tumour incidence did not
greatly increase.

c. Spleen cell donors were as for Table III.
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DISCUSSION

We have presented evidence to show that PEC from mice treated intra-
peritoneally with C. parvum possess anti-tumour activity as tested by transf
of those cells, admixed with tumour cells, into a subcutaneous site. Simil
results have been obtained following transfer intraperitoneally (Peters et a

1977a). The activity shown by CP-PEC increased with the effector:target ce
ratio. Since we did not separate different cell populations from the CP-PE
we cannot be positive as to the cell type responsible for their anti-tumour
activity. However, cells of the mononuclear phagocyte lineage appear to

predominate in these suspensions (85%) and we have previously observed that
glass adherent cells are responsible for the in vitro destruction of tumour
cells by CP-PEC (Basic et al., 1975; Ghaffar et al., 1976). Other workers
have also reported macrophage-mediated inhibition of growth or non selective
destruction of syngeneic, allogeneic or xenogeneic tumour cells (Ghaffar
et al., 1975; Olivotto and Bomford, 1974; Keller, 1976; Bomford and
Christie, 1975; Christie and Bomford, 1975; Morahan and Kaplan, 1976). I
is likely that the same mechanism of tumour cell destruction is operating in
the iji vivo transfer experiments described here although cooperation with ho
elements, even in irradiated hosts, cannot be excluded (Peters et al. , 1977a

The activity of CP-PEC against tumour cells was inhibited by the
addition of normal cells or even plastic microspheres to the cells injected.
As the growth of the tumour did not seem to be directly affected by the
addition of these elements we interpret the inhibition as being due to their
physical interposition between effector and target cells. In vitro, cell
contact between activated macrophages and tumour cells appears to be a pre¬
requisite for the expression of cytotoxicity (Basic et al., 1975). The tim
period over which cytoxocity is expressed and the distance over which it is
expressed appears, in the absence of further stimulation, to be short (Ghaff
et al., 1976). These physical barriers may therefore be important in vitro
and in_ vivo.

The level of activity in PEC from C. parvum-treated tumour-bearing mi
was found to be considerable even at an effector:target cell ratio of 2.5:1.
Furthermore this level was maintained in such mice for some time after
injection of C. parvum, whereas in non tumour-bearing mice it declined. Th
suggests some interplay between the stimulus provided by the tumour and that
provided by the C. parvum. Reasonable hypotheses to explain the prolongati
of activity might be that C. parvum treatment facilitates the expression of,
or the process of, macrophage arming and activation that results from a
specific immune response to the tumour (Evans and Alexander, 1971; Evans an
Alexander, 1972). Further work is obviously required to elucidate the
mechanisms underlying this potentially rather important phenomenon.

The expression of cytotoxicity in the spleen of C. parvum-treated mic
was in these experiments very low in comparison with the exudate cells.
Although the timing may not have been optimal we have made the observation i
an intraperitoneal cell transfer system that CP-spleen cells are considerabl
less active than CP-PEC, at least following intraperitoneal C, parvum
(Peters et al., 1977a).

In non C. parvum-treated tumour-bearing mice cytotoxic expression was
evident in whole spleen and in splenic T cells although it must be noted tha
other populations may also have shown activity if they had been enriched.
It is of some interest that C■ parvum treatment of tumour-bearing mice
depressed both total and T cell activity. We have made similar observation

179



ACTIVITY OF C. PARVUM-PEC IN VIVO

in tumour-bearing mice given C. parvum intravenously (McBride, to be
published). This effect cannot solely be explained by dilution of "active"
cells as a result of splenomegaly but appears to be due to the presence of
suppressor cells (McBride, unpublished), possibly T cells because they pass
through a nylon wool column.

This observation of depressed reactivity in the splenic T cell pool from
C. parvum-treated tumour-bearing mice contrasts with their enhanced activity
upon intravenous transfer (Peters et al., 1977b). This apparent conflict
could be explained by different abilities between T cell subsets to migrate
to the site of the tumour. In any event it appeared that in these experiments
the "Winn" assay of splenic effector cell activity was not as good a measure
of tumour immunity as adoptive transfer.

Acknowledgements - The authors wish to acknowledge the financial assistance of
the Cancer Research Compaign (grant No. SP 1364) and the National Cancer
Institute (N.I.H. research grants CA-11138, CA-06294 and CA-17769).
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OPEN DISCUSSION

Holden - Recently I have become concerned about the role of macrophages in
the antitumour response observed after injection of immunopotentiator such
as C.parvum and BCG. Our laboratory (Herberman et al., Br. J. Cancer, 1977)
has shown that these agents can augment natural killer activity substantially,
especially when the effector cells were harvested from the peritoneum after
an i.p. injection of C-parvum. Have you any data to show that your effector
cell is a macrophage or conversely do you have evidence for the role of
lymphocyte acting syneagistically with macrophages?

McBride - We cannot rule out a role for natural killer cells in these experi¬
ments. We badly need some sophisticated cell separation techniques to inves¬
tigate the activities of these cells.

\

181



D'J 8
In Vivo Transfer of Antitumor Activity by Peritoneal Exudate Cells From Mice Treated
With Corynebacterium parvum: Reduced Effect in irradiated Recipients1 2

L. J. Peters,3 W. H. McBride,3 4 K. A. Mason,3 N. Hunter,3 I. Basic,3 5 and L. Milas 3 6 7

ABSTRACT—Experiments were undertaken to study in vivo the
antitumor activity of transferred peritoneal exudate cells (PEC)
from Corynebacterium parvum-treated C3Hf/Bu mice. Inhibition
of tumor growth was demonstrated when fibrosarcoma cells ad¬
mixed with C. parvum-stimulated PEC (CP-PEC) were transplanted
either ip or sc; the level of effect increased with the ratio of effec¬
tor to target cells. In ip transfer experiments, the activity of
transferred CP-PEC was substantially reduced when recipient
mice were pretreated with 600 rads whole-body irradiation.
Reconstitution of whole-body-irradiated (WBI) mice with mixed
normal spleen and lymph node cells, spleen ceils alone, or normal
bone marrow ceils did not restore the antitumor activity of
transferred CP-PEC. Indeed, mice reconstituted ip showed a
poorer transferred antitumor response than unreconstituted WBI
mice. Inhibition of CP-PEC activity was also observed in sc
transfer experiments when normal PEC, spleen cells, or
separated T-cells were admixed with tumor cells and CP-PEC.
However, admixed fetal fibroblasts, radiation-killed tumor cells,
washed erythrocytes, or inert plastic microspheres also inhibited
the action of CP-PEC to an equal or greater extent, which in¬
dicated that the inhibitory effect did not depend specifically on
the presence of lymphoid elements. Possible reasons for the
markedly reduced antitumor activity of CP-PEC transferred into
WBI recipients were considered in the light of the experimental
results.—J Natl Cancer Inst 59:881-887,1977.

Many observations suggest that activated macrophages
have an important role in the expression of antitumor activi¬
ty by anaerobic corynebacteria. Production of macrophages
is increased in animals treated with these bacteria (7-3), and
such macrophages have the ability to destroy or inhibit the
growth of syngeneic, allogeneic, or xenogeneic tumor cells
in vitro in an immunologically nonspecific manner (2-3).
Other data suggest that in vivo destruction of tumor cells
might also be mediated predominantly by activated
macrophages. For example, tumors regressing in mice
treated with Coryne bacterium paruum or C. granulosum
are infiltrated with macrophages (6, 7); C. granulosum-
induced antitumor activity is resistant to WBI, which causes
profound depletion of lymphoid cells (7), and C. parvum is
ineffective in inducing antitumor activity in mice treated
with a gold salt, which is toxic to macrophages (8). In this
paper, we report a series of experiments that show that the
antitumor activity of CP-PEC consisting mainly of macro¬
phages can be transferred in vivo, but that full expression of
transferred activity depends on the status of recipient mice.

MATERIALS AND METHODS

Mice.—C3Hf/Bu mice of both sexes were bred in the

specific-pathogen-free colony maintained in the Laboratory
of the Section of Experimental Radiotherapy, M. D. Ander¬
son Hospital. Within each experiment, the mice used were
of the same sex and were 3 months old at the beginning of
the experiment. Animals were housed 5 per cage and were
maintained on a sterile diet.

Tumor. —The tumor used in these experiments is a 3-
methylcholanthrene-induced fibrosarcoma (FSa), which is
immunogenic in its syngeneic hosts (9, 10). Source material
for the experiments described in this paper was derived from
injection of fourth generation isotransplants, which had
been kept in liquid nitrogen. Methods of preparing single-
cell suspensions were described in (9).

C. parvum.—Formalin-killed C. parvum (batch No.
PX-374; 7 mg/ml) was obtained through the courtesy of Dr.
John Whisnant, Burroughs-Wellcome Co., Research Trian¬
gle Park, North Carolina.

To produce C. parvum-activated cells, donor mice were
given 0.5 mg (dry wt) C. parvum ip 16 days before harvest
and 0.25 mg 12 and 7 days before harvest. CP-PEC were
prepared by washing the peritoneal cavity of donor mice
with Hsu's modification of McCoy's 5-A medium (Grand
Island Biological Company, Grand Island, N.Y.) containing
heparin, 50 U/ml. The cells were washed twice in medium
and syringed through a 26-gauge needle to break up clumps
prior to resuspension at the required concentration. The
proportion of macrophages was estimated by the criterion of
their attachment to the surface of plastic petri dishes after
incubation for 1 hour at 37° C in medium supplemented
with 20% heat-inactivated fetal calf serum; approximately
85% of CP-PEC prepared in this way were adherent. Spleen
cells from C. parvum-treated mice were prepared by minc¬
ing donor spleens, forcing this material through a course
wire mesh, and subsequently passing the suspension through
a 200-wire/inch stainless-steel mesh. The cells were washed
twice in medium prior to resuspension at the required con-

Abbreviations used: WBI = whole-body irradiation(s) or whole-body-
irradiated; CP-PEC = CoTynebacterium parvum-stimulated peritoneal ex¬
udate cells; PEC = peritoneal exudate cells; RBC = red blood cells.

1 Received July 20. 1976; revised March 18, 1977; accepted March 29,
1977.
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centration. These preparations contained approximately
18% macrophages. Splenic T-cells were separated by
passage of spleen cell suspensions through a nylon wool
LeukoPac column (11) (Fenwal Laboratories, Morton
Grove, 111.). Control cell suspensions were in each instance
prepared in an identical manner.

Irradiations.—Mice received sublethal WBI of 600 rads

(265 rads/min) in a cesium irradiator for small animals. No
mortality occurred in such mice for more than 150 days
after irradiation.

Assay methods.—For ip transfer experiments, cells were
admixed and kept on ice prior to ip injection into test mice.
Mice were scored for survival and autopsied to ensure that
tumor growth was the cause of death.

For sc latency assays, WBI animals (600 rads) were used.
Each mouse received four sc injections of 0.1 ml of different
cellular compositions into the subcutaneous tissue overlying
its abdomen. Mice were examined three times a week from

day 5 for tumor development. By tightening the skin over
the abdomen and by careful palpation, tumors could be
detected at a size of 1 mm3 or smaller. The cumulative
number of palpable tumors for each cellular composition
was then plotted as a function of time. Inasmuch as animals
treated with 600 rads WBI before exposure to tumor are in¬
capable of mounting a specific immune response to it, the
use of WBI mice circumvented any problems, which might
have arisen from concomitant immunity in these assays.
Also, the use of four different cellular compositions in each
assay mouse prevented bias due to possible variability
among animals. For each cellular composition, 10 sites were
injected.

Statistical analyses.—The significance of differences in
survival times of mice and in tumor latencies was evaluated

by the Mann-Whitney U test (two-tailed). The differences in
the numbers of survivors were assessed by calculation of x2
with Yates' correction. Probabilities of less than 0.05 were

considered significant.

RESULTS

Intraperitoneal Transfer Assays

Groups of normal mice were challenged with ip injections
of either 10s or 108 FSa cells, alone or admixed with CP-
PEC, spleen cells, or their normal counterparts in the
numbers indicated in table 1. The development of tumors
was inhibited, and the survival times of mice were increased,
by both PEC and spleen cells from C. paruum-treated
donors. These effects increased with the ratio of effector to

target cells. For a given ratio, however, PEC were much
more efficient, possibly because of the higher proportion of
macrophages present in the peritoneal exudate. Although
demonstrating some tumor-inhibitory properties, cells from
normal donors were far less effective than the corresponding
C. parr/um-stimulated cells.

To determine whether the transfer of antitumor activity
was immunologically passive, PEC or spleen cells from nor¬
mal or C. parx-um-treated donors were admixed with 105
FSa cells and transferred ip into normal or WBI (600 rad)
recipients. The results, presented in table 2, show that most,
but not all, of the antitumor activity was lost in WBI mice.

ET AL.

In seeking an explanation for this observation, we first
considered the possibility that C. parvum was being trans¬
ferred along with the activated cells, thereby inducing
resistance in normal recipients but, as shown previously (1),
not in WBI mice. To test this possibility, the antitumor ac¬
tivity of PEC, killed by heating prior to transfer, was tested.
The results (table 3) showed only a slight prolongation of
median survival with heat-killed CP-PEC and indicated that
very little of the total antitumor response to viable CP-PEC
could be ascribed to transferred C. parvum.

Effects of Reconstitution

On the premise that the reduced effect of CP-PEC in WBI
mice was due to depletion by irradiation of a host cell
population participating in the transfer reaction, we tested
the effects of reconstitution of WBI mice with normal lym¬
phoid or bone marrow cells. In these experiments, we
reconstituted WBI mice ip, 1 day before transfer, with 108
mixed spleen and lymph node cells or with various numbers
of spleen cells from normal donors. However, reconstitution
did not restore the antitumor response to that of CP-PEC in
unirradiated mice. In fact, 10s mixed spleen and lymph
node cells significantly blocked the residual effect of CP-
PEC in WBI mice but not in intact animals (table 4), and
the same effect, though to a lesser degree, was seen with
spleen cells alone (table 5).

Because sc transfer experiments (see below) led us to
believe that mechanical interposition of normal cells be¬
tween transferred CP-PEC and tumor cells might be respon¬
sible for inhibiting the action of CP-PEC, we repeated the
experiments with iv reconstitution. When WBI mice re¬
ceived 108 normal spleen cells iv 1 day prior to transfer, a
direct antitumor effect of the reconstituting spleen cells was
noted (table 6). Nonetheless, the effect of transferred CP-
PEC in iv reconstituted WBI mice was only marginally im¬
proved, and the highly protective effect of CP-PEC seen in
intact animals (tables 1-4) was not restored. Conversely, CP
PEC did not significantly augment the direct antitumor ef¬
fect of the spleen cells. Parenthetically, in the same experi¬
ment, we confirmed that fetal fibroblasts injected ip in¬
hibited the action of CP-PEC just as they did in sc transfers.

We next tested the effect of reconstituting WBI mice with
normal bone marrow cells. Because of the logistics of ob¬
taining very large numbers of bone marrow cells, we were
limited to reconstitution with 10' nucleated cells. However,
by varying the time from sublethal WBI and/or injection of
marrow cells to the time of challenge, the effective extent of
bone marrow reconstitution was increased. Results of these

experiments are presented in table 7. As before, the protec¬
tive effect of CP-PEC was markedly reduced in WBI recip¬
ients, irrespective of whether WBI preceded tumor cell
challenge by 1, 7, or 14 days. Reconstitution of WBI mice
with bone marrow cells on day — 1 or - 7 failed to restore
the protective effect of CP-PEC seen in intact mice,
although a slight prolongation of survival time was seen with
reconstitution on day - 1.

These experiments indicate that depletion of normal lym¬
phoid cells or bone marrow stem cells by sublethal WBI is
not a tenable explanation of the greatly reduced activity of
transferred CP-PEC in WBI mice.
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Table 1.—Effect ofPEC or spleen cells from normal and C. paxvwm-treated donors on tumor growth following ip transfer to normal recipients

Group Cell challenge" Proportion of
mice with tumors

Survival, days
Median Range

P-value5

1 106 FSa 10/10 11 10-14
2 107 N-PEC + 108 FSa 5/5 13 11-17 <0.004 (3)
3 107CP-PEC + 106 FSa 1/5 >150 44c->150 <0.002(1)
4 107 N-spleen + 108 FSa 9/9 15 13-17
5 107 CP-spleen + 106 FSa 10/10 16 12-19 <0.05 (1)
6 10s N-spleen +106 FSa 9/9 13 12-19 <0.002 (7)
7 10s CP-spleen+ 106 FSa 4/10 >150 35-99->150 <0.002(1)
8 105 FSa 9/10 17 13-20->150
9 10' N-PEC + 105 FSa 5/5 22 18-25 <0.05 (8); <0.004(10)

10 107 CP-PEC+ 105 FSa 0/5 >150 >150 <0.002 (8)
11 107 N-spleen + 105 FSa 8/8 24.5 18-29 <0.002 (8); <0.05 (12)
12 107 CP-spleen +105 FSa 10/10 41.5 17-77 <0.002 (8)
13 108 N-spleen + 105 FSa 10/10 20 17-30 <0.02 (8); <0.002(14)
14 10s CP-spleen+105 FSa 1/10 >150 71c->150 <0.002 (8)

a N=normal, untreated; CP-spleen=spleen cells from C. parvum-treated mice.
b Mann-Whitney U test relative to group indicated in parentheses.
c

Single mouse.

Table 2.—Effect ofPEC or spleen cells from normal and C. parvum- treated donors on tumor growth following ip transfer to normal and WBI
recipients

Group
Status of Cell Proportion

of mice
with tumors

Survival, days
P-value"

recipients" challenge" Median Range

1 N 105 FSa 10/10 15 14-17
2 N 107 N-PEC + 105 FSa 8/9 24 19-37->150 <0.002 (3)
3 N 107CP-PEC + 105 FSa 1/9 >150 52c->150 <0.002(1)
4 N 108 N-spleen +105 FSa 10/10 22 17-25 <0.002 (5)
5 N 108 CP-spleen+105 FSa 3/10 >150 43-104->150 <0.002(1)
6 WBI 105 FSa 10/10 15 11-49
7 WBI 107 N-PEC + 105 FSa 9/9 15 14-18 <0.002 (8)
8 WBI 107 CP-PEC+ 105 FSa 10/10 21.5 19-36 <0.002 (3); NS (6)
9 WBI 108 N-spleen+105 FSa 11/11 16 13-30 <0.02(10)

10 WBI 108 CP-spleen + 105 FSa 10/10 28 14-74 <0.002 (5); <0.02 (6)

° N=normal untreated; CP-spleen=spleen cells from C. paruum-treated mice.
b Mann-Whitney U test relative to group indicated in parentheses. NS=not significant.
c Single mouse.

TABLE 3.—Effect of viable or heat-killed PEC from normal and C. parvum-treated donors on tumor growth following ip transfer to normal
recipients

Group" Cell challenge5 Proportion of mice
with tumors

Survival, days
Median Range

P-value"

1 106 FSa 9/9 15 10-19
2 107CP-PEC + 108 FSa 1/7 >150 3l"->150 <0.002(1)
3 107 HK CP-PEC + 106 FSa 8/8 18.5 15-62 <0.05 (1); <0.002(2)
4 107 N-PEC + 108 FSa 9/9 11 10-13
5 107 HK N-PEC + 106 FSa 9/9 11 10-15

a Status of recipients: All normal, untreated.
b N=normal; HK=heat-killed.
c Mann-Whitney U test relative to group indicated in parentheses.
d Single mouse.

Subcutaneous Transfer Assays

In the ip transfer experiments reported above, we made
the seemingly paradoxical observation that reconstitution of
WBI mice by the ip route interfered with the antitumor ef¬
fect of CP-PEC. To permit more economical detailed
studies of the mechanism of this interference, we used sc

transplantation latency assays, as described in "Materials

and Methods." Text-figures 1A and B show the latency
curves for 103 and 104 FSa cells injected alone or admixed
with various numbers of CP-PEC into WBI mice. In a ratio
of 1011 or higher of CP-PEC to FSa cells, significant pro¬
longation of latency was observed, as well as a lower take in¬
cidence.

Text-figure 2 shows the effect of admixed normal cell
types alone or in combination with 105 CP-PEC on the laten-
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table 4.—Effect of CP-PEC on tumor growth following ip transfer to normal and WBI recipients reconstituted ip with spleen and lymph
node cells

Group
Status of

recipients"
Reconstituting
cells, day —1

Cell
challenge

Proportion
of mice

with tumors

Survival, days
Median Range

P-value5

1 N 105 FSa 10/10 13 11-32
2 N 107 CP-PEC+105 FSa 0/10 >150 >150 <0.002(1)
3 N 108 spleen and lymph node cells 105 FSa 10/10 15.5 13-19
4 N 108 spleen and lymph node cells 107 CP-PEC+106 FSa 1/10 >150 28"->150 <0.002 (3)
5 WBI 105 FSa 10/10 11 10-20
6 WBI 107 CP-PEC + 106 FSa 10/10 23 18-29 <0.002 (2)
7 WBI 10s spleen and lymph node cells 105 FSa 10/10 11 10-13
8 WBI 10s spleen and lymph node cells 107 CP-PEC + 105 FSa 10/10 13.5 11-16 <0.002 (6)

° N=normal, untreated.
b Mann-Whitney U test relative to group indicated in parentheses.
c Single mouse.

table 5.—Effect ofCP-PEC on tumor growth following ip transfer to WBI recipients reconstituted ip with different numbers of spleen cells

Group" Reconstituting Cell challenge Proportion of mice Survival, days P-value5
spleen cells, day - with tumors Median Range

1
2
3
4
5
6
7
8
9

108
3X107
107
108
3X107
10'
3X108

10s FSa
107 CP-PEC + 105 FSa
10s FSa
105 FSa
105 FSa
107 CP-PEC+105 FSa
107 CP-PEC + 105 FSa
107 CP-PEC + 105 FSa
107 CP-PEC + 105 FSa

14/15
10/10
9/10
5/5

10/10
8/9

10/10
9/9

20/20

12
20
14
11
11
16
17
16
18

ll-34->150
15-34
10-34->150
10-14
10-14
13-25->150
14-29
14-20
14-29

<0.02 (1)

<0.02 (2)
<0.05 (2)
<0.05 (2)

" Status of recipients: All WBI.
8 Mann-Whitney U test relative to group indicated in parentheses.

Table 6.—-Effect of CP-PEC on tumor growth following ip transfer to WBI recipients reconstituted iv with spleen cells
fibroblasts ip

or receiving fetal

Group" Reconstituting Ceil challenge Proportion of mice Survival, days
P-value5cells, day —1 with tumors Median Range

1
2
3
4
5
6

108 spleen, iv
108 spleen, iv
107 fibroblasts, ip
107 fibroblasts, ip

104 FSa
104 FSa + 106 CP-PEC
104 FSa
104FSa + 106 CP-PEC
10* FSa
104 FSa +106 CP PEC

10/10
10/10
7/10
9/10
9/9

10/10

16.5
20
18
23
16
16

16-26
18-23
17-22->150
17-48->150
14-19
14-19

<0.05 (1)
NS (3)

<0.002 (2)

a Status of recipients: All WBI.
b Mann-Whitney U test relative to group indicated in parentheses. NS=not significant.

Table 7.—Effect ofCP-PEC on tumor growth following ip transfer to recipients irradiated and!or reconstituted with bone marrow cells at dif¬
ferent times before tumor challenge

Group
Status of
recipients

Reconsti¬
tuting
cells"

Cell challenge
Proportion

of mice
with tumors

Survival, days
Median Range

P-value5

1 Intact 104 FSa 8/10 34 20-49->150
2 Intact 104FSa+106 CP-PEC 1/10 100 33"->150 0.05 (1)
3 WBI (day -1) 104 FSa 10/10 17.5 14-22 0.002(1)
4 WBI (day -1) 104FSa+106 CP-PEC 10/10 21 16-27 0.05 (3)
5 WBI (day-1) 10'BM 104FSa+106 CP-PEC 9/10 24 22-31->150 0.002 (2): 0.05 (4)
6 WBI (day -7) 104 FSa 10/10 19 16-34 0.002(1)
7 WBI (day -7) 104FSa+108 CP-PEC 10/10 26 17-34 NS (4)
8 WBI (day —7) 10'BM 104FSa + 106 CP-PEC 10/10 26.5 20-41 0.002(2): NS (7)
9 WBI (day —14) 104 FSa 10/10 19 17-30 0.002(1)

10 WBI (day —14) 104FSa+109 CP-PEC 10/10 23.5 17-42 0.002(2); NS (4)

a Given iv immediately after 600-rad WBI. BM=bone marrow.
b Mann-Whitney U test relative to group indicated in parentheses. NS=not significant.
c Single mouse.
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Time After Injection (Days)
Text-figure 2.— Effect on sc FSa tumor latency of various normal cell types alone or admixed with CP-PEC. A: 10® normal PEC; B: 3x10® spleen cells;

C: 3x 10® spleen T-cells; D: 10® fetal Fibroblasts. The symbol A indicates confluence of O and A.

Time After Injection (Days)
Text-figure 1. — Effect on sc FSa tumor latency of CP-PEC mixed in

varying ratios with FSa cells. A: 103 FSa; B: 104 FSa. The symbol A in¬
dicates confluence of O and A.

cy of tumor development from 104 FSa cells. A total of 106
normal PEC (text-fig. 2A) or 3xl05 spleen cells (text-fig. 2B)
had essentially no effect on tumor development, whereas 106
spleen cells (text-fig. 2B), 3xl05 spleen T-cells (text-fig. 2C),
or 10® fetal fibroblasts (text-fig. 2D) prolonged tumor laten¬
cy. All of these cell preparations, however, (except 10®
spleen cells) inhibited the antitumor activity of CP-PEC;
even with 10® spleen cells, inhibition of CP-PEC was prob¬
ably masked by the intrinsic antitumor activity of the
spleen cells. Inhibition of CP-PEC was greatest with fetal
fibroblasts (text-fig. 2D), showing that the phenomenon was
not dependent specifically on lymphoid cells.

100

Time After Injection (Days)
Text-figure 3. — Effect on sc FSa tumor latency of heavily irradiated

FSa cells, washed RBC, or inert microspheres (MS) admixed with CP-
PEC. A: Heavily irradiated (HR) FSa cells. Dashed line indicates that
tumors were already palpable on the first day of examination (day 5). B:
Syngeneic RBC. C: MS.
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To clarify whether this inhibition might be due to
nonspecific mechanical interposition of cells between target
and effector cells or to the provision of "pseudotarget" cells,
we performed the following additional experiments. To 10*
viable FSa cells mixed with 105 CP-PEC we added 3xl05 or

106 heavily irradiated FSa cells, reversing the effector-to-
target cell ratio (text-fig, 3A), 107 or 10s washed syngeneic
RBC (text-fig. 3B), or 3x10s or 106 inert microspheres (text-
fig. 3C). The addition of RBC or microspheres partially in¬
hibited the antitumor effect of CP-PEC, whereas heavily ir¬
radiated FSa cells completely reversed the CP-PEC effect
and reduced tumor latency to less than that of controls
[Revesz effect (12)].

DISCUSSION

The evidence presented in this paper shows conclusively
that PEC from mice treated ip with C. parvum can transfer
antitumor activity as tested by both ip and sc tumor cell
transplantation. Activity depends on the ratio of effector to
target cells and is increased as the ratio increases. Spleen
cells from C. parvum-tTeated mice were also effective but re¬
quired a higher ratio, possibly because of the lower propor¬
tion of macrophages in the spleen cell preparation. In¬
asmuch as we did not separate different cell populations
from the peritoneal exudate or from the spleen, we cannot
positively identify the cell type responsible for transferring
antitumor activity. However, we have previously observed
that in vitro destruction of tumor cells by CP-PEC was ef¬
fected exclusively by macrophages (3). In that study
elimination of nonadherent PEC did not change the efficacy
of macrophage-mediated cytotoxicity; furthermore, non¬
adherent PEC alone did not exert cytotoxicity. Other in¬
vestigators (5, 13-15) have reported similar macrophage-
mediated inhibition of growth or nonspecific destruction
of syngeneic, allogeneic, or xenogeneic tumor cells.

If the same mechanism of tumor cell destruction is

operative in vivo, one might suppose that no difference in ef¬
fect of CP-PEC transfer should have been seen between nor¬

mal and irradiated recipients. However, transfer was much
more efficient in normal mice than in those receiving 600-
rad WBI 1 day before the transfer. Therefore, the full ex¬
pression of transferred activity must depend on host factors
that were influenced by prior WBI. We considered the
possibility that C. parvum was transferred with PEC and
spleen cells from C. parvum-tTeated donors, and that the
transferred bacteria thus stimulated recipient mice in addi¬
tion to the direct cytotoxic effect, of transferred macro¬

phages. We previously showed that C. parvum is ineffective
in inducing an antitumor response in WBI mice (1).
However, the fact that killed CP-PEC conferred minimal

protection on normal mice eliminated the possibility that
our present results could be explained by the transfer of C.
parvum.

We next investigated whether the full effect of transferred
CP-PEC required the cooperation of a normal cell popula¬
tion that was depleted by irradiation. For example, an op¬
timal antitumor response may have required: 1) the
development of a specific immune response directed against
tumor cells that survived the direct cytotoxic attack of CP
PEC, 2) nonspecific recruitment of host monocytes and/or

macrophages to augment the effect of transferred CP-PEC,
or 3) participation of host inflammatory cells. However,
reconstitution experiments gave no support to the cell deple¬
tion hypothesis. Neither lymphoid cells (of spleen or lymph
node origin) nor bone marrow cells were effective in restor¬
ing the activity of CP-PEC in WBI mice. Likewise, allowing
2 weeks after sublethal WBI for endogenous repopulation of
depleted cells was without effect. In these reconstitution ex¬
periments we noted with interest that following ip (but not
iv) injection of normal lymphoid cells the residual antitumor
activity of CP-PEC in WBI mice was further reduced.

Inhibition of CP-PEC activity was also observed in sc
transplantation latency assays, when spleen cells or T-cells
separated from normal spleen cell populations were ad¬
mixed with tumor cells and CP-PEC. However, the most
marked inhibition was achieved by normal fetal fibroblasts,
indicating that inhibition of CP-PEC activity did not de¬
pend specifically on the function of lymphoid elements, thus
raising the question whether physical interposition of nor¬
mal cells between target and effector cells could be responsi¬
ble In vitro studies have shown that tumor cells are lysed by
C. />arc.nm-stimulated macrophages only when direct
physical contact is made (3). Evidence supporting the inter¬
position hypothesis was provided by our demonstration that
the effect of CP PEC was reduced by washed syngeneic RBC
or inert microspheres. Increasing the net effector to target
cell ratio by addition of 106 heavily irradiated FSa cells com¬
pletely reversed the antitumor effect of CP-PEC and pro¬
moted tumor growth by the Revesz effect (12).

The antitumor activity of CP-PEC was not significantly
inhibited by normal cells in intact mice (table 4). In this
situation, the increased effectiveness of CP-PEC was ap¬
parently sufficient to overcome the handicap of intermixed
normal cells.

The reason(s) for the reduced antitumor activity of
transferred CP-PEC in WBI mice remains uncertain. In¬
asmuch as reconstitution of WBI animals with up to 108
lymphoid cells failed to restore the protection afforded by
CP-PEC in intact mice, cooperation with host lymphoid
cells seemed unlikely but cannot be completely excluded.
Likewise, the failure of bone marrow reconstitution to
restore the effectiveness of CP-PEC argues against the
nonspecific recruitment of host cells of the monocyte-
macrophage lineage, or cooperation with granulocytes.
However, the effects of WBI are multiple, and one well-
documented consequence of WBI is a stress reaction
associated with marked elevation of glucocorticoid synthesis
(16, 17). Recently, Scott (18) observed that cortisone in¬
hibited the expression of antitumor activity of PEC from C.
parvum-tTeated mice and that this inhibition occurred at
the effector cell level. This corticoid effect possibly could be
implicated in the reduced efficiency of transferred CP-PEC,
which we observed in WBI mice.

In addition, the clonogenicity of even nonimmunogenic
tumor cells is markedly increased in WBI mice by an
unknown mechanism (17, 19). The reduced effectiveness of
CP-PEC could, therefore, be the result of a net decrease in
the effector to target cell ratio caused by the greater number
of potentially clonogenic tumor cells in WBI mice. This ex
planation is supported by our finding that further increasing
the effective number of clonogenic tumor cells by admixture
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with lethally irradiated cells completely abolished the an¬
titumor effect of transferred CP-PEC.
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• IN VIVO TRANSFER OF ANTITUMOR ACTIVITY

BY PERITONEAL EXUDATE CELLS FROM MICE
TREATED WITH C. PARVUM

L. J. Peters, H'. H. McBride. K. A. Mason, N. Hunter, /. Basic
and L. Milas

ABSTRACT

We have investigated whether peritonea! exudate cells (PEC) from C. par-
rum (CP) treated C3Hf/Bu mice could transfer in civo the resistance against a syn¬
geneic fibrosarcoma (FSa). Inhibition of tumor development and prolongation of
survival of recipients were observed when CP-activated PEC were admixed with FSa
cells before their intraperitoneal (ip) or subcutaneous (sc) injections into normal
mice. The antitumor activity increased with the increase of the ratio of effector to

target cells. Fleat killed CP-PEC were unable to transfer the resistance. Also, pre-
treatment of recipients with 600 rads whole body irradiation (WBI) substantially
reduced the efficacy of CP-PEC. Reconstitution of WBI mice with mixed normal
spleen and lymph node cells, or spleen cells alone, or bone marrow cells, did not
restore the antitumor activity of transferred CP-PEC. In fact, reconstituted mice
showed a further reduction of transferred antitumor resistance. CP-PEC activity
was also inhibited in sc transfer experiments when normal PEC, spleen cells, T-cclls
or even fetal fibroblasts were admixed with tumor cells and CP-PEC. Possible
reasons for the failure of WBI recipients to be fulls protected by transferred CP-PEC
are discussed.

Numerous observations made in in vitro and in vivo systems indicate that
macrophages might greatly participate in the expression of the antitumor activity
induced by C. parvum (CP). In experimental animals CP increases production of
macrophages and causes their activation (I. 7). Such activated macrophages are
capable of destroying, or inhibiting the growth of tumor cells in vitro by immuno¬
logically nonspecific means (1, 2, 7, II). Macrophages are found to infiltrate
tumors which regress in CP-treated animals (5). In vivo induced antitumor activity
by anaerobic coryncbacteria, and in vitro destruction of tumor cells by CP-acti¬
vated macrophages are radioresistant (2, 3, 6). In contrast, expressions of
CP-induced antitumor activity both in vivo and in vitro are inhibited by substances
which are toxic for macrophages or which inhibit their functions (4, 11). We report
here that peritoneal exudate cells (PEC) from CP-treated mice are also capable of
transferring in vivo antitumor activity, but that the full expression of transferred
activity depends on the status of recipient mice.

MATERIALS AND METHODS

PEC were obtained from 3 month old C3Hf/Bu specific pathogen-free mice. To produce
CP-activated PEC (CP-PEC), mice were given 0.5 mg CP (Batch PX-374, Burroughs Wellcome
Research Laboratories, Research Triangle Park, N. C.. U. S. A.) intraperitoneally (ip) 16 days
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before harvest, and 0.2S mg 12 and 1 days before harvest. CP-PEC and PEC from normal mice
<N-PEC| were prepared as described previously tl). Also, preparation of spleen.Jymph-nodc or
bone marrow cells, as well as separation of splenic T lymphocytes have already been described
elsewhere (101. „

In riro antitumor activity of CP-PEC was determined against a fairly immunogenic methvl-
cholanthrenc-induced FSa; single cell suspensions of this tumor were prepared by trypsin diges¬
tion (6). Tumor cells were mixed with PEC or spleen cells and injected ip into normal or whole
body irradiated (WBI) mice. These mice were scored for survival. We also used subcutaneous (set
tumor latency assays in WBI mice. In these assays each mouse received 4 sc injections of 0.1 ml
of tumor cells mixed with different lymphoid cells into the sc tissue overlying the abdomen. Mice
were examined three times a week for tumor development. WBI with fOO rads of j'-rays was
administered 1 day before performing the transfer assays (6).

RESULTS

Table I presents the results of experiments in which 107 N-PEC or 107 CP-
PEC were admixed with 10" or 10s FSa cells and injected ip into normal (Exp. 1)
or WBI (Exp. 2) mice. CP-PEC greatly inhibited development of tumors and
increased survival times of normal mice. N-PEC exhibited only slight tumor-
inhibitory properties which were evident by a minimal prolongation of survival
of mice. Most, but not all, of the antitumor activity of CP-PEC was, however, lost
in WBI mice. In these transfer experiments 10s and 107 CP-spleen cells were also
effective against FSa (results are not presented). However, for a given ratio,
CP-PEC were much more efficient, most likely due to the higher proportion of
macrophages present in the peritoneal exudate.

In seeking an explanation for a reduced antitumor activity of CP-PEC in
WBI mice we first considered the possibility that CP was being transferred along
with the activated cells, thereby inducing resistance in normal recipients, but, as
we have shown previously (6) not in WBI mice. To test this possibility CP-PEC
were killed by heating prior to their transfer into normal mice. The killed cells
caused only a minimal prolongation of median survival time of tumor cell recipients
indicating thus that very little of the total antitumor activity by viable CP-PEC
could be ascribed to transferred CP.

A further possibility, which we considered, for the reduced effect of CP-PEC
in WBI mice was that CP-PEC required participation of a host lymphoid cell
population which was depleted by irradiation. If this was so, then the reconstitu-
tion of WBI mice with normal lymphoid or bone marrow cells would restore
CP-PEC antitumor activity. In fact, these cells blocked the residual effect
of CP-PEC in WBI mice. Similar blocking effect was observed by ip transferred
107 fetal fibroblasts.

In the sc assays, antitumor activity of 104 CP-PEC against 10* FSa cells
was expressed in a significant prolongation in the latency of tumor appearance
as well as in a lower tumor take incidence. This CP-PEC antitumor activity was
inhibited to various degrees by 10® N-PEC, 3 x 105 spleen cells, 3 x 104 splenic
T cells or 106 fetal fibroblasts which were added to the mixture of CP-PEC and
FSa cells.

DISCUSSION

The experiments described in this paper show that PEC from mice treated
with CP can transfer antitumor activity to normal mice. Activity depends on the
ratio of effector to target cells, being increased as the ratio increased. Spleen
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TableI.TransferofnntitnmoractivitytonormalorWBIC.'Hf/BumicehvCP-PPC
Statusof recipients

Cellchallenge(ip)
Proportionof micewith tumors

Survivalofi Indays
mice

P(Mnnn-Whitnoy Utest)relativeto groupindicator!

Median

Range

Normal

106FSa

10/10

11

10-14

M

106FSa+107N-PEC
5/5

13

11-17

<

0.00-1(11)
i

•i

106FSa+107CP-PEC
1/5

44n

<

0.002(1)

Normal

105FSa

9/10

17

13-20

ii

105FSa+107N-PEC
5/5

22

18-25

<

0.05(2)<0.001(6!

it

105FSa+107CP-PEC
0/5

<

0.002(2)

Normal

105FSa

10/10

15

.4-17

105FSa+107N-PEC
8/9

21

19-37

<

0.002f11>

II

105FSa+107CP-PEC
1/9

52n

<

0.002('IT

WBI

105FSa

10/10

15

11-19

"

105FSa+107N-PEC
9/9

15

14-18

<

0.002(6)»"'

II

105FSntlO7CP-PEC
10/10

21.5

19-36

<

0.002(11)N.S.b(2)
3

■a

o 3 3

t_

o
Ql 3 3'

(10)
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cells from CP-treated mice were also effective, but required a higher ratio, possibly
because of Jhe lower proportion of macrophages in the spleen cell preparation.
The effector cells are most likely macrophages. Our earlier studies (2) have shown
that in vitro destruction of tumor cells by CP-PEC was effected exclusively by
macrophages. Elimination of nonadherent cells from the peritoneal exudate did
not alter the efficacy of macrophage mediated cytotoxicity and, furthermore,
nonadherent peritoneal cells, by themselves, did not exert tumor cytotoxicity.

CP-PEC activity was greatly inhibited in mice receiving WBI 1 day before
the transfer which indicates that the full expression of this activity must have
depended on host factors sensitive to radiation. There was a possibility that CP
was transferred along with PEC or spleen cells and that it caused stimulation of
normal mice. However, this possibility was eliminated since killed CP-PEC confer¬
red minimal protection on normal mice. Another possibility was that in the expres¬
sion of in vivo optimal antitumor activity CP-PEC required the cooperation of
a normal cell population which was depleted by irradiation. Again, reconslilution
of WBI mice with either spleen and lymph node cells or with bone marrow cells
was not effective in restoring the CP-PEC antitumor activity. Interestingly, ip
injection of these normal lymphoid cells even further reduced the residual antitumor
activity of CP-PEC in WBI mice, most likely due to physical interposition of
normal cells between target and effector cells. This interpretation was supported
by experiments using sc tumor latency assays.

Therefore, the reason(s) for the reduced antitumor activity in WBI mice
remains uncertain. WBI is, however, a stress to the recipient and is associated
with marked elevation of glucocorticoids (9) which could interact with injected
CP-PEC and inhibit their activity. This reasoning is supported by recent findings
by Scott (II) that cortisone inhibits in vitro expression of antitumor activity of
PEC from CP-treated mice. Also, the clonogenicity of tumor cells has been shown
to be markedly increased in WBI mice by an as yet unknown mechanism (8, 9).
The reduced effectiveness of CP-PEC could, therefore, be the result of a net
decrease in the effector to target cell ratio resulting from the fact that more tumor
cells are potentially clonogenic in WBI mice.
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A ROLE FOR T LYMPHOCYTES

IN THE ANTITUMOUR ACTION OF SYSTEMIC C. PARVUM

W. H. McBride1, L. J. Peters2, K. A. Mason2 and L. Milas3

ABSTRACT

The frequency of tumours arising from s.c. injection of a syngeneic chemi¬
cally-induced fibrosarcoma (Fsa) was not influenced by systemic administration
of C. parvum (day -f 3) except when doses less than the TD50 were injected. Then
the number of takes was increased. The tumour normally grows progressively
however regression was frequent in intact mice treated with C. pari urn. Tumour
regression did not occur in T cell-depleted mice treated in the same way. Splenic T
cell-enriched populations of cells taken from Fsa-bearing C. parvum-treated mice
caused tumour regression when adoptively transferred to Fsa-bearing T cell-deple¬
ted mice. Although this assay measures systemic rather than intratumoral T cell
activity, it is proposed that C. parvum-induced regression of the fibrosarcoma is to
a large extent due to enhanced T cell reactivity.

Certain transplantable murine tumours that normally grow progressively
can be inhibited in their growth and may regress following appropriate adminis¬
tration of Corynebaclerium parvum.

C. parvum effects its anti-tumour action through several non-nutually
exclusive mechanisms'. The mechanism that predominates varies with the tumour
system and the route of injection of C. parvum. For example, systemically admi¬
nistered C. parvum can often generate an anti-tumour effect in the absence of
T lymphocytes. It has been reported to be as active in Nude or T cell-depleted
mice as it is in intact mice (7). Systemic C. parvum only rarely causes regression
of tumours. By way of contrast, intratumoural C. parvum is not very effective
in T cell deprived mice; in intact mice the injected tumours often regress and a
state of specific immunity develops (6, 7).

These broad generalisations do not hold true for all tumour systems. In
the system we have studied, systemically administered C. parvum causes regression
of a high percentage of growing tumours (4). This paper addresses itself to the
role of T cells in this effect and the influence of C. parvum upon their activities.
This is of particular interest because systemic C. parvum is known to depress
other T cell function (3, 6).

MATERIALS AND METHODS
Mice and tumour

C3Hf/Bu mic£ and a syngeneic methylcholanthrene-induced fibrosarcoma (Fsa) were
used (4). T cell-dencient mice were prepared by thymectomy, whole body irradiation (900 rads)
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followed by reconstitution w ith 3 ■ 10* syngeneic bone marrow cells. They were used at 12 weeks
of age, six weeks after reconstitution.

Lymphocytes
T lymphocyte-enriched populations of spleen cells were prepared on nylon wool columns

(Leukopak, Fenwal Labs, Illinois) (2). As judged by esterase staining (5) these populations
contained approximately 80-85% T lymphocytes.

Corynebacterium parvum

0.25 mg C. parvum 6134 (Wellcome Research Labs., North Carolina, USA) was injected
intravenously.

Assays

(a) Subcutaneous dilution assay. — Serial dilutions of viable tumour cells were
mixed with heavily irradiated (8,000 rads) cells to give a final inoculum of 5 >' 10'cells in 0.1 ml.

(b) Subcutaneous growth rates. — Mice were injected (0.1 ml) in the flank and
tumour diameters measured 3 xs per week.

(c) Winn neutralization assay. — 5 x 104 fibrosarcoma were injected s. c. into
irradiated (600 rads, day — 1) mice in admixture with 100/50/10 lymphoid cells per target cell.

RESULTS AND DISCUSSION

Inocula of 103 lo 105 viable fibrosarcome (Fsa) ceils gave rise to progressively
growing subcutaneous tumours (Table 1). The dose that gave a 50% tumour
incidence was approximately 2,500 (TD50). Groups of mice were treated with
intravenous C. parvum 3 days after Fsa. If the Fsa inoculum was greater than the
TDS0 the frequency of tumour takes was not significantly altered by treatment
with C. parvum. However 20-50% of the tumours that grew were eventually
rejected. Surprisingly C. parvum enhanced the frequency with which tumours
grew from inocula of 200 or 1,000 cells. In these mice only 1 out of 22 tumours
was subsequently rejected. This enhancement phenomenon has not been investi¬
gated further but was not seen in mice made deficient in T cells and could be
interpreted as resulting from immunostimulation of tumour growth.

Table I. Progressive growth of subcutaneous tumours (see text)

No. of viable
tumour cells

Intact mice c. parvum- treated

Initial
Takes

Final
Takes

%
Rejected

Initial
Takes

Final
Takes

%
Rejected

1.25 x105 31 /« 31 /J2 0% W/32 20%

2.5 x 10* 32/j2 32 ^32 0% 28/j2 ^32 43%

5 x 103 21 /»2 21 '32 0% 16/32 8/32 50 %

to3 10/32 10/32 0% l«/32 »/32 0%

2 x 102 °'l« °A. 0% 3/ie 2/l6 33%

The frequency of tumours was also not affected by treatment of T cell-
depleted mice with C. parvum. However, in contrast to intact mice, none of the
tumors regressed (Table II). The tumour regression provoked by treatment with
C. parvum was therefore T cell dependent.
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Tabic II. Frequency of tumours after treatment of T ccll-dcplcicd mice
with C. parvum

B mice B mice ♦ C. parvumNo. of viable
tumour cells

Flnal % taiUil Final 51
Takes Takes Rejected Takes Takes Rejected

2 x 102 »/„ 12'l2 0% 12/l2 12/12 os

40 30/32 S°/32 OS 27/32 27 /32 os

8 28/32 28/32 os
21 /32 21 /M os

1.6
24 'z2 24 /„ OS 21'32 21 /32 os

Fig. I. Growth curves of Fsa tumours in T cell-depleted mice reconstituted 7 days after tumour
cell injection with T cell-enriched spleen cells from donor mice as indicated on the basis of I donor
to 1 recipient.
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Many of the effects of C. parvum, e.g. splenomegaly and macrophage
activation are in part T cell dependent (1), probably resulting from reactions by
these cells against chronically persisting organisms. These stimulated macrophages
could themselves be active against the tumour, or they could aid T cell reactivity
against tumour-associated antigens either by acting as a highly efficient effector
arm for the response or by directly enhancing T cell reactivity.

We have concentrated upon investigating the activity of T cells in mice
bearing tumour and treated with C. parvum (day +3). T cell-enriched populations
of cells were taken from the spleens of mice that had born tumour for 14 days.
It is at this time that the tumours in C. parvum treated mice begin to regress. These
populations were adoptively transferred to T cell-depleted tumour-bearing
(7 days) mice. Regression of the recipient's tumour occurred if, and only if, the
donors were bearing tumour and had been treated with C. parvum (Fig. 1). The
T cell enriched populations were injected on the basis of 1 donor to 1 recipient.
In our experience C. parvum expands the splenic T cell pool by 3-6 fold. This
coincides with depletion of T cells in the peripheral nodes.

Although this assay system is indirect, is not readily quantitated and measures
systemic rather than intratumoural T cell activity it is reasonable to propose that
the C. parvum-induced regression of tumour is to a large extent the result of
enhanced T cell reactivity.
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General discussion

Scott (Beckenham): Are your fibrosarcoma cells sensitive to in vitro killing
by C. parvum activated macrophages?

McBride: Yes.

Crowther: Perhaps I could ask whether in your lymphocyte transfer experi¬
ments you did any titrations of numbers of lymphocytes. This has been shown to
be important in producing either inhibition or enhancement.

McBride: No. It is difficult to quantitate the adoptive transfer assay. In
fact we are developing Winn assay systems, and we find inhibition of tumour
growth and not enhancement. I agree the number of cells is critical. It may be
difficult to adjust the system to demonstrate enhancement.

Peter (Hanover): Did you also perform passive transfer experiments with
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macrophages derived from the same animals you used for the lymphocyte prepa¬
rations?

McBride: No, we were interested more in the reactivity of T cells at this
stage.

Peier: Have you ever seen development of suppressor macrophages in
C. parvum treated mice?

McBride: We have not investigated this aspect. In our adoptive transfer
system, macrophages were removed on nylon wool columns. We do not know
if activated macrophages are influencing T cell differentiation and reactivity in
C. parvum treated mice but we would like to.

Peier: How sure are you that your observed protective effect in mice receiving
adoptive lymphocyte transfers is really mediated by T-lymphocytes? Did you
pre-treat the transferred cells with anti theta and complement. Can you rule out
that natural killer cells may play a role?

McBride: We have not used anti-serum. We think T-cells are active because
they probably comprise more than 80% of the populations we transfer. We do
not think natural killer cells are important because of the requirement for the
cells to come from Fsa-bearing C. parvum treated mice. Normal cells are inactive.
This does not rule out a role for host effector cells 'armed' or 'activated' by the
transferred populations.

18
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In contrast to the consensus of previous reports in other tumor systems, our studies
show that the anti-tumor action of systemically administered C. parvum against the
fibrosarcoma (FSa) used in this study is highly dependent on T lymphocytes (T ceils). This
dependency was demonstrated following both intravenous (i.v.) and subcutaneous (s.c.)
injection of FSa cells but was most evident in the latter case. In intact mice injected s.c.
with a 5 x 103 viable FSa cells, C. parvum (i.v., day + 3) did not affect the number of
tumors that became palpable. However, some 15 days later 20 to 50% of these tumors
completely regressed. Surprisingly, when inocula of less than 5 x I03 FSa cells were
injected C. parvum enhanced the number of tumors that grew compared to untreated mice.
Furthermore, few tumors that grew from small inocula in C. parvum-treated mice re¬

gressed. Corynebacterium parvum-iriduced regression of established tumors (large tumor
inoculum) was found to be dependent upon an intact T cell system. This contrasts with
observations in other tumor systems where most of the anti-tumor action of systemic C.
parvum was found to be T cell independent. There was an indication that the C. parvum-
induced enhancement of tumor incidence (small tumor inoculum) was also T cell depen¬
dent although more work will be required to establish this point. The degree of splenomeg¬
aly induced by C. parvum and the anti-C. parvum serum agglutinin levels were also shown
to be partly T cell dependent. While there is no doubt that systemically administered
C. parvum can exert anti-tumor activity by a pathway which is not T cell dependent, the
present report suggests that systemic C. parvum may bring its effects about by more than
one mechanism. Indeed with certain tumors stimulation of T cell dependent responses
may be essential for the induction of complete tumor regression.

'Present address: W. H. McBride, University of Edinburgh, Department of Bacteriology, University
Medical School, Edinburgh, Scotland.

'Present address: L. Milas, Central Institute for Tumors, Ilica 197, Zagreb, Yugoslavia.
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INTRODUCTION

When tumor-bearing animals are treated with Coryncbuctcrium purriim tumor
growth is generally inhibited (4, 13, 24. 25. 27). Whereas there is ample evidence
that macrophages are activated in C. /K/nv/w-treated mice (6, 10. 14) and that they
can nonspecifically kill tumor cells in vitro (1,5, 19). the cell populations required
for the overall antitumor action of C. ptirvum in vivo have been less well character¬
ized. In particular, investigations designed to determine whether an intact T cell
system is required for the C. ptirvum effect have yielded divergent observations.
The differences seemingly rest primarily on the route of C. ptirvum injection.

Injection ofC. ptirvum by the systemic route has generally been found to slow the
growth of s.c. tumors as effectively in mice deficient in T cells as in intact animals
(4, 24. 28. 30). There is only one observation to the contrary (9).

On the other hand, local injection of C. ptirvum into the site of tumor inoculation,
which in intact mice often causes the regression of established tumors, has been
found to be ineffective in T cell deficient (25) and in congenitally athymic (nude)
mice (30). Again there is one observation to the contrary (21).

It is not clear why the T cell dependency of the anti-tumor action of C. ptirvum
appears to be influenced by the route of injection of the agent. The differences may
be related to the type of immune response that is stimulated and whether tumor
regression is induced. It is generally true that C. ptirvum is more likely to lead to
complete tumor regression when it is injected into the site of tumor inoculation
rather than systemicaily. Systemically administered C. purvutn tends to slow the
growth of s.c. tumors but complete regression is only rarely seen (4, 24, 28, 30).

The role of T cells in the enhanced resistance to tumor following systemic
administration of C. ptirvum is particularly interesting because, when given by this
route, the organism can suppress certain T cell-mediated responses such as the
blastogenic response to phytohemagglutinin (14, 23), the graft versus host reaction
(23), and skin allograft rejection (3, 14).

The present work is concerned with an investigation into the T cell dependency of
the anti-tumor effect of C. ptirvum using a fibrosarcoma that can be made to regress
completely by systemic administration of the adjuvant (13).

MATERIALS AND METHODS

Mice. Mice of the CsH/Buf strain bred in the specific pathogen-free colony
maintained at the M.D. Anderson Hospital were used. For any given experiment
mice were of the same sex and age (3 to 4 months). Animals were housed 5/cage and
were maintained on a sterile diet.

Mice were rendered deficient in T cells by the combined treatments of.thymec-
tomy, lethal whole body irradiation, and reconstitution with syngeneic bone mar¬
row (TIR mice). Thymectomy, performed at the age of 6 weeks, was followed 1 to 2
weeks later by 900 R whole body gamma radiation, and by the i.v. injection of4 x10*
syngeneic bone marrow cells on the same day. Experiments were initiated 6To 8
weeks later. Sham-thymectomized mice were treated in an identical fashion except
the thymus was not removed.

Animals used in this study were maintained in facilities approved by the Ameri¬
can Association for Accreditation of Laboratory Animal Care, and in accordance
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w ,,h current United States Department of Agriculture and Department of Health.
Education and Welfare. National Institutes of Health regulations and standards.

Tumor. The tumor used was a methylcholanthrene-induced fibrosarcoma (FSa).
showing strong immunogenicity for syngeneic hosts (13. 26). Stock tumor was
produced by injecting fourth generation isotransplants of the tumor. Methods of
preparing single cell suspensions of the tumor have been described in detail previ¬
ously (13).

Tumor Assay Methods, (a) Lung tumor colony assays. Inocula consisted of FSa
cells suspended in 0.23 ml of modified McCoy's 5A medium containing 59f fetal calf
serum. Inocula were injected into the lateral tail vein, and the mice were killed 14
days later. Their lungs were removed and fixed in Bouin's solution, and the
numbers of macroscopically visible tumor colonies were counted (15, 16).

(b) Subcutaneous FSa cell dilution assays. Serial dilutions of viable FSa cells
containing the required inoculum in 0.1 ml of medium were prepared. The dilutions
contained from 1.25 to 1.6 x 10"' cells/inoculum. Each inoculum also contained 5 x

105 heavily irradiated (8,000 R) FSa to equalize the initial tumor cell mass injected.
Each mouse was injected with either 2 or 4 s.c. doses of the appropriate viable cell
dilution at separate sites on its ventral surface. Mice were examined every other day
to record the time to tumor development (latency), the total number of tumors that
developed, and the number of tumors that became palpable but subsequently
completely regressed.

The term regression is used here to indicate a progressive decrease in the size of
formerly palpable individual tumors. This may be a temporary phase before re¬
newed growth. Complete regression refers to disappearance of the tumor, a state
which is normally permanent (12). This fibrosarcoma has never been seen to regress
in normal untreated mice.

(c) Subcutaneous tumor growth rates. Mice were injected s.c. with 4 x 105 FSa
cells in the right flank. The tumors, which became palpable 6 to 8 days later, were
measured in 3 dimensions every other day using Vernier calipers.

Treatment with C. parvum. Formalin-killed C. parvum, batch number PX-374 (7
mg/ml), was obtained through the courtesy of Dr. John Whisnant, Burroughs
Wellcome Research Laboratories, Research Triangle Park, NC, U.S.A. A standard
dose of0.25 mg dry weight in 0.25 ml of solution A (15) was injected into the lateral
tail vein. Time ofC. parvum treatment relative to inoculation of tumor cells is given
in individual experiments. Antibody (Ab) specific forC. parvum was assayed by an
agglutination test described previously (29).

Analysis of Results. The significance of differences in numbers of lung colonies
was assessed by the Student's t test. Differences in the incidences of tumors
between groups were calculated by the X2 test with Yates' correction. Values of
P < .05 were taken as significant. The slopes of growth curves were tested for
parallelism by analysis of covariance.

RESULTS

The Effect of T Cell Depletion on the Prophylactic Action of i.v. C. parvum against
Lung Tumors. We recently noted in another context (16) that the effect of
prophylactic C. parvum against i.v. injected FSa cells was diminished in TIR mice,
as determined by survival of recipients.

This observation was confirmed in the present experiments using both lung
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colony assay and survival time as endpoints (Table 1). The number of lung tumor
colonies formed from an inoculum of 104 FSa cells was significantly increased in
TIR mice (25.1 ±5.1) compared to normal controls (2.9 ± 1.1). This increase
cannot, however, be ascribed directly to T cell depletion. Rather, it appears to be a
late consequence of the high dose of whole body gamma irradiation used in the
preparation of TIR mice (20). Administration ofC. parvum 4 days before tumor cell
injection significantly reduced the mean number of lung colonies in TIR mice (1.4 ±
0.4), but completely protected only 1 of 7 mice. By contrast, all of 8 intact mice
pretreated with C. parvum were fully protected against the development of lung
tumors. When mice pretreated with C. parvum were challenged with 10s FSa cells 8
of 11 intact mice were protected, whereas no protection was effected in 11 TIR
mice. Survival of TIR mice was significantly prolonged by C. parvum treatment,
but to a much lesser degree than in intact mice (Table 1).

From these results, it is clear that, although a demonstrable prophylactic benefit
was derived from the i.v. administration ofC. parvum in TIR mice, the full effect of
prophylactic treatment against tumor cells injected i.v. was not obtained in these T
cell deprived animals.

The Effect of T Cell Depletion on the Therapeutic Action of i.v. C. parvum Against
s.c. Tumors. (A) FSa cell dilution assay. Dilutions of viable FSa cells ranging from
1.25 to 1.6 x 105 cells/inoculum were injected at separate s.c. sites in admixture with
5 x 105 heavily irradiated FSa. Intact and TIR mice were used.

The effect ofC. parvum injected i.v. 3 days after s.c. inoculation of FSa upon the
incidence of tumors in intact mice is shown in Table 2a. The numbers of tumors that

developed were similar in control and C. parvum-treated groups provided the
inocula were s 5 x 103 viable cells. However, in the C. parvwm-treated intact mice,
but not in the controls, a high percentage of the tumors subsequently completely
regressed. Surprisingly, the C. parvum-treated group of intact mice that received
103 FSa cells developed significantly more tumors (19/32) than control mice (10/32)
(p < 0.05). Moreover, these tumors did not noticeably regress and eventually killed

TABLE l

The Effect of T Cell Depletion on the Prophylactic
Action of i.v. C. parvum Against Lung Tumors

Status and
treatment

of mice

Tumor cell inoculum

104 FSa 10s FSa

Proportion
of mice

with tumors

Number of lung*
tumor colonies

(x ± SE)

Proportion
of mice

with tumors

Median
survival

(days)

Intact 6/7 2.9 ± I.I 11/11 13
Intact C. parvum-'' treated 0/8 0 3/11 150
TIR 8/8 25.1 ± 5.1 11/11 12
TIR C. parvum-h treated 6/7 1.4 * 0.4 11/11 29

•The number of lung tumor colonies per animal was determined 14 days after FSa cells i.v. Mice with
no colonies were not included in the mean.

"0.25 mg C. parvum given i.v. 4 days prior to i.v. challenge with I04 or 10s viable FSa cells.
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the animals. A similar trend was seen in groups of mice that received 2 x 102 viable
FSa cells (Table 2a).

Tumors induced by any dilution of FSa cells grew more readily in TIR mice than
in intact mice (Table 2b). This was largely an effect of irradiation (20). The incidence
of tumors in TIR mice was not appreciably influenced by C. parvum treatment.
There was no evidence of the enhancement of tumor incidence seen with low tumor

inocula in intact mice although a direct comparison is difficult to make because of
the much lower inoculum size required in TIR mice to give an equivalent tumor
incidence.

These results show that C. parvum-induced regression of established tumors
(large inoculum size) is.dependent upon an intact T cell system. They suggest that
C. parvum-induced enhancement of tumor incidence (small inoculum size) may
also be T cell dependent.

TABLE 2

The Effect of T Cell Depletion on the Therapeutic Action
of i.v. C. parvum Against s.c. FSa Tumor

(cell dilution assay)
(a) Intact Mice

Intact mice
Intact C. parvum-'

treated mice

FSa cells Maximum
injected* tumor

incidence

Percentage
of tumors

regressed*

Maximum Percentage
tumor of tumors

incidence regressed*

1.25 x 105 31/32*
25 x 10* 32/32

5 x 103 21/32
1 x 103 10/32"
2 x 103 0/16

0
0
0
0
0

30/32 20
28/32 43
16/32 50
19/32" 0
3/16 0

(b) TIR Mice

Number of viable TIR Mice
TIR C. parvum-'

treated mice

Injected* Maximum tumor incidence Maximum tumor incidence

1 x 103
2 x 103

40
8

1.6

12/12*
12/12
30/32
28/32
24/32

12/12
12/12
27/32
21/32
21/32

•5 x 103 heavily irradiated FSa cells were added to each inoculum.
'Regression in this case means complete disappearance of the tumor. There was a tendency for

individual mice to reject several or none of their tumors but this was not absolute; it was not possible to
readily quantify in this experiment. There were no regressions in TIR mice whether treated with
C. parvum or not.

•0.25 mg C. parvum i.v. 3 days after FSa s.c. injection.
'X3 test on tumor incidences. X* = 4.04. P < 0.05.
*6 or 8 mice/group, 2 or 4 sites/mouse, i.e., 12, 16 or 32 sites total.
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Time After Tumor Cell Injection (Days)

Fig. 1. Growth curves of FSa tumors in sham-thymectomized mice (O), sham-thymectomized mice
treated withC. parvum (□), T1R mice (A), and T1R mice which received C. parvum (•). Mice were each
injected with 4 x 10s FSa cells s.c. (20 mice/group). Saline or 0.25 mgC. parvum was injected i.v. 3 days
later. For clarity, only representative standard errors of the mean of the tumor diameters are shown. In
the group of sham thymectomized mice which received C. parvum (□), the tumors on 5 mice regressed
completely. The mean of the tumor diameters was calculated for tumor-bearing mice only.

(B) Growth rate measurements. In order to examine in more detail the effect of T
cell deprivation on C. parvum-induced tumor regression, the growth of the tumors
with time was measured in sham-thymectomized and in T1R mice with and without
C. parvum treatment.

A large tumor inoculum of 4 x 105 viable FSa cells was injected s.c. into one site
on the flanks of the mice. Three days later, 0.25 mg of C. parvum was given i.v.

TABLE 3

The Effect of T Cell Depletion on the Serum Agglutinin
Response to i.v. C. parvum and on the Degree of

Splenomegaly Caused by i.v. C. parvum'

Status and Anti-C. parvum
treatment of agglutinin titer Spleen weight

mice (logi x ± t SE") (x mg ± t SEb)

Sham-thymectomized and"
TIR; no C. parvum 4.4 ± 0.17 99 ± 10

T1R C. parvum'-treated 5.4 ± 0.28" 138 ± 38"

Sham-thymectomized
C. parvum'-treated 7.4 ± 0.26" 441 ± 72"

*0.25 mg C. parvum i.v. Serum taken and spleen weights measured 21 days later.
"95% confidence limits of the mean; 8 mice/group.
There were no differences between the sham-thymectomized and control groups with respect to

background Ab titers or spleen weights.
"All differences in the mean values between C. parvum-treated TIR and sham-thymectomized groups

statistically significant (P < 0.05). All differences in the mean values between C. parvum-treated and
untreated groups statistically significant (P < 0.05). Student's t test.
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Although the mean size of the tumors at tiny given day was less in C. parvum-treated
TIR mice than in mice of either of the untreated control groups, the slopes of the
growth curves of tumors in these groups were almost identical, indicating that in
TIR mice C. parvum caused only a slight retardation in the time of tumor develop¬
ment (Fig. I). Corynebaclerium parviim failed to induce tumor regression in TIR
mice, whereas in sham-thymectomized controls treated with C. parvum tumor
growth was markedly inhibited from day 18 onward, and 5 of 20 tumors sub¬
sequently completely regressed (Fig. 1). Tumor growth was somewhat enhanced in
untreated TIR mice compared with sham-thymectomized controls.

The results clearly demonstrate that i.v. C. parvum given therapeutically caused
regression of established tumors grown from a large inoculum of FSa cells and that
this regression was T cell dependent.

Effect of T Cell Depletion on the Development of Ab Specific for C. parvum and on
C. parvum-Induced Splenomegaly. The levels of agglutinins specific forC. parvum
in the sera of the mice used in the above experiment were assayed on day 21.
Because the Ab titer against C. parvum was less in C. parvum-treated TIR mice
than in C. parvum-treated, sham-thymectomized mice, it appears that Ab pro¬
duction to C. parvum in intact mice is largely T cell dependent (Table 3). In a

separate experiment, C. pr/m/m-induced splenomegaly was also shown to be
largely T cell-dependent (Table 3).

DISCUSSION

The reports of Woodruff et al. (28). Scott (24). Castro (4). and Woodruff &
Warner (30) showed that C. purvum injected by the systemic route can exert its full
anti-tumor activity in hosts deprived of T cells. However, in the present report we
have clearly shown that the same agent given by the same route does require T cells
to exert its full effect when a different tumor system is used. This was true whether
i.v. C. parvum was given prophylactically before FSa cells i.v. or therapeutically
after FSa cells s.c.

This apparent conflict can be reconciled by postulating that C. parvum stimulates
two effector mechanisms, one being nonspecific and T cell independent, and the
other being T cell dependent. The predominance of the later mechanism in the
present studies may reflect the strong immunogenicity of the particular tumor under
study (26) and/or other tumor-specific factors.

There is little doubt that one or more T cell independent anti-tumor effector
mechanisms can be stimulated by C. parvum (4, 24, 28, 30). The best evidence
comes from the work of Woodruff and Warner (30) who showed that systemic C.
parvum can be effective against tumors in cogenitally athymic (nude) mice. The
effector cells that are stimulated by C. parvum could belong to a natural killer
population (18) or could be macrophages activated by a T cell independent
mechanism to be nonspecifically cytotoxic (5). A T cell independent anti-tumor
mechanism could account for our finding that prophylactic C. parvum was effective
to a limited degree in TIR mice against i.v. administered tumor cells.

Systemic C. parvum, administered 3 days after s.c. FSa, was strikingly ineffec¬
tive against the tumor in T cell depleted mice (Table 2 and Fig. 1).

In intact mice, when large inocula (S5x 103) of viable FSa cells were injected, C.
parvum did not alter the initial tumor incidence but did cause those that grew to
partially or completely regress. Tumor regression commenced some 2 weeks after
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C. pan-um injection (Fig. 1 and McBride. unpublished) when the tumors were well
established.

In T1R mice, irrespective of the tumor inoculum. C. parvum did not induce tumor
regression ( Fig. I and Table I). Coryncbuctcrium parvum did not alter the number
of tumors that grew in TIR mice from a given inoculum and did not influence the
growth rate of established tumors (inoculum 4 x 10"' FSa).

It should be noted that this tumor contrasts with tumors used by others (4. 24. 28.
30) in that systemic C. parvum causes it to regress; it is more common for systemic
C. parvum to merely inhibit s.c. tumor growth. This difference probably rests on
the relative T cell dependency of the anti-tumor effect of C. parvum in the present
tumor system. Interestingly, intratumoral injection of C. parvum. which also tends
to cause regression, is dependent upon an intact T cell system for its effects (23, 30).
It seems that T cells may be required for C. /ww/w-induced regression of solid
tumors.

Splenomegaly and Ab production to C. parvum were found to be largely T cell
dependent in this study although TIR mice did respond to a limited extent. These
results are more in line with those in athymic (nude) mice (8. 30) than with previous
reports employing TIR mice (2. 29). These indices may therefore reflect the degree
of T cell deprivation. Corynebacterium /wrrw/n-induced macrophage activation
appears to be linked to splenomegaly (6) and is also, in part. T cell dependent (2).

In the present studies we do not know what T cell dependent anti-tumor effector
mechanism was stimulated by C. parvum. We have presented evidence elsewhere
(11) thatC. parvum can enhance the level ofT cell mediated immunity to the tumor.
However, there may be other mutually nonexclusive mechanisms operating in
concert with immune T cells, in particular, activated macrophages, and further
work on this aspect is required.

One finding emerged from this study which was surprising and may be of some
importance. Corynebacterium parvum treatment of intact mice enhanced the
number of s.c. tumors that grew from small inocula (^ 10s) of viable FSa (Table
2). Furthermore these tumors, unlike those growing from larger inocula. tended not
to regress following C. parvum treatment. This result is reproducible (unpublished
data). This enhancement of tumor incidence by C. parvum was not seen in TIR mice
although further work is necessary to definitely establish its T cell dependency. The
enhancement effect is consistent with the suggestion by Prehn (22) that a weak level
of specific tumor immunity may stimulate rather than retard tumor growth. It is also
possible that tumor growth may be stimulated nonspecifically. In C. parvum-
treated mice proliferation of liver parenchymal cells is enhanced (10), and it is
conceivable that the same nonspecific stimulus couid enhance tumor ceii replica¬
tion. Other explanations are also possible, and further work will be necessary to
elucidate the mechanisms involved. However, ifC. p«rr//m-induced enhancement
of tumor incidence from low tumor inocula is found to be a general phenomenon,
there may be several implications of these findings with respect to the use of agents
like C. parvum to clear "residual" tumor burdens and to the timing of its adminis¬
tration with respect to surgical or radiotherapeutic ablation of primary tumors.
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Systemic administration of Corynebacterium parvum has been reported to depress a
variety of T cell-mediated responses (3, 8, 14). We have examined its influence upon the
development of T cell dependent antitumor immunity during growth of a syngeneic
fibrosarcoma (Fsa). T cell-mediated antitumor immunity was demonstrated in the spleens
of Fsa bearing mice by the Winn assay. Its level was in general enhanced by C. parvum
treatment. This was especially true around the time of C. pnrvum-induced tumor regres¬
sion. However just before regression there was a consistent decrease in the level of splenic
antitumor immunity in C. parvum treated mice again as measured by the Winn assay. This
depression was not found when the cells were adoptively transferred to Fsa bearing
recipients suggesting that the adoptive transfer assay and the Winn assay measure differ¬
ent functional attributes of the T cell populations.

INTRODUCTION

Administration of Corynebacterium parvum to tumor bearing animals generally
inhibits tumor growth (12, 16, 23), in certain circumstances to the extent of causing
complete tumor regression (9, 17); however, other results are possible including
enhancement of tumor growth (2, 13). Some variables that help determine the
outcome are the routes of C. parvum administration and tumor cell challenge, the
size of the inocula, the relative timing of injections and the immunogenicity of the
tumor (12).

C. parvum can stimulate tumor immunity through many different effector mech¬
anisms. These can be non-selectively effective against tumors and generated in the
relative absence of T lymphocytes (16, 25) or non-selective against tumors but
generated by aT cell dependent immune response toC. parvum itself (21). Alterna¬
tively, and perhaps coincidentally, tumor specific immunity could be enhanced. In
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this paper we are concerned with the influence that C. parvum administration can
have upon T cell dependent responses to tumor.

There is some information available on the effect ofC. parvum on tumor specific
responses. For example. C. parvum injected directly into the same site as live or
irradiated cells can potentiate the level of specific immunity (1,6, 18,21). However,
when administered by the systemic route, little is known of how it influences the
level of tumor specific immunity and in particular how T cell dependent antitumor
responses are affected. There is some rather conflicting evidence that C. parvum,
administered by this route, can both potentiate (11, 26) and diminish (19, 24) the
protective effects of immunization with irradiated cells.

The influence of systemically administered C. parvum on T cell-dependent
antitumor responses is particularly interesting because, when given by this route,
C. parvum can suppress certain T cell-dependent responses such as the blastogenic
response to PHA (8, 14), the graft versus host reaction (14) and skin allograft
rejection (3, 8). It would be obviously important if T cell dependent antitumor
responses were suppressed in a similar fashion.

MATERIALS AND METHODS

Mice. Mice of the C3Hf/Bu strain were used. Forany given experiment they were
of the same sex and age (3-4 months).

For adoptive transfer experiments mice were rendered deficient in T cells (T1R
mice) by the combined treatments of thymectomy, lethal whole body irradiation,
and reconstitution with 3 x 10s syngeneic bone marrow cells. Experiments were
initiated 6-8 weeks later.

Tumor. The tumor used was a methylcholanthrene-induced fibrosarcoma (Fsa)
strongly immunogenic in syngeneic hosts (10, 20).

Assays of Anti-Tumor Activity. Donor spleen cells were taken at the stated times
from normal mice orfrom mice injected with 4 x 105 Fsa cells s.c. These mice had or
had not received C. parvum 5 days after Fsa injection. Nylon wool non-adherent
cells (T cells) were isolated by the method ofJulius et al. (4). C. parvum administra¬
tion caused a splenomegaly-associated increase in the yield ofT cells of up to 4 fold.

Recipients for Winn Assays. Mice were whole body irradiated (600 rad) one day
before s.c. inoculation ofdonor T cells mixed with 1 x 10" Fsa cells at ratios of 100:1,
50:1 and 10:1 (0.1 ml volumes). Six ventral sites were used per mouse, the sites of
each experimental cell population being paired with its control across the midline.
Each cell population was injected into at least 7 sites on 7 different mice. The sites
were palpated every other day to record the time to tumor development (latency)
and the total number of tumors that developed. None of the tumors that developed
was subsequently found to regress. For convenience the antitumor activity of the
immune cells is expressed as the percentage of injected sites that were negative for
tumor at that time when all the control sites injected with Fsa alone first became
100% positive. The controls became positive 9 to 11 days after injection of Fsa,
depending upon the experiment.

Adoptive Transfer Assays. Donor T cells, prepared as above, were injected i.v. on
a one spleen per animal basis, intoTIR recipient mice that had received 4 x 105 Fsa
cells, s.c. in the flank 7 days previously. The tumors were measured thrice weekly
in 3 dimensions using vernier calipers and growth curves plotted.

Treatment with Anti-Thy 1 Sera. Spleen cells at a concentration of 1 x 107 cells/ml
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were treated with anti-Thy 1 sera (Bionetics, California: Searle Diagnostic, High
Wycombe, England) in the presence of guinea pig complement for 45 min at 37 C:
control cells were treated in an identical fashion but omitting the anti-Thy 1 sera.
Viability was checked using Trypan Blue.

Treatment with C. parvum. Formalin-killed C. parvum strain 6134 (7 mg/ml) was
obtained from Wellcome Research Laboratories, Beckenham, Kent or through the
courtesy of Dr. Richard Tuttle, Wellcome Research Laboratories, Research
Triangle Park, N.C., U.S. A. A standard dose of0.25 mg in 0.25 ml PBS was injected
into the lateral tail vein 5 days after injection with Fsa.

RESULTS

In previous communications we showed that i.v. administration of C. parvum
caused partial or complete regression of s.c. growing C3Hf/Bu fibrosarcoma (9) and
that this required an intact T cell system (13). Regression began some 10 days after
C. parvum administration regardless of the size of the tumor.

In this study we used this system to investigate how C. parvum administration
affected T cell dependent antitumor responses. To this end the activity of T cells
from the spleens of tumor bearing and C. parvum-treated tumor bearing donors was
measured by cell transfer assays. Both the Winn assay and an adoptive transfer
assay were used; as will be seen, these assays probably measure different func¬
tional attributes of T cells.

Winn Assay. Nylon wool non-adherent (T) spleen cell populations were taken at
various times from donor mice that were bearing Fsa tumors and that were or were
not treated withC. parvum (0.25 mg i.v., 5 days after tumor implantation). These T
cells, mixed at ratios of 100:1, 50:1, 10:1 with fresh Fsa tumor cells were injected
s.c. into irradiated mice and the inhibition of tumor growth assessed. As can be seen
from Fig. la the degree of tumor inhibition depended upon the ratio of T cells to
tumor cells. Anti-tumor activity increased steadily in the spleens of tumor bearing
mice (X X) to reach a maximum on day 14 (8 mm tumor diameter). The slight
depression of activity when the tumors were large could be accounted for by
immunosuppression or simply by dilution of reactive T cells because of spleno¬
megaly in the donor mice. In C. parvum-treated tumor bearing mice (•—•)
activity was high on day 7, dramatically decreased on day 14 (9 days after
C. parvum), but was high again on day 21 and 27. The later increase in activity
correlated with the time at which tumor regression started (Fig. lb). The increase in
spleen size caused by C. parvum was at a peak on days 14 and 21 (Fig. lc). The
antitumor activity of the splenic T cells from mice bearing tumor for 14 days,
without C. parvum treatment, was sensitive to the action of anti-Thy 1 plus com¬
plement (Table 1); with C. parvum treatment they also appeared to be sensitive to
anti-Thy 1 but because of the low level of activity in this group it did not quite reach
statistical significance (P < 0.1; 100:1 ratio). Control T cells from normal or from
C. parvum-treated nontumor bearing mice were at all times inactive in the con¬
ditions under which this assay was performed. That is, the latency period was
the same as for Fsa alone (9-11 days).

Adoptive Transfer. We tested the ability of T cell populations similar to those
used in the Winn assay to cause regression of established tumors using as recipients
T lymphocyte deprived (TIR) mice. Spleens were taken from donor mice that had
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Fig, 1 A. The antitumor activity in a Winn assay of nylon wool non-adherent "T" lymphocytes from
the spleens of tumor bearing mice that had (•—•) and had not (X X) received C. parvum.

Recipients were irradiated (600 rads) one day before s.c. injection of T cells mixed with 1 x 10< Fsa cells
at ratios of 100:1, 50:1 and 10:1. T cell activity is expressed as the percentage of sites where growth was
inhibited (see Methods).

Fig. IB. The mean tumor size at the time spleens were taken from the donor mice used in Fig. 1 A. Note
the C. parvum-induced tumor regression.

Fig. 1C. The spleen weight changes in the same donor mice. Note the C. parvi/m-induced spleno¬
megaly and that caused by high tumor burden in the controls.
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TABLE 1

The Anti-Thy I Sensitivity of Spleen Cells Reactive in the Winn Assay

Tumor Take"
Source of" Anti-Thy 1
Effector Cells Treatment 100:1c 50:1 10:1

Fsa bearing on 2/7 4/7

+ 7/8" 8/8" 8/8"
Fsa bearing and - 3/7 7/8 8/8

C. parvum-treated + 7/8 8/8 8/8

"Nylon wool non-adherent spleen cells were taken from mice bearing tumor for 14 days, with or
without C. parvum treatment on day 5.

bNumberof sites with tumor/number of sites injected at the time when 1009b of control (no effector
cells) sites became positive.

"Effector to target cell ratios.
AP < 0.05: Chi square.

been bearing tumors for 14 days; the recipients had been injected s.c. with tumor 7
days prior to i.v. spleen cell transfer. As can be seen in Fig. 2, only T cells from
C. parvum-treated tumor bearing mice were effective at causing tumors to regress.
Interestingly this activity did not express itself immediately but there was a delay of
some 9 days before regression was evident. Tumor regression was complete in 30%
of the mice; in the remainder the major effect was to dramatically inhibit growth
although after some 60 days these tumors slowly began to increase in size to

Fig. 2. The antitumor activity of adoptively transferred T cells from the spleens of mice bearing tumor
for 14 days and that had (□ □) and had not (A A) received C. parvum. Note the regression
caused by T cells from C. parvum-treated tumor bearing mice.
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Time After Tumor Cell Injection (Days)
Fig. 3. The sensitivity to anti-Thy I (fl) of the antitumor activity in "T" cells fromC. ponum-treated

tumor-bearing mice on adoptive transfer.

eventually kill their hosts. The patterns of regression seen were in all respects very
similar to whenC. parvum is given to intact Fsa-bearing mice (9). Again the activity
of the adoptively transferred T cells was sensitive to the action of anti-Thy 1 (Fig. 3).

DISCUSSION

In this paper we have examined the effect of systemically administered C. par¬
vum upon the level of T cell mediated immunity during the growth of a syngeneic
murine Fsa. The antitumor activity of nylon wool non-adherent. Thy 1-sensitive
spleen cells was assessed by 2 methods, the Winn assay (22) and the adoptive
transfer assay. We have concentrated upon the T cell population because our
experiments reported elsewhere suggested that, irrespective of C. parvum treat¬
ment, most of the cellular reactivity in the spleen of tumbr bearing mice was within
this population (7). Furthermore, under the conditions of the assays, there was no
activity in spleen cells from nontumor bearing animals (7, this paper) and no
antitumor reactivity could be transferred by serum from any of the treated mice
(Milas et a!., unpublished). The outcome of these experiments is of particular
interest because of the reported depression of other T cell functions by C. parvum
treatment (3, 8, 14).

In the Winn assay we found T cell mediated antitumor activity existing concomi¬
tantly with growth of the Fsa: this activity peaked when the tumor was 14 days old
(8 mm diameter). As measured by this assay systemic administration of C. parvum
on the whole enhanced the antitumor activity of the T cells from tumor bearing mice
especially around the time of C. parvum-induced tumor regression. However,
profoundly depressed antitumor activity was found just prior to this period. This
depression of activity at 14 days was a highly repeatable observation that is not
simply a result of C. parvum-induced splenomegaly and cannot be satisfactorily
explained at present. The timing is similar to that observed with C. parvum-induced
suppression of PHA responsiveness (8, 14), an effect attributed to activated mac¬
rophages (5, 15). In our studies macrophages were removed on nylon wool columns
although a highly active population may have passed through. It is also possible that
C.parvum-induced a suppressor T cell population. However, repeated attempts to
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demonstrate any suppressor population by admixing cell populations in a Winn
assay have proved fruitless.

It is clear that although the level of T cell mediated antitumor activity at day 14 is
depressed in C.parvum treated tumor bearing mice as measured by the Winn assay,
this is not the case when the similar populations are adoptively transferred to T cell
deprived mice. In this assay C. parvum induced enhancement of antitumor immu¬
nity is in evidence. This apparent contradiction could be reconciled if the
hypothetical suppressor population was active only in a local situation and on i.v.
transfer was diluted or diverted to an irrelevant location. Alternatively the 2 assay

systems could preferentially detect the activities of different T cell subsets. As
performed in irradiated animals the Winn assay is likely to demonstrate direct T cell
mediated cytotoxicity. However, in the adoptive transfer assay in order to express
their antitumor activity the T cells must migrate to eventually infiltrate the tumor
bed. These differing attributes may belong to different T cell subsets.

In conclusion, it appears that the level ofT cell-mediated antitumor immunity can
in general be enhanced by systemic administration of C. parvum and that the
potential suppressive action of C. parvum upon T cell dependent responses is at
least in this system probably not a serious problem. We know that in these ex¬
periments C. parvu/n-induced tumor regression is T cell dependent; however,
further investigations are required to decide if regression is solely due to enhanced
T cell immunity or due to cooperative action between these T cells and other cells
such as stimulated macrophages.

REFERENCES

1. Bomford, R. Active specific immunotherapy of mouse methylcholanthrene induced tumours with
Corynebacterium parvum and irradiated tumour cells. Br. J. Cancer 32, 551, 1975.

2. Bomford, R. C. -promoted tumour growth. Int. J. Cancer 19, 673, 1977.
3. Castro, J. E. The effect ofCorynebacterium parvum on the structure and function of the lymphoid

system in mice. Eur. J. Cancer 10, 115, 1974.
4. JuliLs, M. H., Simpson, E. and Herzenberg, L. A. A rapid method for the isolation of functional

thymus derived murine lymphocytes. Eur. J. Immunol. 3, 645, 1973.
5. Kirchner, H., Holden, H. T. and Herberman, R. B. Splenic suppressor macrophages induced in

mice by injection of Corynebacterium parvum. J. Immunol. 115, 1212, 1975.
6. Likhite, V. V. and Halpern, B. N. Rejection of tumors and metastases in Fischer 344-rats following

intratumor administration of killed Corynebacterium parvum. Int. J. Cancer 12, 699, 1973.
7. McBride, W. H., Peters, L. J., Mason, K. A. Barrow, G. and Milas, L. A role for in vivo antitumor

activity of C. parvum stimulated peritoneal exudate cells. In The Macrophage and Cancer, edited
and published by K. James, W. H. McBride and A. Stuart, Edinburgh, pl73, 1977.

8. Milas, L., Basic, J., Kogelnik, H. D. and Withers, H. R. Effects ofCorynebacterium granulosum on

weight and histology of lymphoid organs, response to mitogens, skin allografts and syngeneic
fibrosarcoma in mice. Cancer Res. 35, 2365, 1975.

9. Milas, L., Hunter, N., Basic, I. and Withers, H. R. Complete regressions of an established murine
fibrosarcoma induced by systemic application of Corynebacterium granulosum. Cancer Res. 34,
2470, 1974.

10. Milas, L., Hunter, N., Mason, K. and Withers, H. R. Immunological resistance to pulmonary
metastases in C3Hf7Bu mice bearing syngeieic fibrosarcoma of different sizes. Cancer Res. 34, 61.
1974.

11. Milas, L., Kogelnik, H. D., Basic, I., Mason, K., Hunter, N. and Withers, H. R. Combination of
C. parvum and specific immunization against artificial pulmonary metastases in mice. Int. J. Cancer
16, 738, 1975.

12. Milas, L. and Scott, M. T. Antitumor activity of Corynebacterium parvum. Adv. Cancer Res. 27,
257, 1977.

13. Peters, L. J., McBride, W. H., Mason, K. A. and Milas, L. A role for T lymphocytes in tumor



158 McBRIDE ET AL.

inhibition and enhancement caused by systemic administration ofCorynebacterium parvum. J. Re-
ticuloendothel. Soc. 24, 9. 1978.

14. Scott, M. T. Biological effects of the adjuvant Corynehucterium parvum I. Inhibition of PH A. mixed
lymphocyte and GVH reactivity. Cell. Immunol. 5, 459. 1972.

15. Scott, M. T. Biological effects of the adjuvant Corynebacterium parvum II. Evidence for
macrophage-T cell interaction. Cell. Immunol. 5, 469, 1972.

16. Scott. M. T. Corynebacterium parvum as a therapeutic antitumor agent in mice. I. Systemic effects
from intravenous injection. J. Natl. Canter Inst. S3, 855, 1974.

17. Scott, M . T. Corynehucterium parvum as a therapeutic antitumour agent in mice. II. Local injection.
J. Natl. Cancer Inst. 53, 861, 1974.

18. Scott, M. T. Potentiation of the tumor-specific immune response by Corynebacterium parvum.
J. Natl. Cancer Inst. 55, 65, 1975.

19. Smith, E. and Scott, M. T. Biological effects of Corynehacterium parvum III. Amplification of
resistance and impairment of active immunity to murine tumors. Br. J. Cancer 26, 361, 1972.

20. Suit. H. D. and Kastelan, A. Immunological status of host and response of a methylcholanthrene
induced sarcoma to local X-irradiation. Cancer 26, 232, 1970.

21. Tuttle, R. L. and North, R J. Mechanisms of antitumor action of Corynebacterium parvum: the
generation of cell-mediated tumor specific immunity. J. Reticuloendothel. Soc. 21, 197, 1976.

22. Winn, H. J. Immune mechanisms in homotransplantation. II. Qualitative assay of the immunologic
activity of lymphoid cells stimulated by tumor homografts. J. Immunol. 86, 228, 1961.

23. Woodruff, M. F. A. and Boak, J. L. Inhibitory injection ofCorynebacterium parvum on the growth
of tumor transplants in isogeneic hosts. Br. J. Cancer 20, 345, 1966.

24. Woodruff, M. F. A., Ghaffar, A. Dunbar, N. and Whitehead, V. L. Effect of C. parvum on
immunization with irradiated tumor cells. Br. J. Cancer 33, 491, 1976.

25. Woodruff, M. F. A. and Warner, N. L. The effect of Corynebacterium parvum in normal and
athymic (nude) mice. J. Natl. Cancer Inst. 58, 111, 1977.

26. Yuhas, J. M.. Toya, R. E. and Wagner, E. Specific and non specific stimulation of resistance to the
growth and metastasis of the line K lung carcinoma. Cancer Res. 35, 242, 1975.



S>43
Br. J. Cancer (1982) 46, 448

Short Communication
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Since the early work of Evans
(1972), the presence of macrophages,
sometimes in large numbers, in tumours
has become increasingly well documented,
but the significance of this phenomenon is
still open to question (e.g. James et al.,
1977; Eccles, 1978; Woodruff, 1980). As a
further step towards finding the explana¬
tion, we have investigated the effect of
systemic injection of Corynebacterium par-
vum (CP) on the number and activity of
macrophages in primary and transplanted
murine fibrosarcomas by measuring in
tumour-cell suspensions the proportion of
Fc-receptor-bearing (FcR+) and phago¬
cytic cells, and also their Fc-receptor
avidity (EA50). The EA50 of macrophages
in the peritoneal cavity and blood in¬
creases after i.p. injection of inflammatory
stimuli such as CP (Moore & McBride,
1980; McBride & Moore, 1982). The extent
of the increase has, as far as has been
studied, correlated with the strength of the
inflammatory stimulus as measured by
other indices of macrophage stimulation/
activation. The EA50 can therefore be used
to measure functional changes in macro¬
phage populations that may occur inde¬
pendently of changes in cell number.

Tumours were induced in adult (17-22 g)
female CBA and BALB/c mice (Bantin
and Kingman Ltd, Hull), either by a single
s.c. injection of 0-1 or 0-5 mg 20-methyl-
cholanthrene (MC) dissolved in 0-1 ml
tricaprillin to the thigh or by s.c. implant¬
ation of a Millipore disc (6 mm diam, pore

Accepted 21 April 1982

diam 0-22 pm) impregnated with 0-1 mg
MC to the abdominal wall. Some mice
received an i.v. injection of 0-7 mg CP
(Coparvax, Wellcome Foundation, Beck-
enham) every 4 weeks, starting 4 days
before administration of the carcinogen;
the others were untreated. The tumours
were harvested when the thickness of the
tumour-bearing limb had increased by
5-8 mm or for disc tumours when the
product of the height and the diameters in
2 dimensions was 125) Further details are

reported in 2 other studies in which these
tumours were used (Woodruff et al.,
1982a, b). Cell suspensions were prepared
by disaggregating the tumour in the
presence of 0-05% Dispase and 0-002%
deoxyribonuclease (Moore & McBride,
1980). Three tumours induced in untreated
mice with 0-1 mg MC were passaged x 6 by
s.c. injection of 105 viable cells to the thigh
of 5 untreated mice and of 5 mice which
received a single i.v. injection of 0-7 mg
CP 2-4 days after tumour inoculation.
Suspensions were made from tumours after
each passage, when the mean increase in
limb thickness was 3 mm, the largest
and smallest tumours being discarded. The
others were individually assessed for their
macrophage content and EA50 and a pool
of the 3 was used for the next passage.

The percentage of FcR+ cells in the
tumours was determined in triplicate by
mixing 0-1 ml tumour-cell suspension
(5x 106 cells/ml) with 0-1 ml of a suspen¬
sion of bovine erythrocytes sensitized with
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a maximal subagglutinating quantity of
rabbit IgG antibody (EA), centrifuging at
200 g for 5 min, incubating at room
temperature for 30 min, resuspending in a
drop of 1% crystal violet, and counting
the proportion of rosette-forming cells.
The percentage of phagocytic cells was
determined with latex particles and also
with EA as described previously (Moore &
McBride, 1980). Both tests were performed
in duplicate and agreed closely; the results
were therefore pooled and averaged. The
EA50 was measured on rapidly adherent
macrophages (Moore & McBride, 1980). In
brief, prewarmed (37°C) tumour-cell sus¬
pensions containing 106 cells in 0-5 ml
Hanks' BSS with 20% ECS were put into
16mm wells of Costar culture plates
(Arnold R. Horwell, London). After 5 min
at 37°C the plates were shaken, incubated
for a further 5 min, and the rapidly
adhering cells, which were virtually all
macrophages, were washed x 3 with BBS.
Aliquots of bovine erythrocytes sensitized
with a maximal subagglutinating quantity
of EA and with doubling dilutions thereof
were gently centrifuged on to the macro¬
phage monolayers and incubated for
30 min at room temperature. The non¬
adherent EA were washed off and the

percentage of adherent cells forming
rosettes with each EA suspension were
counted. Very occasionally, not all adher¬
ent cells formed rosettes with the maxi-

1c Phagocytes

—1 1— 1 1 '

10 20 30 40 60

Fig. 1.—The correlation between Fc-receptor-
bearing and phagocytic cells within primary
MC-induced tumours (r== 0-826).

mally sensitized EA. If this value was less
than 75% the test was abandoned; other¬
wise the assumption was made that cells
that did not rosette were not macrophages.
The EA50 was calculated by graphing the
percentage of cells binding EA against the
log reciprocal IgG concentration and
taking the value of the dilution that would
give EA capable of binding to 50% of the
adherent cells.

The percentage of intratumour phago¬
cytes was, on average, 6% less than the
percentage of FcR+ cells, but they were
closely correlated (Fig. 1). This was
expected since both measure mainly mac¬
rophages. In the primary tumours (Table)
the proportion of macrophages and the
EA50 differed considerably in different

Table.—Primary tumours
Mouse Dose of MC Phagocytes* EA* Latent periodj
strain (mg) C. parvum (%> (%) EAsot (days) .

CBA 0-1 — 27 27 168 192
(±3) (±4) (2-22+1-40) ( + 20)

CBA 0-1 + 27 32 204 152

(±3) (±6) (2-31 + 0-09) (±9)
CBA 0-5 — 22 36 275 124

(±7) (±6) (2-44±0-16) (±12)
CBA 0-5 + ND 36 229 149

(±4) (2-36 + 0-12) (±7)
CBA 01 _ 29 36 199 127

(on Disc) (±5) (±4) (2 • 30 + 0-20) (±5)
BALB/c 0-1 — 31 43 375 130

(±3) (±6) (2-57 + 0-03) (±9)
* Mean + s.e.; 6-9 mice per group.
t Mean. In brackets, log mean + s.e.
t Time to reach 5 mm increase in leg diameter.
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Fig. 2.—Alterations on passage (Pass) of 3
tumours (W58, W63, W66) grown in un¬
treated (solid lines) or CP-treated (dotted
lines) mice in the number and level of activ¬
ation of intratumoral macrophages, and the
time for the tumour to grow to a standard
size (days to +3 mm). Error bars are
omitted for clarity.

tumours, but there was no evidence that
either was influenced by CP administra¬
tion during carcinogenesis. There was no
correlation between the EA50 for macro¬

phages and their number within tumour.
It is noteworthy that, as previously
reported, CP administration during car¬
cinogenesis failed to influence the thera¬
peutic response of the tumour to CP on
subsequent transplantation, and it did not
affect the sensitivity of the tumour cells to
the cytotoxic effect of CP-activated peri¬
toneal exudate macrophages in vitro,
though it did increase the immunogenicity
of tumours which developed in response to
a small dose (0-1 mg) of MC (Woodruff et
al., 1982a). The influence of CP on tumour
latency depended upon the close of carci¬

nogen used, and this point also has been
discussed in Woodruff et al. (1982b).

The results of tumour passage on the
macrophages within 3 of these tumours are
shown in Pig. 2. The percentage of
phagocytic and PcR~ cells dropped
sharply after 1-5 passages, and did not
recover, whether the hosts received CP or
not. We believe that this is a meaningful
change; the test is highly reproducible
from day to day. The decrease in the
number of macrophages was associated
with faster growth of the transplants. In
contrast, the EA50 increased markedly
after 1 or more passages in the CP-treated
mice, whereas in the untreated mice it
either remained constant or at least
showed no consistent change. The differ¬
ences between the 2 groups were in almost
all cases highly significant and were
reproduced in every passage.

In this study we have shown a consist¬
ent increase in the EA50 of macrophages in
passaged tumours of hosts treated sys-
temically with CP. This agrees with the
observations of McBride & Moore (1982)
who found with another tumour system
that administration of CP led to the
emergence in tumour transplants of a
subpopulation of small, highly active
macrophages. It seems quite possible that
these changes in macrophage activity are
responsible for the significant slowing of
tumour growth noted for all 3 tumours
after CP administration (Eig. 2). The
finding that the number of macrophages
within the tumours is not influenced by
CP is in agreement with other workers
(Thomson et al., 1979; Gebhardt & Eisher,
1979).

The failure to detect any increase in
EA50 of macrophages from primary tum¬
ours attributable to CP may be due to the
marked variation between tumours. Alter¬
natively, or in addition, it seems likely
that repeated transplantation gives oppor¬
tunities for selection of tumour cells
particularly well adapted for growth under
set conditions of transplantation, the host
response playing a relevant part in the
establishment of this balance in favour of
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the tumour. This may explain the drop in
macrophage number in the early phases of
transplantation, findings that are sup¬
ported by Pross & Kerbel (1976). By
affecting the host response to passaged
tumours, CP is more likely to have a
therapetuic effect than in primary tum¬
ours, where this selection process has not
operated. The rules determining host
elements and their functions within prim¬
ary tumours may be different from those
for transplanted tumours. In more general
terms, the data presented here should not
be interpeted in isolation, but require to be
taken into account in attempting to
develop a unifying hypothesis to account
for the presence of macrophages in tum¬
ours and for the capacity of macro¬
phages under different conditions to
stimulate or inhibit tumour growth.

We thank Mr D. Walkingshaw, Mr I. Dixon and
Mrs J. Gordon for skilled technical assistance. Mr
Dixon was supported by a Scottish Home and
Health Department Vacation Scholarship. W. H.
McBride is indebted to the Cancer Research Cam¬
paign for grant support; M.F.A.W. and G.M.F. to
the Medical Research Council for a Project Grant
and to Professor H. J. Evans for the privilege of
working in his unit.
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THE EFFECT OF C. PARVUM THERAPY ON

INTRATUMORAL MACROPHAGE SUBPOPULATIONS

W. H. McBride and K. Moore

Department of Bacteriology
University of Edinburgh Medical School
Teviot Place, Edinburgh, Scotland

INTRODUCTION

Systemic administration of Corynebacterium parvum can cause

partial or in a few instances complete (1,2) regression of sub-
cutaneously growing transplanted tumors (3). It is reasonable to
suggest that tumor regression of this kind is macrophage mediated
in light of the knowledge that C. parvum injected by the same route
stimulated the mononuclear phagocyte system into intense prolonged
activity (3). In order to test this hypothesis, it seems best to
examine the most relevant macrophage population which is within the
tumor itself. Previous reports (A,5,6) had suggested that the intra-
tumoral macrophages did not alter in number during C. parvum therapy.
We therefore examined activation of Fc receptor expression. In ad¬
dition to being a useful discriminating index, Fc receptors appear
to equate with other indices of macrophage stimulation/activation
(7,8,9).

We found that C. parvum therapy increases the level of activation
of intratumoral macrophages as measured by an increase in Fc receptor
expression and this increase is most associated with small macro¬

phages.

MATERIALS AND METHODS

Most of the procedures have been described previously (1,2,9)
and will be only mentioned briefly here.

C. parvum: 0.25 mg of C. parvum (Wellcome Foundation, Beckenham)
was injected intravenously A days after tumor cell inoculation.

731
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Mice and Tumors: The tumor used was a syngeneic C3Hf/Bu methyl-
cholanthrene-induced fibrosarcoma (1) passaged 7-9 times.

Macrophages: Cell suspensions were prepared from tumors using
0.05% Dispase (Boehringer Corp., London) (9). Macrophages were ad¬
hered to plastic in the presence of 20% fetal calf serum (FCS) for
10 minutes (rapidly adherent) or for 30 minutes in the presence of
Dispase and 20% FCS. The percentage of macrophages in cell suspen¬
sions was assessed by uptake of latex or sensitized calf red cells.
The percentage of Fc receptor bearing cells was measured in suspension
by rosetting using maximally sensitized calf red cells. Fc receptor
avidity was measured by rosetting using calf red blood cells sensi¬
tized with different concentrations of rabbit anti calf red blood
cell IgG. The end point, the EA50, was the concentration of sensi¬
tizing IgG antibody that allowed 50% of the macrophages to form
rosettes with 3 red cells (9).

RESULTS

C. parvum causes partial regression of our C3Hf/Bu fibrosarcoma
when given intravenously 4 days after s.c. inoculation of tumor cells
The tumor contained approximately 20% macrophages. This percentage
did not change with C. parvum therapy (data not shown; days 14-22
examined). However there was a subtle change following C. parvum
treatment in that the Fc receptor avidity of the intratumoral macro¬
phage populations was enhanced at all time periods examined in a
repeatable fashion (Table 1). We had previously shown that high Fc

Table 1. The Effect of C. parvum on the Fc Receptor Avidity
of Intratumoral Macrophage Subpopulations

Cells EA50

Control 2.15±0.09
C. parvum 2.4 ±0.06 (+84%)

The EA50 is the log mean concentration of IgG antibody/ml
required to sensitize red blood cells so that 50% of rapidly
adherent intratumoral macrophages form rosettes. Data are
the mean of 5 separate experiments ± 1 standard deviation
performed 14-22 days after tumor inoculation. C. parvum was
administered on day +4. There were no significant altera¬
tions with time.
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receptor avidity was the property of large stimulated macrophages
(1) and undertook studies to examine what subpopulation was affected
within the tumor. Tumor cell populations from control and C. parvum
treated mice were subjected to unit gravity velocity sedimentation.
The subpopulation of cells with the highest Fe receptors in the
control population sedimented at 6-8 mm/hr (Figure 1). The biggest

100 ■
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SEDIMENTATION VELOCITY IN MM/HOUR

Fig. 1. Sedimentation of Fc receptor bearing cells from tumors of
control and C. parvum injected mice.

change following C. parvum administration was in the Fc receptor
avidity of slowly sedimenting (small) cells which increased dramati¬
cally. These experiments were performed with cells in suspension
but similar results were obtained with adherence macrophage mono¬
layers (Table 2). Consistent increases in Fc receptor avidity were
only found in the slowly sedimenting population.
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Table 2. Fc Receptor Avidity of Tumoral Macrophage Subpopulations

Days After
Tumor Injection l-6mm/hour 6-9mm/hour

Day 14 Control 2.41 2.55
C. parvum 2.50 2.47

Day 16 Control 2.11 2.33
C. parvum 2.44 2.50

Day 21 Control 2.19 2.36
C. parvum 2.33 2.52

Day 22 Control 2.05 2.09
C. parvum 2.22 2.18

The EA^q value was determined as described in Table 1. C. parvum
was given on day +4.
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DISCUSSION

LAVIE: You used EA rosettes to determine the number of macrophages
within the tumors. Now, several reports indicate many tumor cells
also contain Fc receptors. Have you taken any precautions to insure
that your tumor cells don't express an Fc receptor?
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McBRIDE: We certainly don't pick them up in our assay if they do.
We're dealing largely with adherent cells but we get the same kind
of results in suspension. If you culture the tumor cells for any
period of time, you get rid of the macrophages and the remaining
tumor cells don't express any Fc receptors.

LAVIE: The expression of Fc receptors on tumor cells also varies if
they grow ioi vivo versus iii vitro, where they tend to lose this activ¬
ity. So one really has to be careful with this kind of interpreta¬
tion.

McBRIDE: I don't think we have that problem with these particular
tumors. Certain tumors do appear to possess Fc receptors. I think
it might depend on how you perform your assay.

UNKNOWN: Did you give C. parvum intratumorally or systemically?

McBRIDE: Systemically. We have not tried intratumoral injections.

UNKNOWN: When you inject C. parvum in the mice, do the numbers of
macrophages in the tumor increase?

McBRIDE: The macrophage numbers do not change.

UNKNOWN: That's quite striking, for it seems that your system repro¬
duces the conditions described by Normann or Synderman. There you
have a growing tumor, and, upon inflammatory challenge, a reduced
influx of macrophages, at least in the area of induced inflammation.
Have you ever noticed anything like this?

McBRIDE: There are about the same number of macrophages within the
tumors following C. parvum injection. However, we do see an increase
in small macrophages with high Fc receptor avidity. If you look
at the blood, you see no change in blood monocytes at day 14. But
if you look earlier, up to about day 7, then you find in the monocyte
population changes associated with Fc receptor avidity. You get a
subpopulation of monocytes which are very small with high Fc receptor
avidity.

UNKNOWN: Have you ever checked the number of macrophages in the peri¬
toneal cavity?

McBRIDE: We give the C. parvum intravenously rather than intra-
peritoneally. If you give the C■ parvum intraperitoneally, you get
a big influx of cells with increased Fc receptor avidity. The
interesting thing in that situation is that it's totally different
from the tumor. With C. parvum, it is the large cells which are the
ones which express enhanced Fc receptor avidity, not the small cells.
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WEINER: Have you had an opportunity to look at cell cycle kinetics
of your infiltrating monocytes and the effect of C. parvum on the
cell cycle?

McBRIDE: We would like to do that. It's not very easy to do in the
tumor system, but we probably could using the cell separation tech¬
niques that we have available.
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Enhanced Fc receptor expression by a sub-population of
murine intra-tumour macrophages following intravenous
Corynebacterium parvum therapy
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i

\ Summary Intravenous injection of Corynebacterium parvum (C. parvum) 4 days after s.c. inoculation of
5 x 10s cells derived from the immunogenic fibrosarcoma FSA/R induced tumour growth inhibition over a

! period of 21 days in syngeneic C3H/Buf mice. This was not accompanied by a change in the proportions of
host cells within the tumour, but the activation state of tumour-infiltrating macrophages was increased
following C. parvum therapy. Two macrophage subpopulations were identified in FSA/R tumours after
fractionation by unit gravity velocity sedimentation. After i.v. C. parvum therapy the tumour-infiltrating
macrophage subpopulation which sedimented between 1 and 6mmh_1 was consistently activated as
determined by measurement of Fc receptor avidity. Other intra-tumour macrophages were generally
unaffected by C. parvum treatment. We have previously shown that the host cell fraction sedimenting between
1 and 6mmh"' is enriched with monocytes and the data presented in this paper suggest that these cells may
enter the tumour in a pre-activated state following intravenous C. parvum therapy.

Many experimental (Kerbel & Pross, 1976; Moore
& Moore, 1977) and human (Wood & Gollahon,
1977; Wood et al., 1978) tumours exhibit a
significant level of macrophage (mtp) infiltration
and this is believed to be a manifestation of the
host response (Alexander, 1976) involved in the
restraint of primary tumour growth and metastatic
dissemination.

Although the spontaneous regression of
experimental virus-induced murine tumours has
been demonstrated to be associated with alterations
in the activation status of tumour-infiltrating mcp
(Russell & Mcintosh, 1977) no such correlation has
before been demonstrated in either chemically-
induced tumours or those of spontaneous origin.
However, m tp isolated from non-immunogenic
tumours have been demonstrated to stimulate
tumour cell growth rate in vitro whilst those
isolated from immunogenic tumours were cytostatic
(Mantovani, 1978). In human cancer patients a
correlation has been found between the number of

m(p present within primary breast tumours and
melanomas and extent of subsequent tumour
dissemination (Gauci & Alexander, 1975).

These data indicate that mcp associated with
tumours may exert anti-tumour functions under the
appropriate circumstances, but generally even those
tumours which contain very high levels of
Macrophages, isolated from such progressively
growing chemically-induced rat (Moore & Moore,

Correspondence: K. Moore.
Received 7 February 1983; accepted 18 March 1983.

1980) and mouse tumours (Moore & McBride,
1980), exhibit functions which suggest that these
cells are at an arrested state of differentiation such
that they are not fully activated. These tumours do
not generally regress spontaneously and in the
present study we have used immunotherapy-induced
inhibition of tumour growth as a model to
investigate the role that mcp may play in this
process.

It has been shown previously that inhibition of
tumour growth following systemic administration of
Cornyebacterium parvum (C. parvum) is not
associated with an increase in the numbers of

tumour-infiltrating mcp (Thomson et al., 1979). We
confirm this but also demonstrate that C. parvum
induced-tumour growth inhibition is associated with
an enhancement of tumour mcp activation state.
The particular subset of mcp that is activated
maximally with regard to Fc receptor function is
that with sedimentation characteristics of the
recently-emigrated monocyte and this suggests that
C. parvum therapy causes peripheral pre-activation
of monocytes before they enter the tumour.

Materials and methods

Mice

Inbred C3H/Buf/Kam strain mice aged between 6-
10 weeks were used in all experiments. These mice
were taken from a colony established from breeding
pairs obtained from the laboratory where the
FSA/R tumour was induced.

© The Macmillan Press Ltd., 1983
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Tumour

The tumour used (FSA/R) was a highly
immunogenic fibrosarcoma originally induced in
C3H/Buf/Kam mice by methylcholanthrene (Suit &
Kastelan, 1970). It was maintained by serial
passage in syngeneic mice and the tumour was used
between passage 13 and 19.

C. parvum treatment

Tumours were induced in groups of 10 mice by s.c.
inoculation of 5 x 105 in vivo derived tumour cells.
Four days later 0.25 mg of Corynebacterium
parvum (C. parvum, Burroughs Wellcome Ltd.,
Beckenham, Kent, England), suspended in 0.25 ml
PBS was injected in the tail veins of the test group.
Control mice received no treatment.

Tumour growth was monitored by taking the
average of opposing diameters of tumours
measured with skin calipers. Both groups of mice
were monitored for up to 22 days of tumour
growth and groups were killed by cervical
dislocation at various intervals for tumour excision
and analysis of intra-tumour host cells.

Cell fractionation
Following excision non-necrotic tumour tissue was
pooled within groups and single cell suspensions
prepared by enzymatic disaggregation with a
mixture of Dispase/DNase as previously described
(Moore & McBride, 1980) for 30min at room

temperature. After washing and resuspension 108
cells were subjected to unit gravity velocity
sedimentation (Miller & Phillips, 1969) for 3h and
fractions were collected which contained cells
sedimenting over the range of 1 to 14 mm h"1.

The composition of cell suspensions before and
after fractionation was determined by differential
counting of Jenner-Giemsa stained cytospin films
prepared from cells incubated for 1 h at 37 °C with
1.1 pm diam. polystyrene latex in medium
containing 20% foetal calf serum (FCS).

Preparation of Macrophage monolayers

1) From non-fractionated tumour cell suspensions:
Cells were suspended at 2xl06ml_1 in MEM

containing 20% FCS and 0.05% Dispase to prevent
adherence of tumour cells and the suspension pre-
warmed at 37 °C. One-half millilitre of the cell

suspension was then dispensed in pre-warmed
Costor tissue culture plates (Arnold R. Horwell Ltd.,
London, England) and the plates incubated for
lOmin before washing off the non-adherent cells
x 3 with Hanks solution and finally adding 1 ml of

Hanks solution before EA rosetting. These mtp were
denoted as rapidly adherent.
2) From fractionated tumour cell suspensions:

Cells isolated after velocity sedimentation were
suspended at 5 x lO'mP1 in MEM containing 20%
FCS and 0.05% Dispase. This cell suspension was
treated as above but the mtp were allowed to
adhere for 30min at 37 °C to allow relatively less
adherent mtp and monocytes to attach. Both
procedures gave monolayers made up of more than
85% of phagocytic mononuclear cells as determined
by 1.1 pm diam. polystyrene latex uptake (Moore &
McBride, 1980).

Measurement of Fc receptor avidity
Fc receptor (FcR) avidity was measured as

previously described (Moore & McBride, 1980).
Briefly, aliquots of bovine erythrocytes were
sensitized with doubling dilutions of hyperimmune
rabbit IgG. These EA suspensions were then
sedimented by centrifugation onto mtp monolayers
and after an incubation for 30 min at room

temperature excess EA were washed off and the
number of cells forming rosettes (EA RFC) was
enumerated microscopically.

For each mtp population the EA50 value, as a
measure of FcR avidity, was calculated as follows:

EA50= 1000 -=- Concentration of sensitising
antibody, in /rgml-1 required
to induce 50% of total EA RFC
to form rosettes.

In addition to the standard technique where 8
batches of EA sensitised with antibody diluted over
the range of 1/8 to 1/1024 a modified technique was
used to measure FcR avidity of monolayers
prepared from fractions isolated after velocity
sedimentation. This was performed by preparing
two mtp monolayers and measuring the number of
cells forming rosettes with EA sensitised with
antibody diluted at 1/16 (EA16) or 1/256 (EA256).
The results were expressed for each cell monolayer
by use of the following formula:

% of cells forming rosettes with EA256
" x 100*

% of cells forming rosettes with EA16

Results

I.v. inoculation of 0.25 mg of C. parvum 4 days after
a s.c. inoculation of 5 x 105 FSA cells caused
inhibition of tumour growth (Figure 1). Typically C.
parvum treatment had little influence on the early
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Time (days)

Figure 1 Effect of i.v. C. parvum treatment on growth
rate of FSA/R tumours. 5 x 105 tumour cells were

injected s.c. to groups of 8 mice at Day 0 and 0.25 mg
of C. parvum was injected at Day 4 to the test group.
Tumour size expressed as the mean of opposing
diameters. Error bars + s.e. of the mean of 8 tumours
in each group.

stages of tumour growth with its effects becoming
obvious 10 days after C. parvum was given.

After enzymatic disaggregation of tumour tissue
the host cell content of the resultant cell suspension
was determined by differential counting (Table I). It
was not possible to detect a difference in cellular
composition between tumour cell preparations
derived from control and C. parvum-treated animals
during the period of tumour growth inhibition
following Day 14 after tumour inoculation.

Fc receptor avidity of unfractionated tumour mtp

The activation state of rapidly adherent non-
fractionated mtp within individual tumours was

measured between 13 and 22 days after tumour
inoculation. A consistent increase in EA50 values
was detected for those mtp isolated from tumours
which were undergoing C. parvum induced growth
inhibition (Table II). The mean increase in EAS0
was 67% (range 25%—144%) and was highly
significant (P < 0.001) by Student's t-test.

Velocity sedimentation fractionation of tumour mtp

When cell suspensions from either C. parvum
treated or control tumours were subjected to
velocity sedimentation for 3 h, no difference could
be detected between them with respect to the
elution profiles of total cells or EA rosette forming
cells. In both situations 2 major cell peaks were
consistently found (Figure 2b). The smaller peak
sedimenting at 1 to 5mmh_1 contained mainly
host cells, whilst a larger more rapidly sedimenting
peak (>6mmh_1) contained tumour cells and large
nup. Although this second peak contained only 20%
mtp, in absolute numbers 50% of the total mtp in
the tumours sedimented in excess of 6mmh-1.
Rapidly sedimenting large, vacuolated mtp were
found distributed throughout the lower regions of
the gradient with sedimentation velocities of up to
!4mmh"' (Table III).

After isolation of mtp from each fraction of the
gradient, their FcR activation level was determined
by evaluating the ratio of the number of cells
forming EA rosettes with ORBC sensitized by IgG
diluted 1/16 to the number of cells forming rosettes
with ORBC sensitized by a 1/256 dilution of IgG.
This method was used because it could be carried
out on a limited number of mtp, and therefore was
ideal for assaying small fractions isolated from the
sedimentation procedure. Fractionation of control
tumour suspensions from untreated animals
demonstrated that the more highly activated mtp
sedimented at 6 to lOmmh"1. Within the tumour
cell suspension prepared from C. parvum treated
animals a shift in the sedimentation profile of the
activated mtp population was observed when

Table I Differential count of cell suspensions prepared from tumours
excised from control or C. parvum treated mice

Polymorpho-
Macrophages/ nuclear

Tumour cells monocytes Lymphocytes neutrophils

Control 80 ± 4.4" 12.5 ±2.8 5.0±3.4 1.0± 1.1
C. parvum treated 83 ± 3.7 10.5 + 2.7 4.5 + 2.0 2.0 ±1.5

Each group is the mean of differential counts on 10 different tumour ceil
preparations.

a ± s.d.
Differences between each group were not significant in a Student's (-test.
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Table II EA50 of unfractionated tumour-infiltrating macrophages

Days after EA50
tumour transplant* EA50 control C. parvum treated** % Increase

13 305 380 25
14 322 448 39
16 241 588 144
17 333 650 95
17 292 500 71
17 294 500 70
17 277 385 39
17 185 286 55
21 223 428 92
21 294 422 44
22 339 550 62

Mean (± s.e.) 282 (±15) 467 67

(±31)*** (±10)

*5 x 105 in vivo derived tumour cells inoculated s.c. on Day 0.
**0.25 mg C. parvum injected i.v. on Day 4.
***P< 0.001 when the means of the EA50 values are compared by

Student's r-test.

Sedimentation velocity in mm h

Figure 2 Velocity sedimentation fractionation of
tumour infiltrating macrophages, a. Fc receptor
avidity: ( ) C. parvum\ ( ) Control, b. (■ ■)
% of EA rosette forming cells per fraction; (■ ■)
total cells per fraction x 10"*; (□ □) total
EA rosette forming cells per fraction.

tumours were tested during the period of growth
inhibition. This was largely restricted to those m(p
present within the major host cell fraction
containing cells sedimenting at 1 to 5.5 mm h"1. In
the experiment shown in Figure 2a, a less marked

enhancement of FcR avidity was also found in the
m(p sedimenting between 6 and lOmmh"1 but this
increase was not a consistent finding in all C.
parvum-treated tumours. Macrophages sedimenting
in excess of 11 mm h ~1 were unaffected by C.
parvum therapy.

Discussion

The host cell content of immunogenic tumours
undergoing C. parvum-induced growth inhibition
does not differ significantly from progressor
tumours growing in untreated syngeneic mice. C.
parvum-induced tumour growth inhibition in this
syngeneic system is however, T-cell dependent
(McBride et al., 1980) and thus one might expect
some qualitative, if not a quantitative change, in
those intra-tumour host cells representative of the
cellular immune system. Changes in the activation
state of tumour infiltrating m<p have been shown to
be intimately associated with regression or
progression of MSV tumours (Russell et al., 1977)
and in the present study we have demonstrated
changes in this cell population to be associated with
inhibition of growth of a chemically induced
tumour following i.v. immunotherapy with C.
parvum. Measurement of the activation state of
unfractionated mtp isolated from regressor or
progressor tumours indicated that when means of
the two groups were compared a 67% increase in
FcR avidity was found.

We have previously demonstrated that tumour
infiltrating mononuclear phagocytes are
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Table III Differential count on Day 14 fractionated control and C. parvum treated tumours

Polymorphonuclear
Tumour cells Macrophages Lymphocytes neutrophils

°//o (cells x 104) % (cells x 104) "//O (cells x 104) % (cells x 104)

CONTROL

Unfractionated 82 14 3 1
I 1-5.5 mmh"1 23 (131) 48 (274) 23 (131) 6 (34)
II 5.5-8.5 mmh-1 78 (640) 21 (172) 1 (8.2) 0 (0)
III 8.5-11.5 mm h"1 95 (979) 5 (56) — —

IV 11.5-14 mmh"1 97 (412) 3 (22) — —

C. parvum
TREATED

I 1-5.5 mmh"' 33 (249) 40 (302) 26 (196) 1 (8)
II 5.5-8.5 nimh"1 82 (1013) 17 (209) 1 (12) 1.5 (6)
III 8.5-11.5 mm h"1 95 (1064) 5 (51) — —

IV 11.5-14 mmh""1 97 (425) 3 (24) — —

Unfractionated 82 13 4 1

heterogeneous with respect to FcR avidity (Moore
& McBride, 1980). In that study we demonstrated
the presence of two populations of mcp exhibiting
different activation levels of FcR and in the present
study we determined which mtp subpopulation was
the target for C. parvum induced activation to gain
some insight into how C. parvum was influencing
m <p differentiation within the tumour micro-
environment.

When tumours from C. parvum-treated animals
were subjected to fractionation by unit gravity
velocity sedimentation no difference could be
detected in the distribution of EA rosette forming
cells when rosettes were formed using ORBC
sensitised with high concentrations of antibody.
However, when the mtp were rosetted with ORBC
sensitised with low levels of antibody, only the
activated m tp formed rosettes. This technique
demonstrated that the smaller sized population of
phagocytic cells within the tumour which
sedimented at 1 to 5 mm h"1 exhibited the greatest
increase in activation state in response to C. parvum
treatment. An eight-fold increase in FcR avidity
was detected within this population in contrast to a
mean 67% increase in the rapidly adherent non-
fractionated mq> preparations. This was caused by
the presence within monolayers derived from non-
fractionated cells of large, rapidly sedimenting mq>
which comprise ~50% of the total within the
tumour. These m(p are unaffected by C. parvum
therapy and consequently their presence results in
an apparent lowering of FcR avidity when
heterogeneous monolayers are examined. Although
cell monolayers analysed in these experiments were
routinely >85% phagocytic it has to be considered

that a minor non-phagocytic cell population
expressing FcR that increase in avidity after C.
parvum treatment may be responsible for the
observed changes. Response to C. parvum treatment
in this model is T-lymphocyte dependent (McBride
et al., 1980) and tumour infiltrating T-lymphocytes
may be activated simultaneously with cells of the
mononuclear phagocyte series. Activated T-
lymphocytes (Yoshida & Anderson, 1972) and B-
lymphocytes (Basten et al., 1972) express FcR
which would form rosettes under the conditions
used, i.e. with ORBC sensitised with high
concentrations of antibody if they did contaminate
the mcp monolayers. It is unlikely however, that the
presence of these contaminating lymphocytes would
contribute to the FcR avidity changes observed in
the monolayers isolated from the slower
sedimenting lymphocyte enriched fractions.
Although activation of T-lymphocytes does increase
FcR expression, this level is still 10 times less than
that of proteose peptone-elicited peritoneal m<p
(Anderson & Grey, 1974). Earlier studies with the
FSA/R tumour (Moore & McBride, 1980) indicated
that the FcR avidity of the slower sedimenting
tumour infiltrating mcp in control animals was at
least equal to that of proteose peptone-elicited mtp.
In the present study we are measuring increases in
excess of this revel of FcR expression which
eliminates the possibility of activated T-lymphocyte
interference in the assay.

Results of our earlier study indicated that the
intra-tumour phagocytic mononuclear cells
sedimenting at the same velocity as those activated
by C. parvum therapy, contain nup which are less
differentiated than the larger more rapidly



802 K. MOORE & W.H. McBRIDE

sedimenting cells and probably represents cells
which have recently entered the tumour from the
circulating monocyte pool. Systemic administration
of C. parvum induces a generalised stimulation of
the reticuloendothelial system (Baum & Breese.
1976) and monocytes may therefore be activated
before extravasation to the solid tumour. We have
previously demonstrated that full activation of mcp
is not achieved within the microenvironment of
FSA/R tumours when growing progressively
(Moore & McBride, 1980). The activation pathway
of the intra-tumour m(p in C. parvum treated mice
may circumvent this problem by activating the imp

at a site distant to the tumour. If intra-tumour imp
differentiation is normally inhibited by the high
concentration of suppressor factors at the tumour
site (Spitalny & North, 1977) then C. parvum
induced imp activation may be occurring where
these factors are at an ineffective concentration.
Thus activated monocytes/macrophages may enter
the tumour where they are able to exert anti-
tumour mechanisms before being inactivated.

This work was supported by a grant from the Cancer
Research Campaign of Great Britain.
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Antitumor Antibodies and Immunoglobulin Class and Subclass Levels in Corynebacterium
Parvum-Treated Mice1

k. James,2 N. Willmott,2 I. Milne,2 and W. H. McBride '•4

SUMMARY—Changes in immunoglobulin class and subclass
levels and the development of antitumor antibodies were
tssessed in normal and tumor-bearing mice challenged with
Corynebacterium parvum. C. parvum administration resulted in
i marked increase in certain immunoglobulin levels, especially
lgG,b, and in the development of antibodies reacting with syn¬
geneic and allogeneic tumor cells. The serologic changes in¬
duced by C. parvum were dependent on the dose and route
of administration; preliminary studies suggested that they may
have been largely independent of T-cell function. These
changes were suppressed by the administration of gold salts,
which also inhibited the antitumor effect of C. parvum.—J Natl
Cancer Inst 56: 1035-1040, 1976.

During recent years much evidence indicates that the
growth of tumors in animals is influenced by immuno¬
logic processes (I, 2). It is also apparent that the ability
of leukocytes to exert a cytotoxic or cytostatic effect on
tumor cells in vitro (and possibly in vivo) can be modu¬
lated by serum factors (3). Although the nature of the
factors has not been definitely characterized, the involve¬
ment of antibody (free or complexed with tumor anti¬
gen) has been consistently observed.

This acknowledgment of the role of immunologic
processes in tumor growth has led to the development
of immunologic procedures for the treatment of cancer.
The most widely used approach to date has been the
administration of adjuvants to tumor-bearing individuals
with the aim of boosting their immunologic response to
tumor-specific transplantation antigens (4-6). Although
adjuvants are being increasingly used in the immuno¬
therapy of cancer, there are few reports on their effect
on immunoglobulin subclasses or on the development
of circulating antibodies that interact with tumors. Be¬
cause of the widely different effects adjuvants may have
on subclass responses (7) and the marked differences in
biologic activity of immunoglobulin subclasses (8), we
believed that further studies in this area were desirable.

materials and methods

Mice (intact and T-cell-deprived).—Syngeneic male
8- to 12-week-old CBA mice were used. They had been
derived from a breeding stock obtained from the Medical
Research Council Laboratory Animal Centre, Carshal-
ton. England.

We obtained mice deficient in thymus-derived cells
(T-cells) by thymectomizing 4- to 6-week-old mice and
1 week later subjecting them to whole-body irradiation
(850 rads) followed by reconstitution with an iv injec¬
tion of 4x10® anti-S-treated bone marrow cells. At the
end of the experiment T-cell-deprived mice were ex¬
amined macroscopically for thymic remnants.

Tumor transplantation and measurement.—The fibro¬
sarcomas were originally induced by 3-methylcholan-
threne in CBA and A/HeJ mice (9) and transplanted
by an sc injection of 104 or 105 pronase-digested cells
into the right thigh (10). The CBA and A/HeJ fibro¬
sarcomas had been transplanted 17-18 and 23 times,

respectively, before being used in these experiments.
Tumor growth (expressed in mm) was assessed through¬
out the experiment by measuring two tumor diameters
at right angles.

Corynebacterium parvum.—The formalin-killed prep¬
aration of C. parvum (strain #CN6134) was provided
by the Wellcome Research Laboratories, Beckenham,
Kent, England. Mice routinely received 0.7 or 1.4 mg
dry weight of C. parvum ip 3 days after tumor transplan¬
tation, except when the effects of dose or route of injec¬
tion were being investigated.

Gold salt treatment.—Mice received 8 injections of
1 mg sodium aurothiomalate (Myochrysine, 45% metallic
gold; May and Baker Ltd., Dagenham, England) ip three
times a week beginning 2 days after tumor transplanta¬
tion and 1 day before C. parvum administration.

In all experiments the mice were anesthetized by ether
inhalation prior to exsanguination, and the individual
sera were stored at —20° C until assayed.

Preparation of antisera for antiglobulin assay.—Rab¬
bit antiserum to mouse IgG was prepared by the method
of Dresser and Greaves (11). As judged by gel diffusion
precipitin analysis, this antiserum reacted with all the
principal immunoglobulin classes and subclasses in
mouse serum. Before use in the antiglobulin assay, the
antiserum and normal rabbit serum used as control were

absorbed with 107 cultured tumor cells/ml serum for
1 hour at 22° C.

The antiserum to rabbit IgG was raised by the im¬
munization of a goat with a rabbit IgG preparation
obtained by batch chromatography on DEAE-cellulose.
Serum obtained from the goat before immunization
served as a control.

The IgG from both the goat antiserum to rabbit IgG
and the preimmunization sample were isolated by batch
chromatography on DEAE-cellulose. Both goat IgG
preparations were labeled with l2iT by the iodine mono-
chloride method (12). Then 2-5 mg goat IgG were
labeled with 1 mCi l25I-NaI (Radiochemical Centre,
Amersham, England).

Indirect antiglobulin assay.—This technique was based
on that used by Nossal et al. (13) to detect immunoglobu¬
lin on the surfaces of lymphocytes and was an extension
of a method used by Burdick et al. (14) to detect tumor-
specific antibodies. The medium was RPMI-1640 (Flow
Laboratories, Irvine, Scotland) supplemented with 5%
fetal calf serum, buffered with 20 mM HEPES 5 (BDH
Chemicals Ltd., Poole, England), and preserved with

1 Received August 12, 1975; accepted November 21, 1975.
2 Department of Surgery, University of Edinburgh Medical

School, Teviot Place, Edinburgh EH8 9AG, Scotland.
3 Department of Bacteriology, University of Edinburgh Medical

School.
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cells, Dr. R. G. Dalton for the immunization and bleeding of goats,
and Professor M. F. A. Woodruff for his continuing interest in this
work. We acknowledge the technical assistance of Miss S. Tuach.

5 HEPES = xV-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid.
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100 U Crystomycin/ml (Glaxo Laboratories Ltd., Green-
ford, England). This medium was used for dilutions of
mouse serum, rabbit antiserum to mouse IgG, and the
labeled antiglobulin reagent, and is referred to hereafter
merely as medium.

The target tumor cells (2 or 3x10*) cultured in vitro
for 8—50 days (15) were seeded into each well of a dis¬
posable plastic microculture plate (15-FB-96; Linbro
Chemical Co., Inc., New Haven, Conn.), covered with a
lid, and incubated overnight at 37° C in a humid atmos¬
phere to allow the cells to adhere. The tumor cells were
washed once or twice with 200 p.1 medium; then mouse
serum (25-100 /il diluted between fivefold and 25-fold)
from the various experimental groups was added and
the plate incubated at 37° C for 30 minutes. The plate
was cooled to 15-20° C and the cells were washed three
times with medium (200 p1/wash). Rabbit antiserum to
mouse IgG (100 ^1) diluted 100-fold was then added,
the plate incubated at 15-20° C for 30 minutes, and the
cells washed again, three times (200 ^1/wash). Finally
l25I-labeled immunoglobulin from goat antiserum to rab¬
bit IgG (5 /eg in 100 fd) was added, the plate incubated
for 30 minutes at 15-20° C, and the cells were washed as
before. After each wash, the cells were spun at 300 rpm
for 3 minutes; after the final wash, the dry plate was
sprayed with plastic wound dressing, individual wells
were cut out with a hot wire, and the remaining gamma
radiation was counted in a scintillation spectrometer.

In earlier experiments we always included controls in
which the target cells were incubated with normal rabbit
serum (instead of rabbit antiserum to mouse immuno¬
globulin) and 12!I-labeled normal goat IgG (instead of
the l25I-labeled IgG fraction of goat antiserum to rabbit
IgG). It soon became apparent that there was little non¬
specific uptake attributable to the antiglobulin reagents,
and so these normal controls were not routinely used in
later tests.

Immunoglobulin class and subclass levels in serum.—
The antisera for these estimations were either purchased
(Meloy Laboratories, Springfield, Va.) or prepared in this
laboratory by the methods of Dresser and Greaves (11).
The specificity of all the antisera was checked by gel
diffusion precipitin and immunoelectrophoretic analysis
against normal mouse serum and purified myeloma pro¬
teins. On the basis of these analyses the antisera were
specific.

The immunoglobulin subclass content of individual
sera was estimated by the single radial immunodiffusion
method of Mancini et al. (16). Duplicate assays were
undertaken on each serum, and all plates contained a
range of dilutions of a standard serum. The standard
serum was a pool from 30 male and 30 female 12-week-
old CBA mice, and titration against a commercial
standard indicated that it contained 31 mg IgM/dl, 317
mg IgA/dl, and 239 mg IgG,/dl. Because suitable stand¬
ards for IgG-, and IgG.^ were not available, all the
results were presented as a percentage of our standard
serum.

Assay for antibodies to C. parvum.—-The latex agglu¬
tination test for antibodies to C. parvum was detailed
in (17).

Absorptions.—Sera were diluted 11-fold, then 0.5 ml
of the diluted serum was absorbed three times with
either cultured tumor cells (1.5xl07) or CBA spleen
cells (6x 106) for 45 minutes at 4° C.

Absorptions with C. parvum (formalin-killed) were
done on sera diluted 11-fold, with the use of one-tenth

packed cell volume of organisms. Four absorptions at
37° C for 1 hour were needed to remove antibodies to
C. parvum that were detectable in our assay.

Statistical presentation.—The tumor diameters (in
mm) for each group were expressed as geometric means
plus or minus one standard error; antibody to C. parvum
titers were expressed as the arithmetic means of the log,
titer plus or minus one standard error; immunoglobulin
levels (calculated as a percentage of a standard serum)
were expressed as the arithmetic means plus or minus
one standard error; and the antitumor antibody titers
were expressed as the counts/well/unit of time in scatter
gram form, each point being the mean of duplicates. The
significance of the results was determined by Student's
f-test. Probability values of less than 0.05 were consid¬
ered significant. Groups of 8-10 mice were used to
measure the immunoglobulin levels, tumor diameters,
and antibodies to C. parvum.
RESULTS

Because the ability of C. parvum to inhibit tumor
growth is influenced by the route of administration (5),
an experiment was set up to determine if serologic
changes were route dependent. Normal mice or mice
given 1X 10s tumor cells 3 days earlier (day 0) were
given 1.4 mg C. parvum sc or ip and bled 21 days later
(day 24) (text-figs. 1, 2; table 1).

In addition to the inhibition of tumor growth, the ip
administration of C. parvum (group F) resulted in a
significant increase of all immunoglobulin levels (except
IgM) in the sera of tumor-bearing mice (text-fig. 1), and
in the development of antibodies reacting with synge¬
neic tumor cells (text-fig. 2). In contrast, C. parvum given
sc (group E) failed to influence tumor growth (table 1)
and had little if any effect on circulating immunoglobu¬
lin or antitumor antibody levels. The ip administration
of C. parvum to normal mice (group C) resulted in a
significant increase in both IgG,. and IgG.,, levels and
the production of antibody binding to tumor cells. C.
parvum given sc (group B) was again without effect.
Effect of Different Doses of C. parvum in Normal Mice

The serologic changes occurring in normal mice after
the administration of a range of uoses of C. parvum were
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Text-figure 1.—Effect of C. paruum
routes on immunoglobulin

C&FJC. parvun ip
administered by different

... 0 levels in normal (•) and tumor-
bearing (O) CBA mice (day 24). Immunoglobulin levels were not
significantly increased by injection of C. parvum sc in normal or
tumor-l>earing mice. IgG^a (P<0.02) and IgC^b (P<0W1) levels
were significantly raised in normal mice after C. parvum injec¬
tion ip. IgC2» (P<0.001), IgGsb <P<0.005), IgGi (P<0.001), and
IgA (P<0.005) levels were significantly raised in tumor-bearing
mice after C. parvum injection ip.
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C. parvum by different routes (day 24). In normal and tumor-
bearing mice, injection of C. parvum ip gave significantly higher
levels of antitumor antibody than did injection sc (P<0.02 in
both instances). In normal and tumor-bearing mice, injection of
C. parvum sc did not give significantly higher levels of anti¬
tumor antibody than did controls.

Table 1.—Effect of route of administration on the response to
C. parvum and its antitumor properties in CBA mice (day 2Jf)a

Group Treatment
C. parvum
antibodies
(log2±SE)

Tumor diameter
in mm

(geometric
mean :r 1 se)

A Normal controls 1.15±0.11

B 1.4 mg C. parvum sc (day 3) 4.35±0.20

C 1.4 mg C. parvum ip (day 3) 8.13±0.18

D 1 X10s tumor cells (day 0) 1.40±0.15 11.2±1.6

E 1X10' tumor cells (day 0) and
1.4 mg C. parvum sc (day 3)

3.70±0.19 10.6±0.8

F 1X10' tumor cells (day 0) and
1.4 mg C. parvum ip (day 3)

7.85±0.08 8.0±0.8

• Antibody response to C. parvum was significantly greater after ip than sc
injection (P<0.01); the ip route alone significantly inhibited tumor growth (P <
0.05).

investigated. Mice were either untreated (group A) or
inoculated ip on day 0 with 0.14 mg (group B), 0.7 mg
(group C), or 1.4 mg (group D) C. parvum and bled
7 or 21 days later. The serologic changes are summarized
in text-figures 3-5.
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Text-figure 3.—Effect of various doses of C. parvum (ip) on im¬

munoglobulin levels in normal CBA mice (day 21). IgM
(P<0.001) and IgG^b (P<0.005) levels were significantly raised
after injection of 1.4 mg C. parvum.

Text-figure 4.—Develop¬
ment of antitumor anti¬
bodies in normal CBA
mice given various doses
of C. parvum ip. On
day 7, only 0.14 mg C.
parvum gave signifi¬
cantly increased levels
above controls (P<0.05).
On day 21, 0.7 and 1.4
mg gave significantly in¬
creased levels above
controls (P<0.005 in
both instances.)
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The higher doses of C. parvum elicited the greatest
increase in immunoglobulin levels (text-fig. 3) and the
most sustained antitumor antibody response (text-fig. 4).
The antitumor antibodies reacted with CBA and A/HeJ
fibrosarcoma cells (text-fig. 5). Titers of antibodies to C.
parvum for the three doses of C. parvum were similar
to those for group C (table 1), i.e., the antibody response
to C. parvum was independent of the dose of C. parvum.

Effect of Gold Salts on C. parvum Activity

Previous studies have shown that the antitumor effect
of C. parvum can be overcome by the administration of
sodium aurothiomalate (18). An experiment was there¬
fore done to ascertain the effect of similar treatment on
the serologic changes normally accompanying C. parvum
administration. The treatment schedule and results are

summarized in table 2; the results are also recorded in
text-figures 6 and 7.

The antitumor effect of C. parvum was abrogated by
treatment with gold salts (table 2). This treatment also

Table 2.—Effect of gold salts on the response of CBA mice to
C. parvum and its antitumor activity (day 24)-

Group Treatment
C. parvum
antibodies
(log,±SE)

Tumor diameter
in mm

(geometric
mean±l se)

A 1X104 tumor cells (sc) (day 0) 3.73±0.33 14.1±0.5

B 1X10* tumor cells (sc) (day 0)
and 1.4 mg C. parvum (ip)
(day 3)

8.95±0.17 10.7±0.3

C 1X10* tumor cells (sc) (day 0)
and repeated (ip) injection of
1 mg sodium aurothiomalate
starting on day 2

3.31 ±0.16 13.8±0.6

D 1X10* tumor cells (sc) (day 0),
1.4 mg C. parvum (ip) (day 3),
and repeated (ip) injection of
sodium aurothiomalate
starting on day 2

6.78±0.34 12.8±0.5

• Administration of C. parvum (group B) significantly inhibited tumor growth
(P <0.001), but this effect was overcome by the administration of gold salts (group
D). This treatment partially inhibited the formation of antibodies to C. parvum.

IgM IgA IgG! IgG2a lgG2b

ill

Laione
r Tumorr Tumor

'
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rTumor
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Text-figure 6.—Effect of gold salt therapy on immunoglobulin
levels in C. parvum-treated tumor-bearing CBA mice (day 24).
IgM (P<0.05), IgC2a (P<0.01), and IgG2b (P<0.001) levels were
significantly lower in mice receiving the combined C. paruum-
gold salt tnerapy than in mice given C. parvum alone.
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Text-figure 7.—Effect of gold salts on development of antitumor

antibody in C. parvum-treated tumor-bearing mice. Antitumor
antibody levels in mice given combined C. parvum-%old salt
treatment were significantly lower than in mice given C. parvum
only (P<0.001) and were not significantly different from those
of controls.

modified many of the serologic changes observed after
C. parvum administration. For example, although the
levels of all immunoglobulins (with the exception of
IgA) were significantly higher in tumor-bearing mice
given the combined C. parvum-gold salt treatment
(group D) than in untreated tumor-bearing controls
(group A), the IgM, IgG2„ and IgG-^ levels were signifi¬
cantly lower than in mice (group B) given C. parvum
alone (text-fig. 6). In addition, the development of anti¬
tumor antibodies was completely inhibited (text-fig. 7).
Effect of C. parvum In T-Cell-Deprived Mice

Because C. parvum administered ip may exhibit an
antitumor effect in T-cell-deficient mice (5, 19), we in¬
vestigated the serologic effects in this model.

Six weeks after bone marrow reconstitution, T-cell-
deficient mice were given 1 x 10* tumor cells sc (day 0).

Table 3.- -Effects of C. parvum in tumor-bearing T-cell-deficient
mice '

Assay Without
C. parvum

With
C. parvum

Tumor diameter (mm)±l se '

Antitumor antibody ±1 se •
(counts per min)

C. parvum antibodies ±1 se
IgM \
IgA
IgG i 'Percent standard serum
IgGu ±se
IgGjbJ

14.4±0.7

4,412±1,018

2.1±0.1
55.4±7.0

501.8± 142.2 '
162.6±21.3
15.2±2.1
58.2±2.2

11.2±0.6

4,981±510

7.1±0.9
106.9±11.7

1,183.3±109.1
189.8±26.7
30.8±3.0

106.8±11.4

* After C. parvum administration, tumor growth waa inhibited (P <0.005);
serum immunoglobulin levels were raised (IgM *P <0.005, IgGu & IgA *P <0.001,
IgGu —P<0.01); antibodies to C. parvum were raised (P<0.01). Antitumor
antibody titer "was not significantly increased.

* Tumor was measured 23 days after tumor transplantation.
' Mean of 8 mice in each group.
* A new normal serum standard was used in these assays and was deficient in

IgA (31 mg/dl).
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Table 4.—Effect of preincubation a with aggregated human IgG (10 ug)b on the uptake of antitumor antibody onto tumor cells

Uptake onto CBA fibrosarcoma (counts/300 sec) Uptake onto A/HeJ fibrosarcoma (counts/300 sec)

Serum used in assay «
Rabbit antiserum to

mouse immunoglobulins
Normal rabbit serum Rabbit antiserum to

mouse immunoglobulins
Normal rabbit serum

Aggregated
human

IgG
NP '

Aggregated
human

IgG
NP J

Aggregated
human

IgG
NP *

Aggregated
human

IgG
NP '

Normal mouse serum 1,215 1,291 328 293 1,621 1,546 246 227

C. parvum (day 28) 1,994 2,168 273 435 2,395 2,619 322 344

No mouse serum— 506 412 232 285 401 415 391 278

* At 37° C for 30 min.
* CBA tumor ceils were also incubated with 40 aggregated human IgG with the same results as above.
« Normal serum and serum from C. panrum-treated mice were pools from 5 animals.
* NP - no preincubation.

Table 5.—Effect of absorption on antitumor antibody and antibody
to C. parvum in sera of mice given C. parvum

Cells used for
absorption

Normal serum a C. parvum serum '

Antitumor Antibody Antitumor Antibody
antibody to antibody to
(counts/ C. parvum b (counts/ C. parvum 6
60 sec) 60 sec)

None 2,539 2.4 4,057 8.9

CBA fibrosarcoma 1,357 2.4 1,838 8.4

CBA spleen 1,780 2.4 2,693 9.2

C. parvum 1,586 3.4 1,551 2.4

• Normal serum and serum from C.
animals.

* Logi antibody to C. parvum titer.

parruto-treated mice were pools from 5

Table 6.—Effect of absorption on immunoglobulin levels

Serum • Absorbed with
Percent decrease in

IgM IgA IgG, IgGi. IgGib

Normal CBA fibrosarcoma
C. parvum

29 23
0 11

14
10

9 21
19 18

C. parvum CBA fibrosarcoma
C. parvum

14 11
43 11

9
15

17 13
23 22

• Pooled serum from 5 mice.

Three days later, half were given C. parvum ip (day 3),
whereas the others received no further treatment. On
day 25 the mice were bled; the results are recorded in
table 3.

The antitumor effect of C. parvum was apparent in
T-cell-deficient mice (table 3); this agrees with reports
from other laboratories (5, 19). The serologic changes
were more variable than in previous experiments with
intact mice; nevertheless, the administration of C. par¬
vum to tumor-bearing T-cell-deficient mice resulted in
an increase in the levels of antibodies to C. parvum and
in all serum immunoglobulin levels except IgG,.

Specificity of the Response to C. parvum

The presence in the sera of C. parvum-treated mice
of increased levels of immunoglobulins capable of bind¬
ing to tumor cells in vitro can be explained in several

ways. These include the stimulation of cytophilic anti¬
body, an increased or a de novo synthesis of antitumor
or autoantibody, or cross-reacting antibodies.

We investigated the possible binding of mouse im¬
munoglobulin via the Fc region to tumor cells by
preincubating the cells with aggregated human IgG,
washing them, and then using them in the standard
antiglobulin procedure (table 4). Such pretreatment
failed to inhibit the uptake of mouse IgG onto tumor
cells; this confirmed that the binding was not due to
an interaction via the Fc region of the molecule. Pre¬
treatment with the Fc fragment of pooled normal mouse
IgG also failed to block (not shown).

Table 5 shows that the absorption of positive serum
with C. parvum or tumor cells reduced the antitumor
antibody levels (relative to normal serum) considerably.
Absorption with spleen cells was less effective. The only
marked decrease in immunoglobulin levels after absorp¬
tion was the drop in the IgM level in the sera of C,
parvum-treated mice after absorption with C. parvum
(table 6). Other absorption experiments with C. parvum
and CBA fibrosarcoma cells also demonstrated this osten¬

sibly cross-reacting antigen.

DISCUSSION

These studies clearly indicate that the administration
of C. parvum to normal and tumor-bearing mice results
in an appreciable increase in the Serum levels of certain
immunoglobulins, especially the IgG^ subclass, and the
production of antibodies which bind in vitro to synge¬
neic and allogeneic 3-methylcholanthrene-induced fibro¬
sarcoma cells. The stimulatory effect depends on the
route of injection and dose of C. parvum; furthermore,
it can be significantly inhibited by the administration of
gold salts. Preliminary observations also suggest that
similar, though less pronounced, serologic changes may
occur in T-cell-deficient mice.

Other studies done in our laboratory have shown that
certain protocols of C. parvum administration cause a
significant increase in the production of IgG2b plaque-
forming cells in the mouse in response to sheep red
blood cells (7). This observation and the preliminary
results of the present study initially inclined us to the
view that the antitumor effect of C. parvum might de¬
pend on its capacity to produce antitumor antibodies of
the IgG^ subclass. Since this protein is generally thought
to be the homologue of IgG3 in humans, one might
expect it to be extremely effective at disposing of tumor

<*.
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cells by complement-mediated lysis, opsonization (8), or
K-cell cytolysis (20).

However, the following recent results indicate that the
antitumor properties of C. parvum are independent of
the rise in IgG^ serum levels: a) The administration of
microorganisms closely related to C. parvum CN6134
may result in an increase in IgG^ levels without effect¬
ing tumor growth (unpublished observations); b) anti¬
bodies to tumor appear to be located in the 19S fraction
of serum (unpublished observations); and c) absorption
with tumor or C. parvum has little if any effect on the
IgG^j levels in C. parvum-treated mice. The absorption
with C. parvum, however, markedly reduced IgM serum
levels, antibodies to C. parvum, and antitumor antibody
titers.

On the basis of the evidence currently available, the
marked increase in IgG^, (and possibly other immuno¬
globulins) is probably due largely to the nonspecific
production of immunoglobulin, which is known to fol¬
low the administration of certain adjuvants and anti¬
gens (21).

That the administration of C. parvum to normal mice
results in the production of antibody (probably of the
IgM class) capable of binding to tumor cells in vitro
could possibly be due to C. parvum and tumor-sharing
antigens, an observation previously noted with respect
to BCG and other tumors (22), Antiself antibody, known
to follow the administration of C. parvum (23), may
also contribute to the antitumor antibody titer, though
the absorption data indicate that this is not the only
factor.

The cellular basis and significance of the serologic
changes noted in these experiments still remain to be
established. Although the results of the gold salt study
suggest that the changes may be macrophage-dependent,
and the preliminary results in T-cell-deficient mice sug¬
gest that they are not totally thymus dependent, detailed
cellular studies are necessary to establish the role of
T- and B-cells and macrophages in the response. Further
studies are in progress to a) characterize definitively these
antitumor antibodies, b) establish more fully their speci¬
ficity, and c) ascertain if they are relevant in vivo.
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While investigating the effects of
C. parvum administration on tumour
growth in mice, we observed a number of
serological responses. Eor example, anti¬
bodies which react with C. parvum and
with the cells of a chemically induced
fibrosarcoma were elicited, and there was
also a marked increase in the level of
certain immunoglobulins (Woodruff,
McBride and Dunbar, 1974; James et al.,
1976). These effects (as well as the
antitumour properties) were observed in
both intact mice and mice made T-cell-
deficient by adult thymectomy, whole-
body irradiation and rescue with isogencic
bone marrow (James el al., 1976; Wood¬
ruff, Dunbar and Ghaffar, 1973). In view
of the suggestion that the antibody
responses in B mice might be due either to
the expansion of a residual T-cell popula¬
tion (Woodruff et al., 1974) or to some form
of T-ccll bypass mechanism (Howard,
Scott and Christie, 1973), we felt it was
important to examine the serological
effects of C. parvum in nude mice. We
therefore undertook the following investi¬
gations.

Athymic (mm mm) BALB/c male mice,
and litter-mates heterozygous for the nu
gene (mm +) aged between 8 and 12 weeks
were injected i.v. or i.p. with 0-7 mg (dry
weight) C. parvum (strain CN6134) and
bled out 21 days later. Untreated control
nv nn and ?m+BALB/c mice were bled at
the same time. The serum was separated
and stored at — 20°C. The mice were

supplied by G. L. Bomholtgaard, Dyrlaege,

Accepted 29 December 1976

8680 Ry, Denmark. The cages were
placed in a tissue-culture cabinet and the
mice were fed Oxoid pellets sterilized by y
radiation. The drinking water was not
sterilized.

Serum from individual mice was as¬

sayed, as described previously. The anti-
C. parvum antibody was determined by a
modification (Woodruff et al., 1974) of the
latex agglutination test of Florman and
Scoma (1960), and immunoglobulin class
and subclass levels by the single radial
immunodiffusion method of Mancini,
Carbonara and Heremans (1965), the
standard serum being calibrated against
purified proteins (supplied by Litton
Bionetics Inc., Kensington, Maryland,
USA). Antibodies cross-reacting with a
methylcholanthrene-induccd CBA-strain
fibrosarcoma were assayed by a modifica¬
tion (James et al., 1976) of the indirect
antiglobulin assay of Nossal et al. (1972).

The results are summarized in Tables I
and II. It is clear that administration of
C. parvum (i.v. or i.p.) to homozygous
nude mice resulted in significant produc¬
tion of antibodies to this organism,
though the response was less marked than
in heterozygous litter-mate controls.
The i.v. injection of C. parvum into homo¬
zygous nudes also resulted in a significant
increase in serum IgM and IgG2a levels,
and in splenomegaly similar to that
produced in heterozygotes. I.p. injection
of C. parvum had a less marked effect on
these parameters. Increases in antitumour
antibody levels were also noted in all
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Table I.—Antibodies to C. purvum and Allogeneic, Tumour, and Changes in Spleen
Weight, After ('. pnrvu rr» Administration to Homozygous (nu nu) and Heterozygous
(nu-f) Nude Mice

Antibodies to Anl ihodies to
C. parvum allogeneic tmnoui-r Spleen weight

Group Mice® Treatment" logs" ct/minrf mg"
A nu + No treatment 3-6 2026 84

(31-3-6) (1546-2752) (74-93)
B 0-7 mg C. parvum i.v. 10-4 2509 206

(8-9-10-9)** (1673-3297) (112-255)**
c 0-7 mg C. parvum i.p. 10-9 3409 302

(9-9-11-9)** (2969-4096)** (116-659)**
D nu nu No treatment 2-'6 2084 76

(2-6-3-6) (1176-3480) (65-107)
E 0-7 mg C. parvum i.v. 5-6 3298 172

(3-6-6-1)** (3062-4252) (110 236)**
F 0*7 mg C. parvum i.p. 4-6 3061 130

(4-6-5-6)** (1286-4196) (88-180)**
a Each grouj) contained 7 to 8 male mice, the nu -f- and nu nit mice being litter-mates.
b 21 days before the antibody assays and spleen weight determinations.
e The target cell in this assay was a cultured methylcholanthreno-imluced fibrosarcoma from CBA mice.
d Tho antibody measurements and spleen weights are expressed as median values, together with values

for the range.
The significance of effects was determined by comparing Groups B and C with A, and E and F with D

(Wilcoxon Bank Sum Test.)
* P < 0-05. ** P < 0-01. All other values were not significantly different from controls.

Table II.—Changes in Immunoglobulin Levels After C. parvum Administration to nu nu
and nu-f- Mice

IgM IgA IgGl IgG2a lgG2b

Group Mice" Treatment^ mg/d 1r
A nu -f- No treatment 38-8 8-8 37-3 66-5 12-2

(30-49) (8-10) (17-45) (48-84) (7-15)
B „ 0-7 mg C. ponum i.v. 70-7** 6-7* 72-5** 171-0* 23-9**

(54-93) (5-10) (56-149) (60-456) (10 40)
C »» 0-7 mg C. parvum i.p. 89-1** 8-6 91-7** 252-7** 43-1**

(56-105) (5-10) (66-151) (156-399) (17-641

D nu nu No treatment 55-8 4-4 52-1" 3-8" 17-0

(51-67) (2-7) (0-152) (0-167) (10-41)
E 0 • 7 mg C. parvum i.v. 76-8** 6-4 47-1 79-8* 19-0

(63-91) (3-9) (0-776) (13-399) (8-42)
F „ 0-7 mg C. purvum i.p. 59-4 5-0 73-9 60-3 25-0

(41-81) (4-8) (0-700) (4-664) (8-74)
" Each group contained 7 to 8 male mice, the nu nu and nu -f- being littcr-matcs.
b 21 days before the serological assays.
e The values expressed are medians with the range in parentheses.
d There was considerable variation in IgGl and lgG2a levels in treated and untreated nude mice. In

certain instances the immunoglobulin levels were so low they were beyond the sensitivity of the Mancini
assay.

The significance of effects was determined by comparing Groups B and C with A, and E and Fwith D
(Wilcoxon Rank Sum Test).

* P < 0-05. ** P < 0-01. All other values were not significantly different from controls.

groups, but these changes were only
significant in Group C. Of further interest
was the wide variation in IgGl and IgG2a
levels in all groups of homozygous nude
mice, indicating perhaps infection or
heterogeneity in these mice.

In view of the present observations,
the previously suggested explanations (see
above) of how B mice respond to C. parvum
seem less likely. It is more probable that
C. parvum can behave as a partly thymus-
independent antigen. This finding, and



CSC) . K. JAMES, M. F. A. WOODRUFF, W. H. McHKIDE AND N. WILLMOTT

the immunoglobulin profile in athymic
mice treated with C. pamim, provide
further confirmation of the inherent
"

adjuvanticity " of the organism. The
present experiments also establish that the
increase in certain Ig levels (and possibly
anti-tumourrcsponses) following C. pnrvum
administration are to some extent

independent of T-cell function. These
serological observations are important in
relation to the known antitumour pro¬
perties of systemicallv administered C.
parvum in T-deprived and nude mice
(Woodruff et al., 1973; Woodruff and
Warner, 1977).

Wc are indebted to the Cancer Re¬
search Campaign for generous grant sup¬
port and to the Wellcome Foundation for
kindly providing the C. parvum.
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Summary. The administration of C. parvum to mice
bearing a transplanted syngeneic MC-induced fibrosar¬
coma resulted in a significant increase in tumor-asso¬
ciated immunoglobulin levels. The increase was most
apparent in the IgA class, though significant increases
were noted on occasion in the IgM class and certain IgG
subclasses. In contrast, the C. parvum treatment used
failed to induce antibody to AKR-type murine leukemia
virus envelope components in either normal or tumor-
bearing mice.

Introduction

Previous extensive studies from one of our laboratories
have shown that the administration of C. parvum to
mice may result in the development of nonspecific circu¬
lating antitumor antibodies and marked increases in cer¬
tain serum immunoglobulin levels (James et al., 1976,
1977). The present paper summarizes the results of in¬
vestigations undertaken to establish whether C. parvum
administration (a) influences the host immunoglobulin
content of tumors and (b) results in the development of
circulating antibodies to murine leukemia virus (MuLV).
The need for studies on the host immunoglobulin con¬
tent of tumors has recently been stressed by Witz
(1977), while the virological investigations appeared
vital for a number of reasons. In the first place, it is now
well established that murine C-type viruses, especially
MuLV, are endogenous in mice and that most mouse
strains develop antibodies against these viruses (Ihle and
Hanna, 1977). Furthermore, certain recent studies sug¬

gest that the 'antitumor' responses observed in mice
bearing some chemically induced tumors can be attrib¬
uted, at least in part, to responses against MuLV anti-

Reprint requests should be addressed to: K. James

gens expressed on the surface of tumor cells (Brown
et al., 1978).

Materials and Methods

Basic Experimental Protocol. The experiments were performed in
10- to 12-week old male CBA/Ca mice. Groups of normal mice or
mice injected SC with 10* syngeneic methylcholanthrene(MC)-in-
duced fibrosarcoma cells on day 0 either received no further treat¬
ment or three days later were injected IP with 1.4 mg C. parvum
(strain no. CN6134, kindly supplied by the Wellcome Research Lab¬
oratories, Beckenham, England). The tumor used was in its 21st
transplant generation and was highly immunogenic. Sixteen and 28
days after tumor transplantation a number of mice in each group
were exsanguinated, and where appropriate, their tumors were ex¬
cised and the following assays performed.

Assay Procedures. Tumor-associated immunoglobulin levels were
determined as follows: Cell suspensions were prepared from individ¬
ual freshly excised tumors by mechanical disruption. A standard
number (5 x 10*) of washed (four times) tumor cells was then ex¬
tracted for 30 min at room temperature (RT) in 1 ml 1% (w/v)
Nonidet P40 (British Drug Houses Ltd., Poole, England). The Ig
class and subclass and alpha2-macroglobulin (or:M) content of each
extract was determined by a competitive double antibody radioim¬
munoassay technique. The antisera to mouse immunoglobulins and
the purified immunoglobulin standards themselves were purchased
from Litton Bionetics Inc., Kensington, Maryland, USA. The puri¬
fied a-2M and the antisera to this antigen were prepared in our own
laboratory. Further details on this assay procedure are to be pub¬
lished elsehwere (Merriman et al., 1978, in preparation).

The presence of circulating antibodies to MuLV antigens was
determined by a radioimmune precipitation test employing 3H-la-
beled AKR leukemia virus. This procedure involved incubating la¬
beled virus with doubling dilutions of test serum and then precipitat¬
ing with rabbit anti-mouse globulin, and has been described in detail
elsewhere (Ihle et al., 1973). The assay is extremely sensitive, and in
addition to measuring antibodies against AKR MuLV viral envelope
components, it also detects cross-reactions against other murine C-
type viruses.

Circulating antitumor antibodies were measured by a direct ra¬
dioimmune antiglobulin procedure based on the indirect procedure
previously employed in our laboratory (James et al., 1976, 1977). In

0340-7004/78/0005/0141/S 01.00
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essence this involved incubating 5x10* viable cultured tumor cells
with 100 ul test serum in a 1/20 dilution. After washing (four times)
the cells were incubated for a further hour with 10 ug (in 100 ul) 1J!I-
labeled IgG fraction of a rabbit antiserum to mouse immunoglobulin
absorbed with cultured tumor cells. After extensive washing the cells
were counted in a gamma-scintillometer.

The presence of antibodies to C. parvum was determined by a

passive hemagglutination procedure employing latex particles sensi¬
tized with soluble antigen from C. parvum (Woodruff et al.,
1974).

Results

From the values expressed in Table 1 it is apparent that
appreciable amounts of Ig (especially IgA) and other
serum proteins (e.g., a2M) can be extracted from freshly
excised solid tumors. Furthermore, the levels of certain
tumor-associated immunoglobulin classes and sub¬
classes significantly increased following C. parvum ad¬
ministration. This increase was most apparent in the

J.James et al.: Adjuvant-Induced Serological Responses

case of the major component, the IgA. Of additional
interest was the impression that certain of these C. par-
nzw-evoked responses were less prompt than others.
This was particularly noticeable in the case of IgG2b,
where significant increases were noted in the dayJ28 ex¬
tract, but not in the day-16 sample. In contrast, signifi¬
cant increases in the other immunoglobulins were appar¬
ent by day 16.

The development of circulating antibodies to virus,
tumor, and C. parvum is summarized in Table 2. It will
be observed that the administration of C. parvum re¬
sulted in a marked increase in C. parvum antibody titers.
Furthermore, as previously observed, circulating anti¬
bodies to tumor were also detected in all groups of mice,
including those without a tumor burden (James et al.,
1976, 1977). In contrast to the above, antiviral antibod¬
ies remained below background level in all groups of
mice (i.e., titers less than 1 in 20). It should be stressed
that the C. parvum treatment employed significantly in¬
hibited the growth of the tumor (P < 0.001).

Table 1. Tumor-associated immunoglobulin levels in C. parram-treated and untreated tumor-bearing mice

Group Treatment" No. of
tumors

examined

Day
ex¬

amined

Protein extracted from 5 x 10® cells (ng)c

IgM IgA IgG, IgG2l IgG 2b a2M

A None 10 16 12.8 ± 0.9 (5) 29.1 ± 5.7 4.3 ± 0.8 12.6 ± 2.(0) 6.8 ± 1.0 122.4 ± 27.6

B C. parvum 9 15.9 ± 0.9"" 66.6 ± 19.4*** 6.2 ± 0.9*** 12.5 ± 1.1 7.1 ± 1.3 91.7 ± 17.3

C None 3b 28 11.8 ± 4.4 26.0 ± 15.4 5.5 ± 0.9 13.8 ± 2.0
a

5.8 ± 0.8 88.5 ± 47.0

D C. parvum 8 14.6 + 0.9 42.1 ± 12.4* 4.8 ± 1.0 13.1 ± 1.8 12.6 ± 5.5* 83.5 ± 17.1

• Mice were injected (SC) with 1 x 10® viable Mc-induced fibrosarcoma cells on day 0 and 1.4 mg of C.parvum was injected IP 3 days later
b On day 28 only 3 of the non-C. parvum-treated group were surviving
c The values in Tables 1 and 2 are arithmetic mean values ± one standard deviation. The results in C. parvum-treated animals have been com¬

pared with those in non-C. parvum-treated controls by means of Students r-test. Significant differences are indicated as follows:
*P < 0.05; "P < 0.01; **TP < 0.001

Table 2. Circulating antibodies to tumor, C. parvum, and murine leukemia virus in C. parvum-treated normal and tumor-bearing mice

Group No. of
mice

Tumor Treatment" Day
examined

Circulating antibodies to

Tumor C. parvum
counts per 100 s ,0|2 titer-1

AKR MuLV
titer-1

A 10 No None 16 7,913 ± 1,520 3.9(6) ±0.16 < 20"
B 10 No C. parvum 9,773 ± 1,630* 8.3(5) ± 0.72*** < 20
C 10 Yes None 5,309 ± 1,314 4.1(5) + 0.42 < 20
D 9 Yes C. parvum 4,587 ± 866 9.1(5) ± 1.14*** < 20

A 10 No None 28 9,403 ± 1,249 4.0(5) ± 0.24 < 20
B 10 No C. parvum 10,316 ± 1,365 11.1(5) ± 1.50*** < 20 1
C 3 Yes None 5,777 ± 2,549 3.9 ± 0.50 < 20 1
D 8 Yes C. parvum 6,485 + 2,441 10.4 ± 1.00*** < 20 |

• 1.4 mg administered IP 3 days after injection of tumor cells on day 0
b This assay will also detect cross-reacting antibodies to other murine C-type viruses
• P < 0.05; ** P < 0.01; *** P < 0.001
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Discussion

These studies clearly demonstrate that solid tumors con¬
tain appreciable amounts of various immunoglobulin
classes and subclasses and that the concentrations of
some of these may be significantly increased following
C. parvum administration. In addition they also indicate
that the mice used had a very low background of natural
antibodies to AKR MuLV viral envelope components
and tumor transplantation or C. parvum administration
did not appear to elicit their formation.

At the present time we have no information on the
specificity or significance of the tumor-associated immu¬
noglobulin. As suggested by Witz (1977), the observed
association could be due to (a) specific interaction of
antitumor antibodies with tumor antigens, (b) the bind¬
ing of certain immunoglobulins to Fc receptors on infil¬
trating host cells such as macrophages or B cells, (c) the
presence of host B cells bearing surface Ig, or (d) the
local production of immunoglobulin by infiltrating plas¬
ma cells. Furthermore, it is conceivable that the elevated
tumor immunoglobulin levels in C. parvum-treated mice
might simply reflect an increase in host cell infiltration
(Szymaniec and James, 1976). However, it is important
to note that the presence of host immunoglobulins can¬
not be attributed to contamination with serum, for the
levels of individual tumor immunoglobulins bear no rela¬
tion to their relative concentration in serum where IgA,
IgGp and IgG2, are generally the major components
(present in approximately equal concentrations) and
IgG2b and IgM the minor components (James et al.,
1977).

Of particular interest in the present studies is the
relatively high IgA content of tumors. While the signifi¬
cance, if any, of this association still remains to be es¬
tablished, it should be stressed that similar observations
have been noted on other occasions in our laboratory
(James et al., unpublished) and have also recently been
reported in nasopharyngeal carcinoma, where the asso¬
ciation has been attributed to infiltrating plasma cells of
the IgA type (Ho et al., 1978). However, in contrast to
the above, investigations in other systems indicate that
the IgG2a (and sometimes IgG2b) subclasses may be pref¬
erentially bound to certain solid and ascitic-form tu¬
mors in situ (Haskill et al., 1977; Maov and Witz,
1978).

The failure to detect circulating antibodies to AKR
MuLV with the extremely sensitive radioimmune pre¬
cipitation test is also of interest. While there are several
possible explanations for the absence of such antibodies,
the most likely is that the the 10- to 12-week old mice
routinely used in our investigations are not yet express¬
ing endogenous viral antigens. Furthermore, it appears
that the expression of latent viral antigens was not in¬
duced to any significant extent by either tumor or C.

parvum. These observations lead us to conclude that the
'antitumor responses' noted in the present and previous
studies from our laboratory cannot be entirely due to
responses against endogenous MuLV antigens. Other
observations from our laboratory also support this con¬
tention, for we have no evidence from electron micro¬
scopy, nucleic acid incorporation studies, reverse tran¬
scriptase assays, or fluorescence studies with antisera
to RD114, MLV, and anti-AKR P30 of virus or virus¬
like particles in the cultured tumor cell lines used in our
circulating antitumor antibody assays (James et al.,
1978 and unpublished observations).

Acknowledgements: The authors are indebted to the Cancer Re¬
search Campaign for financial support. Part of this research was also
sponsored by the NCI via contract number NOl-CO-75380 with
Litton Bionetics.
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Summary. The levels of IgM, IgA and IgG secreting
cells were examined in control, Corynebacterium par-
yum-stimulated and tumour-bearing, normal and ath-
ymic (Nu/Nu) mice. The percentage of IgA to IgM or
IgG secreting cells is relatively higher in peripheral
blood than in the spleen or peritoneum of normal
mice. Within tumours, irrespective of their degree of
vascularization and immunogenicity, the pattern of Ig
secreting cells is similar to that seen in peripheral blood
and different from that in spleen and peritoneum even
in athymic mice. Intraperitoneal injection of C. par-
vum changes the relative percentages of Ig secreting
cells in the peritoneal cavity to resemble that seen in
the peripheral blood and tumours. It appears that Ig
secreting cells extravasate from peripheral blood in a
non-isotype specific manner into sites of chronic
stimulation.

Merriman, 1981b). The immunoglobulin was asso¬
ciated with both tumour and host cell-enriched frac¬
tions (James, Cullen, Howie, Merriman, Milne &
Moore, 1981 a). It was of interest to determine whether
any of this immunoglobulin was secreted in situ by
intratumoral lymphocytes as was suggested by our
preliminary studies (James el al., 1981a). To investi¬
gate this point we took advantage of the protein A
plaque-forming-cell assay which allows an investiga¬
tion of the numbers of cells secreting particular
immunoglobulin isotypes in various tissues (Gronow-
icz, Coutinho & Melchers, 1976). Since there is not
much available information on the distribution of

immunoglobulin secreting cells of various isotypes in
normal tissues the levels of IgM, IgA and IgG
secreting cells were examined in tissues from control
and tumour-bearing normal and athymic (nude) mice.

INTRODUCTION

It had previously been shown that murine tumours
grown in vivo have measurable amounts of surface
immunoglobulin and that the major isotype was IgA
(James, Bessos & Merriman, 1979; James, Davis &

Correspondence: Dr W. H. McBride, Department of
Bacteriology, Edinburgh University Medical School, Teviot
Place, Edinburgh EH8 9AG.
0019-2805/82/0500-0043S02.00
© 1982 Blackwell Scientific Publications

MATERIALS AND METHODS

Protein A

Protein A from Staphylococcus aureus Lot No. EM
15140 was purchased from Pharmacia, Uppsala,
Sweden.

Developing antisera
Rabbit anti-mouse IgA and anti-mouse IgM antisera
were purchased from Litton Bionetics, Kensington,
Md. Rabbit anti-mouse IgG serum was a pool from
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three rabbits inoculated three times each with 1 mg
ammonium sulphate precipitated normal mouse IgG
taken from a variety of mouse strains and given in
Freund's complete adjuvant.

Complement
Normal guinea-pig serum was absorbed for 2 hr at 4°
with 30%-40% by volume packed sheep red cells, the
cells were then spun out and the serum frozen in
aliquots until used.

Sheep red cells
Normal blood from sheep 10966 was the kind gift of
Mr C. Burrells, Moredun Research Institute, Edin¬
burgh. It was kept in Alsever's solution and stored for
up to 5 weeks at 4°.

(HBSS), homogenized to single cell suspensions and
washed twice. Peritoneal cells were obtained by lavage
of the peritoneal cavity with 5 ml heparinized HBSS.
Blood lymphocytes were isolated on Percoll (Pharma¬
cia) by spinning 1 ml of diluted (1 vol.+ 2 vol. HBSS)
heparinized blood on 6 ml 62% of Percoll in HBSS at
400 g for 20 min. Stock 100% Percoll was made by
adding 9 parts of Percoll to 1 part of ten times Eagles
MEM (Flow, Irvine, Scotland). CCH1 tumour cell
suspensions were prepared by trypsinization of tumour
tissue as described previously (James et al., 1979). The
other solid tumours were disaggregated using Dispase
(Moore & McBride, 1980) and the ascitic lymphoma
collected by peritoneal lavage with HBSS. All cell
suspensions to be assayed for plaque-forming cells
were made up to 106 viable cells per ml in HBSS.

Corynebacterium parvum
Corynebacterium parvum, lot No. CA 761, was pur-
purchased from Wellcome, Beckenham, England.
Mice were inoculated with 0-25 mg intraperitoneally.

Mice

CBA/Ca and C3Hf/Bu Kam mice were bred in the
animal units of the Departments of Surgery and
Bacteriology, respectively.

CBA Nu/Nu mice and CBA Nu/ + litter-mates were
purchased from OLAC, Oxon.

Tumours
The CBA methylcholanthrene-induced fibrosarcoma
CCH1 has been previously described (James et al.,
1981a). After 20 in vivo passages it was maintained in
vitro in RPMI1640 medium containing 10% foetal calf
serum. For in vivo tumour growth !06 cells were
inoculated subcutaneously in 0-1 ml.

The C3H tumours were maintained by in vivo
passage. Fsa R is a methylcholanthrene-induced fibro¬
sarcoma used at pass 15 (Moore & McBride. 1980).
Fsa N is a 'spontaneous' fibrosarcoma arising in a
non-irradiated part of an irradiated mouse (pass 12);
LYM is a 'spontaneous' lymphoma which grows as a
solid mass in a subcutaneous site (pass 8); Asc. LYM is
an ascitic variant of LYM which arose after five in vivo

intraperitoneal passages of LYM (pass 8); Mca K is a

'spontaneous' mammary carcinoma (pass 8). All
tumours were grown from 5 x 105 cells injected subcu¬
taneously with the exception of Asc. LYM which was

injected intraperitoneally.

Preparation of cell suspensions
Spleens were removed into Hanks's buffered saline

Protein A plaque-forming-cell assay
The assay used was a modification of that described by
Gronowicz et al. (1976). Briefly, sheep red blood cells
(SRBC) were washed (five times) in 0-85% saline; 1 vol.
of packed SRBC was mixed with 1 vol. of protein A at
0-5 mg/ml in saline and 10 vol. of 2-5/10—4 M CrCL in
saline was then added. The mixture was incubated for
1 hr at room temperature and the coupled cells
(Protein A-SRBC) after being washed four times in
HBSS were made up to 20% by volume. The protein
A-SRBC preparations were stable for up to 5 days.

The PFC assays were performed in Cunningham
assay chambers. The assay mixtures consisted of 100
pi cell suspension (i.e. 105 cells), 10 p\ guinea-pig
complement, 20 pi 20% protein-A-SRBC, 10 p\ deve¬
loping antiserum (to givefinal concentrations of 1:600
for anti-IgG and 1:400 for both anti-IgM and anti-
IgA) and 60 pi HBSS. The chambers were sealed with
paraffin wax and incubated at 37° for 2-3 hr, at the end
of which time the numbers of PFC were determined.

RESULTS

It should be stressed that although different batches of
protein-A-SRBC varied slightly in the sensitivity with
which they could detect antibody secreting cells, the
relative levels of the isotypes tested (IgM, IgA and
IgG) remained very constant from experiment to
experiment. For this reason we do not wish to
over-emphasize the absolute numbers of PFC in
different experiments, but rather the relative levels of
the isotypes detected.
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Table 1. Distribution oflgM. IgA and IgG secreting cells in
normal mice

Total

Source IgM IgA IgG PFC/105
of cells (%) (%) (%) cells

C3H spleen 28+1* 14 + 2 58 ±2 274 + 72

C3H peritoneum 29 ±4 15 ± 2 57 ± 3 127 ± 20
C3H peripheral blood 32 ±2 33 ± 2 35+1 117 + 8

* Mean of individual determinations from four mice+1
SD.

Distribution of IgM, IgA and IgG secreting cells in
tissues from normal mice.

The levels of cells secreting IgM, IgA and IgG in
normal spleen, peripheral blood and peritoneum are
shown in Table 1. In the blood the levels of IgA
secreting cells were higher and the levels of IgG
secreting cells lower than in the spleen or the peri¬
toneal cavity. This finding is perhaps surprising, but
Kunori, Broman & Tan (1980) have recently reported
a similar 1:1:1 ratio of IgM: IgA: IgG secreting cells
in human peripheral blood.

Table 2. Ig secreting cells in tissues from tumour-bearing mice

Source Total
of cells IgM (%) IgA (%) IgG (%) PFC/105

FSA.N Spleen 27* 14 59 343

P.blood 38 27 35 100

Tumour 30 33 37 97

FSA.R Spleen 21 12 67 392

P.blood 36 28 36 104

Tumour 35 30 35 142

MCA.K Spleen 28 13 59 152

P. blood 35 33 32 85

Tumour 32 31 37 68

LYM Spleen 28 12 60 367

P.blood 30 34 36 98

Tumour 29 34 37 93

ASC. Spleen 30 14 56 357

LYM P.blood 29 35 36 137

Tumour 31 32 37 109

CCHIt Spleen 28 12 60 296
P.blood 25 36 39 119

Tumour 32 34 34 90

* Each result is for a cell pool from four individual mice,
t CBA mice bearing syngeneic tumour, the rest were C3H

mice bearing syngeneic tumours.

IgA secreting cells in tissues from tumour-bearing mice
The levels of IgM, IgA and IgG secreting cells were
also determined within the spleen, peripheral blood
and tumours of CBA mice bearing CCH1 tumour and
C3H mice bearing a variety of tumours. The results are
presented in Table 2, for day 20 of tumour growth. The
results from measurements from day 8 to day 30 of
CCH1 tumour bearers and day 13 of all the other
tumours were very similar to those on day 20 and are
therefore not reported. The presence of growing
tumour did not influence the distribution of Ig secret¬
ing cells in the tissues. Within tumours the isotype
distribution was similar to the blood in having high
levels of IgA secreting cells which might account for
the previous data showing high levels of IgA in eluates
and extracts from tumour cell suspensions (James et
al., 1979, 1981b).

It might be suggested that the similarity in the levels
of IgA secreting cells between the tumours and the
blood might simply reflect vascularization of the
tumours, but this is not a convincing explanation as
the tumours vary greatly in their degree ofvasculariza¬
tion and in particular the ascitic form ofthe lymphoma
is not vascularized. Another possibility was that the
distribution of cells secreting the various isotypes
within the tumour reflect the blood picture because
cells are localized by an immune or an inflammatory
response within the tumour.

IgG secreting cells in normal and tumour-bearing
Nu/Nu mice
The hypothesis that the high level of IgA in tumours
was dependent upon T-cell activity was tested by
examining CCH1 tumours growing in syngeneic athy-
mic nude mice and heterozygous litter-mates. The
results are presented in Table 3. It can be seen that the
distribution of IgM, IgA and IgG secreting cells in
nude mice is not surprisingly skewed towards IgM
secretors and there are less PFC/105 cells in nudes than
in their litter-mates. The difference between the rela¬
tive levels of Ig secreting cells in the spleen and blood is
not as marked in the athymic as in the intact mice. The
raised levels of IgA within tumours does not occur.
This suggests that the high relative levels of IgA
secretors in the blood of intact mice and within the
tumours may be the consequence of T-cell-dependent
responses to environmental antigens.

Ig secreting cells in normal and C. parrum-stimulated
mice

To investigate whether raised levels of IgA could be
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Table 3. Ig secreting cells in normal and tumour bearing CBA Nu/Nu
(nude) mice

Total
Source of PFC/105

Treatment cells IgM (%) IgA (%) IgG (%) cells

Control Nu/Nu Spleen 67 ±3* 15± 1 18 + 2 149 ± 19
P.blood 55 + 5 20 + 4 25 + 2 48 + 17
Peritoneum 52 ±2 22 + 2 26± 1 52± 10

CCH1 tumour- Spleen 69 + 0 14 + 2 16 + 2 122+16

bearing Nu/Nu P.blood 54±4 21 + 1 25 ±3 65 ±5
Peritoneum 50 ±2 25 ±6 25 + 4 70+11
Tumour 45 ±2 25 + 2 30 ± 1 76 ±19

Control Nu/ + Spleen 29+1 16 + 2 55 + 3 339 + 24
P.blood 35 ± 3 31 ± 1 34 + 3 157 ±6
Peritoneum 32 ± 1 19± 3 52 ±3 138 ±36

CCH1 tumour- Spleen 30 + 2 15 ± 3 55 + 3 306 + 58

bearing Nu/ + P.blood 32 ±3 34 + 3 33 + 2 141 ± 14
Peritoneum 33 ± 1 19+1 48 ±2 148+19
Tumour 34+1 33+1 33+1 151+33

* Mean of individual determinations from three mice ± 1 SD.

Table 4. The effect of C. parvum on Ig secreting cells

Day * Stimulus IgM (%) IgA (%) IgG (%) Total PFC/105

The peritoneum
3 None 29 + 4t 15 ± 2 56 + 3 127 ± 20

C.parvum 30 ±3 15 ± 2 54 + 6 99± 17
5 None 32+1 18+1 50 + 3 143 + 30

C.parvum 33 ± 1 14±2 53 + 2 116± 10
7 None 29 ±2 15 + 3 56 ±2 111 + 5

C.parvum 27 + 2 32 + 4 4! ±3 133 ±16
11 None 30+1 15+1 55 + 2 144 ±26

C.parvum 32± 1 31 ±2 37+ 1 129 ±15

The spleen
3 None 28+1 14 + 2 58 + 2 274 ±72

C. parvum 21 ±2 13± 1 60 + 2 282 ±99
5 None 28 + 2 15+1 57 + 3 186 ± 32

C. parvum 25 + 2 13± 1 62 ±3 368 ±72
7 None 29+1 15 ± 1 56+1 204 + 30

C. parvum 21 + 1 15 ± 1 65 ± 1 290 ±9
11 None 29+1 14+1 57 ± 1 290+16

C. parvum 23 ±2 10±1 67 + 2 536 ±37

* Days after 0-25 mg C. parvum i.p.
t Mean of individual determinations from four mice ± 1 SD.
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found at an inflammatory site we examined the
kinetics of the appearance of cells secreting the IgA,
IgM and IgG isotypes in mice which had been
intraperitoneally stimulated with 0-25 mg of C. par-
vum. This injection stimulates powerful inflammatory
and immune responses in the treated animals. The
results are presented in Table 4. Most interestingly the
relative percentages of antibody secreting cells in the
peritoneal cavity altered during the course of the
experiment. The normal peritoneal pattern had by day
7 after C. parvum injection changed to reflect the blood
picture, i.e. the relative levels of IgA secreting cells
increased and the IgG secreting cells decreased. This
pattern is very similar to that found in growing
tumours. The spleen did not show much change but
the relative levels of IgG were slightly increased from
day 7. During the acute inflammatory response, up to
4 days after C. parvum injection, there was no
measurable change in the ratios of Ig secreting cells.

DISCUSSION

One of the most interesting observations to emerge
from this study is the relative distribution of IgM, IgA
and IgG secreting cells in the spleen and peripheral
blood of normal mice. In the spleen the relative levels
of IgG secreting cells are higher and IgA secreting cells
are lower than in peripheral blood. The approximate
1:1:1 ratio of IgM: IgA: IgG secreting cells found in
this study of murine peripheral blood is similar to that
reported by Kunori et al. (1980) in man. We have been
unable to find any other reports in the literature of the
levels of Ig isotype secreting cells in blood and
therefore assume this to be the normal situation. In
view of the finding that rat thoracic duct lymph
contains a considerable number of IgA containing
(and presumably secreting) cells (Williams & Gowans,
1975) it is perhaps not surprising to find a high level in
the blood. These IgA producing cells are presumably
largely derived from the lymphocytic pool recirculat¬
ing through the mucosal tissue, as is also suggested by
the finding that peripheral blood lymphocytes can be
mitogenically stimulated to secrete predominantly
polymeric IgA (Kutteh, Koopman, Conley, Egan &
Mesteck, 1980).

In athymic mice most of the Ig secreting cells from
any source examined belonged to the IgM class
although the total number of PFC per 105 cells was less
than in the controls. This confirms that T cells are

required not only for IgG but also for IgA production

as has been shown by Elson, Heck & Stober (1978). It
also suggests that the high relative levels of IgA
secreting cells in the peripheral blood may reflect
T-cell-dependent responses to environmental
antigens. It would be of interest to examine the tissues
of germ-free animals to verify this hypothesis. It
should be noted that there are Ig secreting cells within
tumours grown in athymic mice and furthermore that
the relative levels of the isotypes detected also reflects
those found in the peripheral blood suggesting that
mature T cells are not necessary for the appearance of
Ig secreting cells within tumours.

Within tumours the level of IgM, IgA and IgG
secreting cells were more like those in the peripheral
blood than the spleen or peritoneum. This was not due
to the degree of vascularization because the tumours
varied greatly in this respect and the same picture was
found even in a non-vascularized ascitic tumour.

Although the tumours vary greatly in their immuno-
genicity, they all showed the same ratios of IgM:
IgA: IgG secreting cells so that immunogenicity per se
is unlikely to be a relevant factor. Furthermore, the
tumours vary greatly in their degree of macrophage
infiltration and activation (McBride, to be published)
suggesting that these processes are also not relevant to
the appearance of Ig secreting cells within the
tumours.

At the site of C. parvum-induced inflammation the
levels of IgM, IgA and IgG secreting cells again
reflected the pattern found in peripheral blood and in
tumours. Interestingly, this pattern did not emerge
until 7 days after C. parvum injection even although by
day 1 there is an inflammatory response with neutro¬
phil accumulation and by day 3 M0 accumulation
(McBride, Dawes, Dunbar, Ghaffar & Woodruff
1975). The reason for this delay could be that the cells
involved mature to Ig secreting cells in the site or that,
if they arrive as mature cells, the stimulus is not of an
acute inflammatory nature.

The most likely interpretation of these studies is that
B cells or Ig secreting cells extravasate from peripheral
blood in response to a chronic stimulus. There appears
to be no class specificity involved, i.e. the relative levels
of Ig secreting cells which enter a stimulated site
reflects that found in the peripheral blood. The nature
of the stimulus for this phenomenon remains unclear.
Mature T cells do not appear to be required. An acute
inflammatory response is not sufficient for their
appearance. It is of interest that Moore & Hall (1973)
found that immunoblasts (presumably B cells) did not
indiscriminately enter all cellular exudates but did
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enter those stimulated by C. parvum. Further work is
required to elucidate this point.

Unfortunately the protein A plaque assay does not
allow for determination of the specificity of the
immunoglobulin secreted so it is not possible to make
statements about the representation of each isotype in
any immune response although we prefer to think of
the response within tumours as being largely non-
tumour-specific.

It appears likely from these studies that Ig detected
on tumours is indeed secreted in situ with the proviso
that the relative levels of immunoglobulin secreting
cells ofparticular isotypes do not necessarily reflect the
absolute relative levels of antibody secreted.
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SUMMARY

Systemic administration of Corynebacterium parvum causes T cell-dependent regression
of an established methylcholanthrene-induced murine fibrosarcoma beginning 10 days
after Cp injection. At this time, tumour specific effector T cell responses measured by
reactivity in a T helper cell assay or in a Winn assay disappear only to return later. We refer
to this temporary lapse in T cell reactivity as immunological 'amnaesia'. Antigen specific T
cell responses within all lymphoid organs appear to be affected. The 'amnaesic' state is
characterised by the presence of primed T cells but the absence of T effector cells and
suppressor cells. The differentiation of the primed T cells is blocked probably as a result on
the non-delivery of a differentiation signal. There are several possible mechanisms which
could account for this; the one we prefer is that cells are prevented from entering T
cell-dependent cell interaction areas within lymphoid organs. This state of T cell
'amnaesia' may underlie anergy in some inflammatory, infectious and neoplastic diseases.
The apparent paradox of T cell-dependent tumour regression occurring in mice with
depressed T cell responses is discussed.

Keywords tumour immunotherapy T cell anergy TCGF Corynebacterium parvum

INTRODUCTION

In recent years a considerable amount of research effort has been focused upon ways of
manipulating the host's immune system so that it might better resist the growth and spread of
neoplastic disease. One outcome of these studies has been to show that different facets of the
immune system are protective under different circumstances and that their involvement depends
upon the nature of the tumour. In particular it appears that regression of established tumours
normally requires a tumour specific T cell response to be generated.

Evidence for an important role for T cells in tumour regression can be drawn from adoptive
transfer studies in T cell deprived mice which show that T cells are particularly effective at
conferring resistance to tumour growth. This evidence is indirect but has on occasion been
supported by studies which compare the reactivity of lymphoid cells from mice bearing
progressively growing tumours with that from mice whose tumours have been made to regress by
administration of immunotherapeutic agents. We have used both these approaches to study the
mechanisms underlying T cell-dependent regression of an established subcutaneous (s.c.) syngeneic
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fibrosarcoma (FsaR) induced by systemic administration of Corynebacterium parvum. This is a well
documented system (Milas el al., 1974; Peters et al., 1978; McBride et al., 1980; Moore & McBride,
1983) in which FsaR regression does not commence until 9 days after C. parvum administration
(Milas et al., 1974).

Tumour regression caused by systemic C. parvum is of particular interest because given by this
route, C. parvum has been found to depress certain T cell functions (Scott, 1972; Toujas et al., 1973;
Castro, 1974; Kirchner, Holden & Herberman 1975; Milas et al., 1975; Milas & Scott, 1975)
including graft rejection, and NK cell reactivity (Kumar, Leuvano & Bennett 1979) yet C. parvum-
induced regression of FsaR tumours is T cell-dependent (Peters et al., 1978; McBride et al., 1980).
The extent of this regression is often striking and occasionally complete cures are obtained (Milas et
al., 1974). In this respect, as well as in its T cell dependency, this system conflicts with most reports in
the literature which state that when C. parvum is administered systemically it's anti-tumour action is
relatively weak and independent of the presence of T cells (Scott, 1974; Woodruff, Dunbar &
Ghaffar. 1973). These differences are presumably due to the nature of the tumours used but further
illustrate the requirement for T cells for marked regression of established tumours. A similar T cell
requirement for regression is frequently seen when C. parvum is injected directly into established
tumours (Woodruff et al., 1973; Scott, 1975; Keller, Greager & Baldwin 1978).

Our previous studies on the effect of systemic C. parvum on tumour specific T cell responses used
two cell transfer assays which gave apparently conflicting results (Peters et al., 1978). As measured
in Winn assay C. parvum did not affect the initial development of splenic T cell reactivity but
surprisingly around 10 days after its injection, just at the start of tumour regression, reactivity
vanished only to reappear 1 week later. This C. parvum-mducsd temporary lapse in T cell
responsiveness could not be attributed to the presence of suppressor cells. Paradoxically when the
same T cells that were unresponsive in the Winn assay were adoptively transferred to T cell deprived
mice they were fully capable of causing regression of well established tumours (Peters et al., 1978),
regression commencing 10 days after transfer.

We report here on studies to investigate these apparently contradictory findings on the effect of
systemic C. parvum on tumour specific T cell responses. We measured changes in the T cell responses
within the lymphoid organs of tumour bearing mice after C. parvum treatment. This tumour is not
readily susceptible to lysis by cytotoxic T (Tc) or natural killer (NK) cells so we employed a
sensitive, reproducible assay for tumour specific T helper cell activity which has advantage that it
can be used to examine in vitro the in vivo generation of tumour specific helper and suppressor cell
responses (Howie & McBride, 1982). The assay relies on the recognition in vitro of tumour specific
determinants on haptenated irradiated FsaR cells by T helper (Th) cells and the subsequent
presentation of hapten determinants to hapten primed B cells to give an anti-hapten response.

We have demonstrated that systemic C. parvum induces a temporary lapse in T ceil
responsiveness in all lymphoid organs 10 days after its injection, just at the start of the tumour
regression. This only operates at the effector cell level and is not due to T suppressor (Ts) cell
activity.

We refer to this temporary state of unresponsiveness as 'immunological amnaesia' partly
because the T cells appear to have 'forgotten' what they were doing and partly because it has novel
features that distinguish it from other unresponsive states which depend upon suppressor cells or
tolerance induction.

We suggest that this mechanism could lead to the loss of responsiveness that is so frequently, yet
variably, found in certain infectious, neoplastic and inflammatory diseases (Bullock. 1971) and
discuss its relevance to the mechanism of C. parvum-'\ndvictd tumour regression.

MATERIALS AND METHODS

Reagents. 2,4,6-tri-nitrobenzene sulphonic acid (TNBS) and concanavalin A (Con A) were
purchased from Sigma Chemical Co., Poole, UK; C. parvum (7 mg/ml) from Wellcome Reagents.
Beckenham; Dispase from Boehringer, Mannheim, Federal Republic of Germany; Percoll from
Pharmacia, Uppsala, Sweden; fetal calf serum (FCS) from Gibco Biocult Ltd., Scotland; RPMI
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1640 medium from Flow Laboratories Ltd., Scotland; Na5lCrC>4 and 3H-uridine from Amersham
International.

Antiserum. Monoclonal rat anti-mouse Thy 1.2 (30.H.12) antibody was the kind gift of Dr H.S.
Micklem, Department of Zoology. University of Edinburgh.

Complement. Serum from normal outbred guinea-pigs as a source of complement was absorbed
with either sheep erythrocytes (for PFC assays) or mouse splenocytes (for cytotoxicity).

Erythrocytes. Sheep erythrocytes (SRBC) (from sheep N. R.207) were the kind gift of Mr C.
Burrells. Moredun Research Institute, Edinburgh. Calf erythrocytes (CRBC) (calf No. 21) were
purchased from Tissue Culture Services Ltd., Slough, UK.

Tumour. FsaR tumour has been described in detail elsewhere (Milas et al., 1974; Peters et al.,
1978; McBride et al.. 1980). It is a methylcholanthrene-induced fibrosarcoma syngeneic to
C3HfBu/Kam mice, used at transplant generation 7-12. Suspensions of tumour cells were prepared
by finely chopping solid tumours and treating with dispase (Moore & McBride, 1980). For use as
antigen, cell were irradiated with 5,000 rad in a cobalt source.

Mice. Male and female C3HfBu/Kam mice, bred and maintained in the Animal Unit,
Department of Bacteriology, University of Edinburgh, of 12-18 weeks of age were used.

Tri-nitrophenvlation of erythrocytes and tumour cells. As previously described (Flowie &
McBride, 1982).

Immunization ofmice, (a) Tri-nitrophenol (TNP) priming 0-2 ml of TNP-CRBC in HBSS were
injected i.p. on two occasions at least 4 weeks apart. Spleens were used as a source ofTNP primed B
cells at least 3 weeks after the last injection.

(b) Tumour tumours were induced by inoculating mice with 4 x 105 viable FsaR cells s.c. in the
right flank.

(c) C. parvum therapy 4 days after inoculation of FsaR cells mice were injected i.v. with 0-25 mg
C. parvum in HBSS (Milas et al., 1974).

Lymphocyte separation. Spleen cell suspensions were depleted of T cells by treatment with
anti-Thy 1-2 and complement.

Spleen cell suspensions were enriched for T cells by passage over nylon wool columns (Julius.
Simpson & Herzenberg, 1973). Adherent cells were removed from nylon wool by forcing medium
through the syringe several times with the plunger.

Peripheral blood lymphocytes were isolated on Percoll. One volume of heparinized blood plus 2
vols HBSS were spun on 6 vols 62% Percoll in HBSS at 400# for 20 min.

Cell cultures, (a) Generation of PFC responses in vitro these cultures have been described in detail
elsewhere (Howie & McBride, 1982). Briefly, T cell depleted TNP-CRBC primed spleen cells were
the source of TNP primed 'B' cells and these were incubated in RPMI 1640 medium containing 5%
FCS at 37° in a humidified 7% CO2 incubator along with TNP-CRBC or irradiated TNP-FsaR as a
source of antigen, in the presence or absence of appropriate Th cells. Putative suppressor cell
populations were tested by adding cells to the basic system. Quadruplicate 0-2 ml cultures in 96 well
microtitre plates contained 5x 105 TNP primed 'B' cells, 2x 104 TNP-FsaR cells or 2 x 107
TNP-CRBC as antigen, ±6x 104 'helper' cells and ±6x 104 'suppressor' cells. The results are
reported as the number of PFC on day 5 with TNP-SRBC as indicator cells minus the number of
PFC obtained using SRBC as indicator cells and expressed as PFC/106 input 'B' cells. In kinetic
experiments it was not possible to directly compare PFC numbers on different days, so results are
expressed as a % of the 'maximal' response obtained on that day; the 'maximal' response being
taken as that produced by TNP primed B cells reconstituted with nylon wool passed TNP-CRBC
primed spleen cells with TNP-CRBC as antigen (Howie & McBride, 1982). Suppression is expressed
as the % depletion of the equivalent Th response.

(b) Additional culture conditions in some experiments spleen cells were cultured for an additional
period of time before being assayed. Five million spleen cells/ml in RMPI 1640 medium with 5%
FCS were cultured in the presence or absence of 105 irradiated FsaR cells/ml in 1 -5 ml aliquots in 24
well tissue culture plates. These cultures were than tested for Th activity as described above.

(c) Production ofTCGF containing supernatants spleen cells from normal mice were incubated in
RPMI 1640 + 2% FCS with 2 /xg/ml Con A for 24 h at 37°C. Supernatants were absorbed for 1 h
with Sephadex G10 to remove Con A, and NS-1 myeloma cells to remove B cell activating factors
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and tested for Con A and TCGF activity in a thymocyte proliferation assay (Watson, Gillis &
Marbrook, 1979).

Localization studies. Nylon wool passed T cells from spleens of normal mice were labelled at
5 x 107 cells/ml in RPMI with 5% FCS in Na5lCr04(50 /tCi/ml) or 3H-uridine(50 /tCi/ml) for 1 hor2
h, respectively. After washing three times, 1-5 x 107 cells were injected i.v. into untreated or C.
parvum treated mice bearing 14 day old tumours or without tumours. Organs were harvested at 18 h
and those from mice receiving 51Cr-labelled cells were weighed and counted while spleens from
those receiving 3FI-uridine-labelled cells were processed for autoradiography. Sections were dipped
in Kodak NTB2 Nuclear Track Emulsion and exposed for 12 weeks before being developed and
stained.

RESULTS

Kinetics ofTn and Ts cells in the spleens of tumour bearing mice undergoing therapy
We previously reported that tumour specific Th cells are detectable by 4 days after tumour cell
inoculation, the response peaks around day 14 and subsequently declines as tumour specific Ts and
non-tumour specific, non-T suppressor cells appear (Flowie & McBride, 1982). When C. parvum is
injected i.v. 4 days after s.c. tumour inoculation tumours partially, and sometimes completely,
regress. Regression starts 19 days after C. parvum is given and requires an intact T cell system (Peters
et al., 1978; McBride et al„ 1980).

Because of the T cell dependency of C. parvum-induced regression of FsaR we investigated the
effect of C. parvum on tumour specific Th and Ts responses. The results are shown in Table 1. Both
C. parvum treated and untreated mice had similar levels of tumpur specific Th in their spleens on day
8 but by day 15 Th had disappeared from the spleens of the C. parvum treated group. The
unresponsive state induced by C. parvum was transient, Th had recovered fully by day 22.

Mixing experiments showed that the lack of Th in the C. parvum treated group was not due to
the presence of Ts. Even large numbers (up to a 3:1 ratio) ofT cells from C. parvum treated spleens
were unable to suppress the responses of positive cultures and whole spleen cells were not
suppressive (data not shown).

Table 1. Kinetics of Th and Ts in the spleens of tumour bearing mice undergoing C. parvum therapy

Day

Treatment Response 8 15 22 29 37

FsaR
f % help* 81 ±4} 70 + 6 86 + 8 7 + 6 dead

t% suppressiont — — — 87 ±4 dead

FsaR-C. parvum -
f°/o help*
[% suppressiont

76 + 6 8±4
7±4

83 ±6 56 ±11
36 ±4

2±2
92 + 2

Nylon wool passed spleen cells from FsaR bearing mice with or without C.
parvum therapy (0-25 mg i.v., day +4) were added to TNP primed B cells with
irradiated TNP-FsaR cells as antigen and incubated for 5 days.

* % help is the PFC response as a percentage of the maximum response on
that day. The maximum response is that given by the TNP primed B cells in the
presence of nylon wool passed TNP-CRBC primed spleen cells with
TNP-CRBC as antigen.

t % suppression is the amount by which a positive response given by TNP
primed B cells in the presence of irradiated TNP-FsaR as antigen and nylon
wool passed spleen cells from FsaR bearing mice (day 15) is suppressed by the
addition of nylon wool passed cells from mice with putative suppressor cell
activity.

+ Response of individual mice (mean %+ 1 s.d., four mice per group).
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The influence of C. parvum on responses to FsaR in lymphoid organs other than the spleen
We considered the possiblitities that the C. parvum induced temporary state of unresponsiveness,
which we refer to as 'immunological amnaesia', could have resulted from local disturbances within
the spleen or from diversion of effector cells into lymphoid organs other than the spleen. In fact, the
'amnaesia' was generalized. The kinetics of Th in the lymph nodes draining and contralateral to
FsaR was affected by C. parvum in an identical way to those in the spleen, being transiently
depressed 10 days after C. parvum injection (Table 2, day 14). Note that in untreated tumour bearing
mice the appearance of Th in the contralateral lymph nodes was delayed compared to the draining
nodes indicating that it takes more than 7 days for the response to spread. Neither helper or
suppressor activity could be detected in the thymuses of untreated or C. parvum treated tumour
bearing mice on day 14 and only minimal help was displayed by peripheral blood lymphocytes from
the untreated group.

C. parvum-induced 'amnaesia' is due to a block in the differentiation o/Th cells into effector cells
Experiments were performed to investigate whether the loss of Th caused by C. parvum was due to
deletion of reactive cells or to a block in their differentiation into effector cells. Spleen cell
populations were incubated in vitro in the presence (data not shown) or absence of irradiated FsaR
tumour cells. As can be seen from Table 3 an additional 3 days in culture allowed unreactive spleen
cell populations from C. parvum treated mice to develop Th activity showing that they contained
tumour specific Th cell precursors and that in vivo they were lacking the signal(s) that prompt them
to differentiate into functional Th- This conclusion was supported by the finding that partially
purified, TCGF containing supernatants also encouraged expression of Th in the unresponsive
population (Table 4).

The effect of C. parvum on lymphocyte traffic in FsaR bearing mice
C. parvum has profound effects on the structure of lymphoid tissues. Such changes might influence T
cell trafficking to and through the organs and might contribute to C. parvum induced immunlogical
amnaesia by preventing cell-cell interaction required for the differentiation of functional Th cells.
The distribution of 51Cr-labelled normal T cells 18 h after injection was not altered by the presence
of tumour (data not shown). However in tumour bearing mice given C. parvum in repeated
experiments there was a consistent 40% depression in the number of cells localizing in the lymph

Table 2. The effect of C. parvum therapy on the kinetics of tumour specific Th in lymph nodes draining and
contralateral to FsaR tumours

Percentage help*

Treatment Source of Th cells Day 7 Day 14 Day 21

FsaR Spleen 86± 16t 92 + 3 88 ± 1
FsaR-C. parvum Spleen 88± 16 2± 1 96 + 5
FsaR Draining L.N.J 93 + 18 95 + 22 81 + 15
FsaR-C. parvum Draining L.N. 71 ±14 5±3 86± 12
FsaR Contralateral L.N.j 10+10 61 ± 3 84+ 1
FsaR-C. parvum Contralateral L.N. 4 + 4 6±4 80 + 8

Lymphoid cells from FsaR bearing mice with or without C.
parvum therapy (0-25 mg i.v., day +4) were added to TNP primed B
cells with irradiated TNP-FsaR cells as antigen.

* See Table 1.
t Response of individual mice (mean % + 1 s.d.), three per group.
J Single cell suspensions from pooled inguinal, axillary and

brachial lymph nodes draining or contralateral to FsaR tumours
growing for 7, 14 or 21 days on the right mid-flank.
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Table 3. C.parvum-induced 'amnaesia' in spleens of FsaR-bearing mice can be reversed by in vitro culture ofcells

Treatment

Helper cell source No./culture* FsaR FsaR C. parvum

Day 14 spleens

Day 14 spleens
cultured for 3 days

6 x 104 1,170t 165

6x 104 830 890

2x 104 670 490
6 x 103 310 110

Spleens were taken from 14 day FsaR bearing mice with or
without C. parvum therapy. Cells from three spleens per group
were pooled and an aliquot tested for helper function. The rest of
the cells were incubated at 5 x 106/ml for 3 days before being
tested.

* Number of spleen cells containing putative help added to
each culture.

t Anti-TNP PFC/106 cells. Background controls had < 150
PFC/106 cells.

Table 4. TCGF restores Th cell activity missing in spleens from C. parvum-treated tumour bearing mice

% TCGF containing medium
added§

Source of

helper ceils 0 3 10 30

Expt. 1.
°

Nil4 10 100 150 190

FsaRt 890 820 810 780

FsaR-C. parvumX 70 222 530 710

Expt. 2
Nil4 10 40 50 40

FsaRt 660 640 730 760

FsaR-C. parvum\ 110 410 690 660

4 TNP-CRBC primed B cells + irradiated
TNP-FsaR.

t As for 4 plus NW passed cells from 14 day
FsaR bearing mice.

X As for 4 plus NW passed cells from 14 day
FsaR bearers given C. parvum i.p. day 4.

§ PFC/106 input B cells.

nodes draining and contralateral to tumour; the sizes of lymph nodes were unaltered by C. parvum
treatment, the draining nodes being five and the contralateral two times higher as a result of tumour
bearing. The number of cells in the blood was 22% higher in the C. parvum treated group. Gross
localization in the spleen was unaltered by C. parvum treatment even though the spleens were three
and a half times larger than in the tumour bearing controls (Table 5).

Autoradiography of the distribution of 3H-uridine-labelled normal T cells in the spleens of
normal and C. parvum treated mice with and without 14 day old tumours was performed to see if
there was any difference in the localization of T cells in the splenic compartments. Attempts were
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made to quantitate entry into the T cell-dependent areas by counting the number of labelled cells in
fields that included an arteriole as their central feature. A marked decrease was found in the number
of T cells entering the T cell-dependent areas of C. parvum treated mice (Table 6). No conclusions
could be drawn on the localization of T cells in the red pulp of the spleens.

Table 5. Localization of 51Cr-labelled T cells in organs from untreated and C. parvum-treated mice with 14 day
old FsaR tumours

ct/min

Organ FsaR-C. parvum FsaR

Spleen 77,554±2,836* 77,203 ±1,502
Liver 53,530 ±1,643 56,920 ±1794
Lung 3,190 ±319 3,390± 130
Draining lymph nodet 2,995 ±286J 5,105 ± 275
Contralateral lymph node 2,106±316J 3,429 ±464
Blood (200 p\) l,680±85t 1,377 ±32

Six mice per group were injected i.v. with 1-5 x 107 nylon
wool passed 51Cr-labelled spleen cells from normal mice
(148,823 ct/min injected). Organs were removed at 18 h and
counted.

* Mean± 1 s.e.

t Inguinal, axillary and brachial combined.
t P<0-05 (Student's f-test).

Table 6. Localization of 3H-uridine-labelled T cells in T cell-dependent areas of spleens of untreated and C.
parvum treated mice without tumour and with 14 day old tumours

Labelled cells/field

Treatment Untreated C. parvum treated

Normal mice 18-6 + 2-9* 2-7+1-8
FsaR bearing mice 20-5 ±6-4 4-6 ±1-6

Fifteen million 3H-uridine-labelled nylon wool
passed T cells were injected i.v. and spleens taken at
18 h and processed for autoradiography.

* Mean number of labelled cells per field ± 1 s.e.

(magnification x400).

DISCUSSION

Given systemically C. parvum has been reported to temporarily depress T cell (Scott, 1972; Toujas et
al., 1983; Castro, 1974; Kirchner et al., 1975; Milas et al., 1975) and NK cell (Kumar et al., 1979)
responsiveness. This is in apparent conflict with its immunotherapeutic properties. Immunodepres-
sion is most obvious 1-2 weeks after C. parvum administration; earlier than this, responses appear
to be unaffected or enhanced (Kumar et al., 1979; Gidlaud et al., 1978).

We have examined tumour specific T cell responses in a system where systemic C. parvum
induced tumour regression by a T cell-dependent mechanism and have found that just before
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regression is initiated, tumour specific Th responses are profoundly depressed. Unresponsiveness is
maximal 9 days after C. parvum administration and altering the time of C. parvum injection relative
to tumour inoculation serves only to similarly alter the onset of unresponsiveness and regression
(McBride & Howie, unpublished observations). It is important to note that the tumour response

develops normally in C. parvum treated mice, is 'switched off for 1 week, only to return to full
responsiveness 15 days after C. parvum injection.

We have characterized the mechanism underlying this temporary state of unresponsiveness
which we refer to as 'immunological amnaesia'. All lymphoid organs seem to lack responding cells
including the lymph nodes draining the tumour. *Trapping' of reactive cells within the tumour is not
a likely explanation of the phenomenon, firstly, on conceptual grounds and, secondly, because we
can find little reactivity in lymphocyte populations taken from tumours at this stage (Howie,
unpublished observations). Furthermore T cell responses to antigens other than tumours are
depressed. Th cells primed to sheep red cells (i.p.) are unable to respond to antigen in vitro 9 days
after C. parvum injection (Howie, unpublished observations).

The major effect appears to be on T cell responses—and not only Th reactivity. We showed
previously (McBride et al., 1980) that, C. parvum depressed FsaR specific T cells reactive in the
Winn assay. B cell responses appear to be less affected (Howie, McBride & James, 1982) and the
humoral response to C. parvum itself, which has a strong thymus-independent antigenic and
mitogenic component, is not 'switched off (Howie, unpublished observations; McBride et al., 1975;
James et al., 1977). Because Th responses are depressed it follows that C. parvum can concurrently
enhance non-Tn-dependent pathways of B cell stimulation probably through its action as a B cell
mitogen or its ability to activate macrophages (Zola, 1975; Howie, unpublished observations).

The 'amnaesic' state induced by C. parvum is also characterized by an absence of functional
suppressor cells. This is a finding which conflicts with the mechanism others have proposed to
explain depressed T cell responses in C. parvum treated mice (Scott, 1972; Kirchner et al., 1975;
Milas et al., 1975). Using relatively high doses of C. parvum, these workers demonstrated the
presence of functional suppressor macrophages in spleen cell populations. In contrast, the lower
doses of C. parvum (0-25 mg) we employed did not generate any cells able to suppress generation of
tumour specific Th, tumour specific reactivity in the Winn assay (McBride et al.. 1980), or Con A
mitogen responses (Howie, unpublished observations). The absence of suppressor cells in this study
suggests they are unlikely to be relevant to C. parvum-induced T cell 'amnaesia'.

The 'amnaesic' state is further characterized by the presence of primed cells and is not due to
deletion of reactive cells. This is evident from the findings that culturing unresponsive cell
populations from C. parvum treated. FsaR bearing mice for an extra 3 days or with TCGF
containing medium fully restored responsiveness. This suggests that the defect is in the absence of a
mediator responsible for the differentiation of primed cells into effector cells. This C. parvum-
induced block in T cell differentiation explains our earlier apparently contradictory results that
'amnaesic' T cells, inactive in a local Winn assay, could confer on T cell deprived mice the ability to
reject a growing tumour (McBride et al.. 1980). It is reasonable to assume that the transfer system
allows primed T cells the opportunity to differentiate in vivo whereas the Winn assay measures only
direct effector-target cell interactions.

We have tried to address the question of how C. parvum induced a block in T cell differentiation.
It is impossible to totally exclude a suppressor cell mechanism active on primed cells in vivo but
unable to be demonstrated in vitro. However the fact that TCGF can restore responsiveness
suggests that a lack of a differentiation message rather than a suppressor effect is the cause of the
'amnaesic' state.

Proliferation of bystander cells in vitro is known to be able to lead to a situation where there is
competition for TCGF with subsequent decreased specific responses (Gunther, Haas & von
Boehner, 1982) and it is possible that C. parvum, by stimulating extensive proliferation, could create
a similar environment, however we did not see such an effect in our mixing experiments. It is
possible that C. parvum modifies the ability of cells to produce TCGF, however we prefer the
hypothesis that T cell trafficking is disrupted in the C. parvum treated animal, that T cells are unable
to enter the cell interaction areas in normal numbers, and it is as a result of this that they do not
receive the signal to differentiate. We are unable to prove this hypothesis and admit the need for
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further investigation, however it would explain why T cell reactivity is affected independently of
some B cell responses which could occur in white pulp area.

The mechanism responsible for C. parvum-induced T cell 'amnaesia' may be relevant to anergic
states found on occasion in certain chronic inflammatory, infections and neoplastic diseases; in
particular in diseases where lymphoid architecture is disrupted and delayed type hypersensitivity
recall reactions are depressed.

A final consideration is the relevance of the C. parvum-induced T cell unresponsive state to the T
cell-dependent tumour regression which follows it. We have shown previously that in this tumour
system C. parvum treatment leads to enhanced Fc receptor expression by intratumoural
macrophage populations and in particular by a subpopulation of small macrophages (Moore &
McBride, 1983). It is possible that even though C. parvum depresses T effector cell reactivity it allows
secretion of factors capable of activating a subpopulation of macrophages particularly those
cytotoxic for tumour cells. Alternatively even though they may not be stimulated to differentiate,
tumour specific T cells may, as a result of C. parvum treatment, proliferate more than normal and
when the block is removed the wave of differentiating cells may be akin to the generation of a
powerful second set of rejection mechanism. These possibilities are currently being investigated.

We would like to thank Graeme Dougherty for helpful discussions and Alyson Ross of the MRC Clinical and
Population Cytogenetics Unit. Western General Hospital, Edinburgh, who kindly cut and autoradiographed
the sections.
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Summary.—Mice depleted of T lymphocytes by thymectomy, whole-body irradiation
and bone-marrow reconstitution showed a marked increase in susceptibility to the
development of lung colonies after i.v. injection of cells of an immunogenic fibro¬
sarcoma. However, a similar increase was observed in unthymectomized, irradiated
and reconstituted mice that had recovered their T-cell function, as evidenced by
rejection of allogeneic skin grafts. In both thymectomized and unthymectomized
mice subjected to whole-body irradiation, the lung-colony-forming efficiency was
high 1 day after irradiation, declined to a minimum at 7 days, and thereafter increased
again, unless the animals were held in a pathogen-free environment. Reconstitution
of T-cell-depleted mice with thymocytes and/or a thymic lobe graft tended to increase
further, rather than reduce, lung-colony-forming efficiency. Induction of profound
lymphopenia, by irradiation of the whole body except the thorax, did not significantly
increase lung colony yields. These studies show that the lung colony assay is not a
reliable method of assessing T-cell function in irradiated mice.

The lung colony assay, introduced by
Hill and Bush (1969), is an economical
and popular method of in vivo assay of
tumour-cell clonogenicity. The assay is
performed by injecting cells from dis¬
aggregated tumours i.v. into assay
animals. After an appropriate interval
(usually 2-3 weeks) the animals are
killed, and the number of macroscopic
tumour nodules on the surface of the
lungs is counted. Within certain limits, the
number of colonies is proportional to the
number of reproductively viable (clono-
genic) cells in the inoculum. The charac¬
teristically low efficiency of the assay
(number of lung colonies formed for a
given number of injected cells) is increased,
inter alia, by irradiation of the lungs prior
to injection of tumour cells (Dao and
Yogo, 1967; Withers and Milas, 1973;
Brown, 1973; van den Brenk et al., 1973;

Thompson, 1974). The mechanism by
which lung-colony-forming efficiency
(CFE) is increased by irradiation is
unknown, but the effect is found whatever
the tumour-cell immunogenicity. Using a
demonstrably immunogenic murine fibro¬
sarcoma, we found, not unexpectedly, that
lung CFE was enhanced more by equival¬
ent doses of whole-body irradiation (WBI)
than local thoracic irradiation (LTI).
However, our initial presumption that this
increase was simply due to abrogation of
the specific T-cell-dependent antitumour
immune response elicited by this tumour
(Milas et al., 1975) proved to be un¬
justified. Our data show that interpreta¬
tion of results of the lung colony assay in
mice deprived of T cells by the classical
technique of thymectomy, irradiation and
syngeneic bone-marrow reconstitution
(TIR) can be extremely difficult, and that
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the assay may yield results which are not
indicative of T-cell function.

materials and methods

Mice..—C3Hf/Bu mice of both sexes were
used. These mice were bred and maintained
in the specific-pathogen-free animal colony of
M. D. Anderson Hospital, Section of Experi¬
mental Radiotherapy laboratory. However,
to gain access to an X-ray machine suitable
for zonal irradiations, mice for most ex¬

periments were removed from the closed
animal colony and thereafter housed in
an open environment, 5 to a cage.
Within each experiment, mice of the same
sex aged 10-12 weeks (except as noted below)
were used.

TumourThe tumour used in these experi¬
ments is a methvlcholanthrene-induced fibro¬
sarcoma (FSa) which is immunogenic in its
syngeneic hosts (Suit and Kastelan, 1970).
Source material for the experiments described
in this paper was derived from injection of
fourth-generation isotransplants. The method
used for preparing single-cell suspensions
from this tumour has been described pre¬
viously (Milas et al., 1974).

Irradiations.—A Phillips X-ray therapy
machine was used at 250 kVp, and 15 mA
with 0-5 mm Cu added filtration. The HVL
of the beam was 1 -3 mm Cu and the dose
rate, 91 rad/min at 50 cm. For irradiations
involving shielding, mice were anaesthetized
with Nembutal 60 mg/kg and specially
fabricated shields of 3-mm-thick lead were

placed to expose only the required body
segments. In one experiment, mice received
WBI with a caesium y-ray source to a dose
of 1000 rad, which is biologically equivalent
to 900 rad 250 kVp X-rays. WBI mice were
protected from bone-marrow death by recon-
stitution with syngeneic bone marrow either
immediately after exposure or, in one
experiment, 4 days later.

Production of chronically T-cell-depleted
mice.—Mice were thymectomized at 6 weeks
of age and 1 week later were given 900 rad
WBI, followed immediately by an i.v.
injection of 4xl06 syngeneic bone-marrow
cells. Such mice are designated TIR (thy¬
mectomized, irradiated, reconstituted). Age-
matched controls received the same treatment

except that thymectomy was omitted and
are designated IR. These mice were used in
experiments 2-3 months after preparation.

Lung colony assay.—Single-cell suspensions
of FSa in Hsu's medium were prepared. The
required number of viable tumour cells was
injected i.v. in a volume of0-25 ml. For scoring
of lung CFE, mice were killed 14 days after
tumour-cell injection, and their lungs were
removed and fixed in Bouin's solution and the

macroscopic surface colonies were counted.

results

Effects of regional irradiation on lung CFE
Whole body irradiation (WBI) with

900 rad 250 kVp X-rays given 1 day before
tumour-cell injection increases the effici¬
ency of the lung colony assay in our
system about 11-fold. A corresponding
dose delivered to the thorax only (LTI)
increases the lung CFE 3- to 4-fold. Table
I shows that no specific body region is
critically responsible for this disparity, but
rather that the yield of colonies increases
progressively with the volume irradiated
provided the thorax is included. Interest¬
ingly, we found that, if the thorax was
shielded while the remainder of the body-
was given 900 rad, the yield of lung
colonies was not significantly increased
over controls, in spite of profound lymph¬
openia produced by the radiation ex¬
posure : (the total circulating mononuclear
leucocyte count in irradiated mice at the
time of tumour-cell injection was <200/

Table I.—Number of Lung Colonies from
104 dH Fibrosarcoma Cells Injected i.v.
24 h after Irradiation (900 rad 250 kVp
X-rays HVL=l-<lmm Cu) (10 Mice/
Group)

Volume of mouse

irradiated

Nil
Thorax only-
Whole body except thorax
Thorax + head
Thorax + abdomen
Thorax + head 4- abdomen
Whole body*

Lung colonies
+ s.e. mean

8-2+1-1
27-9 + 3-5
10-84; 1 *6
31-3 + 4-3
62-4 + 6-6
68-1 + 8-3
90-2 + 5-9

* Animals were ''rescued" with 4xl06 bone
marrow cells injected i.v. 4 days after irradiation.
Reconstitution was delayed to prevent a possible
effect on tumour-cell lodgement in the lungs by a
closely-timed i.v. injection of marrow cells.
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mm3, compared with control counts of
~6500/mm3).

Recovery from effects of WBI—role of T
cells

If the extra effect of WBI compared
with LTI were due to T-cell depletion,
recovery from the effect of WBI should be
retarded in mice subjected to thymectomy
before WBI. Fig. I shows that this was
not the case. In two separate pairs of
experiments we noted essentially identical
recovery patterns in WBI mice that had
or had not been thymectomized before
irradiation. Significantly, both groups of
mice showed a secondary increase in the
yield of lung colonies from cells injected

200

•E

€

£
E

20

'14 7 14 21

Time After WBI (days)

Fio. 1.—Number of lung colonies from 104
C3H fibrosarcoma cells at various times
after 900 rad (250 kVp X-rays) whole-body
irradiation. Solid symbols, mice thymec¬
tomized one week before whole body
irradiation; open symbols, unthymecto-
mized irradiated controls. In the experi¬
ment designated by square symbols, the
number of colonies in untreated control
mice was inexplicably low, which accounts
for the vertical displacement of this pair of
curves. However, it is apparent that the
time course of CFE after WBI is not
influenced by thymectomy. Errors repre¬
sent s.e. mean of 8-10 mice per datum point.

more than 7 days after irradiation. This
is in contrast to the situation in LTI mice,
where the lung CFE declines close to
control values by 4 days after irradiation,
and then remains constant for at least
28 days (data not plotted).

To assess further the effect on lung CFE
of acute T-cell depletion by WBI, we
reconstituted mice immediately after
irradiation with 10® normal thymocytes
(along with 107 syngeneic bone marrow
cells) and 7 days later injected 104 FSa
cells i.v. These mice developed a mean of
13-3±2-9 colonies, compared with 8-6;E
1 -5 in mice that were not reconstituted
with thymocytes.

Lung CFE in mice chronically depleted of
T cells

Mice were rendered T-cell deficient by
the technique of thymectomy, irradiation
and syngeneic bone-marrow reconstitu-
tion (TIR) while age-matched controls
received irradiation and bone-marrow
reconstitution (IR) only. Two to three
months later, the T-cell function of these
mice was assessed by their ability to

Table II.—Results of Lung Colony Assays
from 104 or 105 C3H Fibrosarcoma Cells
Injected i.v. 2-3 Months aft'er WBI. (8
Mice/Group)

Tumour cells injected

105

Lung
Condition colonies
of mice ±s.e.

Lung
colonies

Lung
weights (mg)§

Intact ll-9±2-8 —

TIB,* 109-7±41 300-400 797±57
IRf 84-8±9-6 —
TIR + T — Confluent 1124 ±30

cells* (>400)

♦Mice were thymectomized when 6 weeks old,
and one week later received 900 rad whole-body
irradiation followed by syngeneic bone-marrow
reconstitution (4 x 10® nucleated cells).

* Age-matched mice received identical treatment,
except that thymectomy was omitted.

*TIR mice were injected i.v. with 5xl06
syngeneic thymocytes, and a normal thymic lobe
was implanted 5 days before tumour-cell challenge.

§ Age-matched normal range 188 ±7 mg.
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reject allogeneic BALB/c skin grafts.
Whereas T1R mice accepted the foreign
skin grafts indefinitely, IR mice rejected
them in 12-14 days, indicating that their
T-cell function had recovered. The results
of lung colony assays in TIR and IR
mice are presented in Table II. These
show that IR mice developed almost as
many colonies as TIR mice, in spite of
having recovered their T-cell competence.
In both cases, the yield of lung colonies
was significantly higher than in un¬
irradiated controls. Data in Table II also
show that grafting of syngeneic thymic
tissue to TIR recipients 5 days before
tumour-cell injection was ineffective in
reducing the yield of lung colonies in such
mice. On the contrary, the yield of
colonies and the lung weights were
further increased.

Possible influence of pulmonary infection
in the lung colony assay

The reason for the secondary sustained
increase in yield of lung colonies in mice
subjected to WBI is uncertain. Such an

Fig. 2.—Relative number of lung colonies at
different times after lethal WBI (900 rad,
250 kVp X-rays or 1000 rad 137Cs y-rays)
according to the habitat of the mice after
irradiation. # O* mice kept in "conven¬
tional" conditions; mice kept in
"pathogen-free" environment. Colony
numbers normalized to 50 on Day 7.

increase is not seen in LTI mice. One

possibility we entertained was that WBI
predisposed animals to secondary pul¬
monary infection, which increased the
efficiency of lung colon}- formation. Evi¬
dence supporting this theory comes from
the following experiment: WBI mice were
held in either a pathogen-free environment
or an unprotected environment, for vary¬
ing periods between WBI and the injection
of tumours cells The results presented in
Fig. 2 show that the secondary increase
in lung CFE did not occur in mice kept in
the pathogen-free environment.

DISCUSSION

These experiments show that certain
pitfalls exist in the interpretation of the
lung colony assay in whole-body-irradiated
animals. The technique of TIR (Miller,
Doak and Cross, 1963) has become a
standard method of producing long-
lasting T-cell depletion. However, it is
wrong to assume that an increased yield
of lung colonies in TIR mice is directly
ascribable to T-cell depletion. We have
found that unthymectomized mice sub¬
jected to IR 2-3 months before tumour-
cell injection have almost the same lung
CFE as TIR mice, in spite of the recovery
of T-cell function in IR mice, as assessed
by allogeneic skin graft rejection. Also,
we found that engraftment of normal
thymic tissue into TIR mice resulted in a
further increase in the yield of lung
colonies. A similar enhancement of lung
CFE was noted when reconstitution with
10® thymocytes was performed immedi¬
ately after WBI, suggesting, perhaps, that
restoration of a weak immune response to
the tumour was beneficial to tumour

growth (Prehn, 1972). The failure of T-cell
reconstitution to reduce the yield of lung
colonies in irradiated mice could be
explained by a suboptimal number of
reconstituting cells, or by a relative pre¬
ponderance of suppressor cells, in the
reconstituting T-cell populations. How¬
ever, these explanations cannot account
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for the sustained high lung CFE in mice
whose T-cell function had recovered
spontaneously, and we would caution
against the use of the lung colony assay
in TIR mice unless the appropriate IR,
rather than the customary sham-
thymectomized controls are used.

All investigators who have studied the
effects of LTI on lung CFE in mice have
found that the effect decays rapidly after
irradiation and, in most cases, no enhance¬
ment of lung CFE was reported later than
1-4 tveeks after irradiation. In one

instance, however, a delayed effect was
seen 3 1/2 months after 2000 rad to one
hemithorax (Thompson, 1974). In con¬
trast to this usually rapid recovery
following LTI, we have found that after
the same dose of WBI, an initial fall in
lung CFE is followed by a secondary rise
7-21 days after exposure, when animals
were housed in an open environment. The
secondary increase was not seen, however,
when mice were kept in a pathogen-free
environment. This finding suggests that
infection may play a role in the genesis of
the secondary increase we noted, and adds
another complicating factor in the use
of the lung colony assay in WBI animals.

Finally, it is of interest that the induc¬
tion of profound lymphopenia by irradia¬
tion of the whole body except thorax did
not significantly increase lung CFE, even
though the tumour we used exerts strong
immunogenicity. This is consistent with
the view that the development of a
specific antitumour immune response has
little influence on the yield of lung
colonies after i.v. injection of tumour cells,
because the fate of the great majority of
injected tumour cells is determined within
24 h of injection, long before a specific
immune response could be mounted. For
example, studies with 125IUdR-labelled
FSa cells (to be reported elsewhere) show
that following injection of 104 tumour

cells into intact animals, only 0-5% (50
cells) remain in the lungs 24 h later.

Animals used in this study were main¬
tained in facilities approved by the
American Association for Accreditation
of Laboratory Animal Care, and in
accordance with the current United States
Department of Agriculture and Depart¬
ment of Health, Education and Welfare,
National Institues of Health regulations
and standards.
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The dynamics of 125IUdR-labeled tumor cell retention in the lungs have been compared with
the efficiency of lung colony formation over a wide range of inoculum sizes in normal mice
and in mice pretreated with 1000 rads local thoracic irradiation (LTI). These studies indicate
that the increase in lung colony yield after LTI cannot be ascribed to improved intravascular
trapping or interstitial lodgement of tumor cells. Hypotheses purporting that active specific
or nonspecific host defenses might be impaired by LTI were reassessed but rejected in favor
of the idea that radiation-induced alterations in the physiological microenvironment of the
lungs improve an intrinsically poor survival capability of intravenously disseminated tumor
cells.
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Enhanced formation of artificial and spontaneousmetastases in locally irradiated lungs is well docu¬
mented (1-8) but the mechanism responsible for the effect
is unknown. Several authors (3-5) have used radioactively
labelled cells to investigate the effect of lung irradiation
on the retention of cells in the lungs as a function of time
after injection. All have shown a divergence (within 24
hours of tumor cell injection) of curves depicting residual
radioactivity in the lungs of mice pretreated with local
thoracic irradiation (LTI) compared with normal controls.
However, the meaning of such curves in terms of the
underlying mechanisms is far from clear. A decrease in
lung radioactivity following intravenous injection of labelled
tumor cells may result from:

1. Failure of initial cell lodgement in the lungs
2. Initial lodgement with subsequent passage of cells

out of the lungs
3. Release of the radioactive label—by leakage from

intact cells, or by cell death and lysis; cell death
may in turn be the result of an active cytocidal in¬
fluence, or of failure of the milieu to sustain cell
survival.

The experiments reported in this paper were designed to
test each of these mechanisms.

MATERIALS AND METHODS

Mice and Tumor

C3Hf/Bu mice were bred in the specific pathogen-free

1 From the Section of Experimental Radiotherapy, The University of Texas System Cancer Center, M.D. Anderson Hospital and Tumor Institute,
Houston, Texas 77030. Presented at the Sixty-second Scientific Assembly and Annual Meeting of the Radiological Society of North America,
Chicago, III., Nov. 14-19, 1976.

Supported in part by the Department of Health, Education and Welfare, National Institutes of Health, National Cancer Institute grants CA-06294,
CA-11138 and CA-17769. Animals used in this study were maintained in facilities approved by the American Association for Accreditation of
Laboratory Animal Care, and in accordance with current United States Department of Agriculture and Department of Health, Education and Welfare,
National Institutes of Health regulations and standards.

2 Present address: Department of Bacteriology, Immunology Unit, University of Edinburgh Medical School, Edinburgh EH8 9AG, Scotland.
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Fig. 1. Anteroposterior and lateral radiographs of the portal used
for lung irradiation. It can be seen that in order to include the pos¬
terior costophrenic angle, part of the upper abdomen, including the
spleen and a substantial part of the liver, was also inevitably irra¬
diated.

colony maintained at the M. D. Anderson Hospital, Section
of Experimental Radiotherapy. Within each experiment,
mice of the same sex, aged 10-12 weeks, were used.
Animals were housed 5 to a cage and were maintained on
a sterilized diet with a 12-hour light-dark cycle.

The tumor used in these experiments is a methylcho-
lanthrene-induced fibrosarcoma (FSa) that is quite strongly
immunogenic in its syngeneic hosts (9). Source material
for the experiments described in this paper was derived
from injection of fourth generation isotransplants. The
method used for preparing single cell suspensions from
this tumor has been described previously (10).
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Fig. 2. Percentage retention of ,25IUdR-labelled
FSa tumor cells in the lungs as a function of the total
number of cells injected 5 minutes and 24 hours after
tumor cell injection. Open symbols (O) indicate un¬
treated mice; closed symbols (•) indicate mice re¬
ceiving 1000 rads LTI 24 hours before tumor cell in¬
jection. Errors are SE of the mean (3-6 mice/
point).

Lung Colony Assay

Single cell suspensions of FSa in Hsu's medium sup¬
plemented with 5% fetal calf serum were prepared. The
required number of viable tumor cells was injected intra¬
venously (i.v.) in a volume of 0.25 ml. For the scoring of
lung colony formation, mice were killed 14 days after tumor
cell injection, following which the lungs were removed,
fixed in Bouin's solution, and the number of macroscopic
tumor colonies was counted (11).

Radiolabelling of Tumor Cells

Short-term cell cultures were established from tumors

growing in vivo by plating 2.5 X 107 FSa cells into 32 oz
glass flasks containing 50 mi of Hsu's medium plus 20%
fetal calf serum. After 24 hours in culture at 37°C in an

atmosphere containing 5 % C02, the medium was replaced
with fresh medium containing 12SIUdR (idoxuridine) at a
concentration of 0.4 //Ci/ml (specific activity 100 /xCi/mg).
After a further 24 hours in culture the medium was poured
off and, after rinsing of the flasks with Solution A (8.0 g
NaCI, 0.4 g KCI, 1.0 g glucose, and 0.35 g NaHC03 in 1 liter
H20), the cells were trypsinized (0.025% trypsin for 5 min.
at 37°C), and then washed repeatedly in fresh cold medium
until the activity of the supernatant was less than 0.2% of
that of an equal volume of the cell suspension. Counts of
viable cells were then made on phase contrast appear¬
ance. Autoradiography showed the labelling index of tumor
cells to be >90%. 12SIUdR incorporated into DNA provides
a valid method of monitoring the fate of cells in vivo, since
it is released only upon death of the cells (12) and very little
is reutilized (13). The main disadvantage of 125IUdR as a
cell label is its relatively high toxicity (14). We assessed
the toxicity of the label by comparing the TD50 of labelled
and unlabelled cells in subcutaneous transplantation as¬
says: no increase in TD50 was observed, indicating no
loss of reproductive viability of the labelled cells. Fidler (15)

also reported minimal toxicity using an in vitro labelling
technique similar to ours.

Measurement of Lung Radioactivity

At appropriate times after injection of the radioactive
cell suspension, groups of 3 to 6 mice were killed. The
lungs were removed, washed in water, and placed in
plastic tubes for counting 125l activity in a Nuclear Chicago
Automatic Gamma Sample Counter. Concurrently, sam¬
ples of the cellular inoculum and of the supernatant fluid
from the inoculum were counted also. The net residual
cell-count radioactivity in the lungs was calculated as

cpm (lungs)—background
cpm (inoculum)—cpm (supernatant)

Irradiations

Local thoracic irradiation (LTI) was delivered with a
doubled-headed 137Cs irradiator, at a dose rate of 1,060
rads/min. A standard dose of 1,000 rads without lung
correction was delivered 24 hours before tumor cell in¬

jection. Dose homogeneity across the mouse was ±3%
(16). Mice were anesthetized with Nembutal (65 mg/kg)
prior to irradiation for field localization. The irradiation
portal was a 3-cm diameter circle, with the inferior margin
at the level of the xiphi-sternum. Radiographs of the irra¬
diation portal (Fig. 1, right) show that in addition to the
thoracic content, the neck and a segment of the upper
abdomen (including the spleen and part of the liver) were
also irradiated. The lower limit of the field could not be
raised, however, without excluding the dorsal costophrenic
recess (Fig. 1, left). Irradiation resulted in moderate lym¬
phopenia at the time of tumor cell injection: mean total
lymphocyte counts dropped from ~6500 to •~2500/mm3.
The possible effect of this lymphopenia on iung colony-
forming efficiency is considered in RESULTS.

RESULTS

Retention of Radiolabelled Tumor Cells in the Lungs as
a Function of the Number Injected in Normal and LTI

Mice

Ninety mice were divided into two groups, one of which
received 1,000 rads LTI 24 hours before injection of tumor
cells. Each major group of mice was subdivided into five
groups of 9 for injection i.v. with 12SIUdR-labelled tumor
cells. The labelled tumor cells were admixed, where ap¬

propriate, with lethally irradiated unlabelled cells to provide
total injected cell numbers of from 103 to 107 per mouse.
Three mice from each subgroup were killed five minutes
after injection and the remaining 6, after 24 hours. The
proportion of cells retained in the lungs at each time was
calculated as described in METHODS. The results, plotted
in Figure 2, show that essentially all (>90%) of the in¬
jected cell-bound activity is initially arrested in the lungs
of both intact and LTI mice five minutes after cell injection



vol. 126 Enhancement of Lung Colony-Forming Efficiency 501 Biology

irrespective of the number of cells injected. By contrast,
the proportion of retained radioactivity at 24 hours in¬
creases dramatically as the inoculum size increases above
104 cells. For example, in intact mice the percentage re¬
tention after 104 cells at 24 hours is 0.5%, whereas after
107 cells it is 17% and the corresponding figures in LTI
mice are 1 % and 19%, respectively. Thus, the effect of
increasing the number of injected cells is not to increase
initial "trapping" of cells in the lung capillaries, but to re¬
duce and delay the subsequent loss from the lungs of the
majority of cells initially trapped. It is noteworthy that in¬
creased retention of tumor cells in the lungs of LTI mice
24 hours after tumor cell injection was more apparent
when relatively small numbers of tumor cells were injected
while essentially no difference in cell retention between
LTI and intact mice was seen with inocula of > 106 tumor

cells.

Lung Colony-Forming Efficiency of Tumor Cells as a
Function of the Number Injected in Normal and LTI Mice

Lung colony assays were performed in groups of 6-8
normal or LTI mice using the same range of total cell
number as in the retention experiments (103-107). To
obtain countable numbers of lung colonies, inocula in
excess of 104 cells were made up with lethally irradiated
tumor cells admixed with the viable cells. Figure 3 indi¬
cates the lung colony-forming efficiency (CFE), i.e., the
number of colonies per 1,000 viable tumor cells as a
function of the total number of cells injected. When the
data are compared with the 24-hour labelled cell retention
data in Figure 2, the general shape of the curves is similar,
but, whereas the differential in 24-hour cell retention dis¬
appears with large inocula, a CFE differential is main¬
tained—with 4.3 times more colonies in LTI mice receiving
104 cells and 2.6 times more colonies in LTI mice receiving
107 cells. This indicates that a significant component of
the effect of LTI is expressed later than 24 hours after
tumor cell injection and is, therefore, most unlikely to be
ascribable to changes in the efficiency of cell trapping,
escape from the circulation, or lodgement in the lungs.

Fate of Tumor Cells not Retained in the Lungs

Fidler (15) reported a detailed study of the organ and
body fluid distribution of 125l following i.v. injection of
125IUdR-labelled B16 melanoma cells. He observed that
most of the difference between the initial radioactivity of
an i.v. inoculum and the residual lung activity at 24 hours
was accounted for by free 125l in the urine, implying death
and lysis of the cells whose DNA originally incorporated
the 125IUdR. We have confirmed these findings in our
system and have also demonstrated directly that very few
cells traverse the lungs and establish extrapulmonary
growth: 24 hours after i.v. injection of 105 tumor cells
(when only -~1-2% of the injected cells remain in the
lungs), we delivered 1,500 rads LTI to suppress the growth
of lung colonies, and observed the mice for 60 days. Only
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Fig. 3. Lung colony-forming efficiency expressed
as number of colonies/1000 viable tumor cells in¬
jected as a function of the total number of tumor cells
injected. Open symbols (O) indicate untreated mice;
closed symbols (•) indicate mice receiving 1000 rads
LTI 24 hours before tumor cell injection. Errors are SE
of the mean (6-8 mice/point).

3/9 animals developed extrapulmonary tumor growth, with
2,4 and 8 sites of involvement, respectively. The following
experiments were designed to test whether cells destined
to lyse, do so in the lungs or leave the lungs intact only to
lyse elsewhere. Following injection of 6 X 104 viable cells
i.v., mice were exsanguinated by drawing 0.6 to 0.75 ml
of whole blood in a heparinized syringe from the abdominal
aorta, at times varying from 3 minutes to 18 hours after cell
injection. The blood so collected was assayed for the
presence of tumor cells by subcutaneous transplantation,
but all these bioassays were negative. In the control ex¬
periments, the sensitivity of the bioassay was demon¬
strated: 0.2 ml of suspensions containing 1,300 and 325
cells/ml, respectively, were added to tubes containing 2.3
ml of fresh whole mouse blood anticoagulated with 20 units
of heparin. After mixing, 0.5 ml of blood containing 52 or
13 viable tumor cells was injected subcutaneously into
T-cell depleted mice. All of 4 mice injected with 52 tumor
cells and 2/4 receiving 13 cells developed tumors. From
these results we conclude that most tumor cells destined
not to produce lung colonies lyse soon after injection, most
probably within the lungs.

Active Cell Killing vs. Passive Cell Death in the Lungs

Because of rapidity of cell clearance from the lungs of
mice not previously exposed to the tumor, specific im¬
munological mechanisms of cell killing cannot be con¬
sidered to play a major role in tumor cell destruction. If a
nonspecific host defense mechanism actively killed tumor
cells, it is possible that LTI could impair this mechanism
and that injection of very large numbers of tumor cells
could overwhelm it. To test this latter point, we performed
experiments in which 106 lethally irradiated cells were
injected i.v. 2 or 4 hours before, or concurrently with 103
viable tumor cells. To compensate for possible variability
in cell "trapping" with spaced injections of lethally irra¬
diated and viable cells, we added 10® plastic microspheres
(15 ± 5 diameter) to all viable cell inocula. If a non¬
specific host defense could be swamped, one would ex-
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Table I: C3H Fibrosarcoma: Effect of Injecting 106 Lethally
Irradiated Tumor Cells Before or Concurrently with 103 Living Tumor

Cells and 106 Plastic Microspheres (8 Mice/Group)

Time Between Lethally
Irradiated and Viable

Tumor Cells Lung Colonies ± SE

4 hours 13.1 ± 4.4
2 hours 21.9 ± 4.3
0 26.7 ± 5.1

Table II: C3H Fibrosarcoma: Effect of 1000 Rads Local Thoracic
Irradiation Given 24 Hours Before i.v. Injection of 10s Tumor Cells in

Mice Pretreated with C. parvum (8 Mice/Group)

Time of C. parvum° Time of LTI Lung Colonies ± SE

-7 days Nil 0.38 ± 0.18
—7 days — 1 day 1.38 ± 0.32
—2 days — 1 day 3.38 ± 0.92
— 1 dayT — 1 day 5.00 ± 1.45

Nil — 1 day 130.0 ± 12.7

* 0.25 mg i.v.
r Immediately before LTI.

Table III: C3H Fibrosarcoma: Effect of Trypan Blue on the Lung
Colony-Forming Efficiency of i.v. Injected Tumor Cells in Normal or C.

parvum-Treated Mice (7 Mice/Group)

Treatment Cell Challenge Lung Colonies ± SE

Nil « 104 6.1 ±0.9
Trypan blue* 104 1.1 ± 0.4
Nil 10s 63.4 ± 9.8
C. parvum* 105 1 colony in 1 mouse
C. parvum + trypan blue 10^ 5.6 ± 3.3
* Trypan blue was given i.p. 4 mg/mouse 24 hours before and 1 mg/mouse

3 hours before tumor cells.
T C. parvum was given i.v. 0.25 mg/mouse 24 hours before tumor cells.

Table IV: C3H Fibrosarcoma: Effect of Thymosin (Fraction 5) Given
at a Dose of 600 mg/m2 I.P. Daily for 6 Days After 1000 Rads LTI, on

the Number of Lung Colonies Produced by 104 Tumor Cells Injected i.v.

24 Hours After LTI (7-8 Mice/Group)

Treatment Lung Colonies ± SE

Nil 3.4 ± 0.8
LTI 8.5 ± 1.3
LTI + thymosin 12.4 ± 2.5

Table V: C3H Fibrosarcoma: Effect of Steroidal and Nonsteroidal
Anti-inflammatory Drugs Given Immediately After 1000 Rads LTI on the

Number of Lung Colonies Produced by 104 Tumor Cells Injected i.v. 24
Hours After LTI (8 Mice/Group)

Treatment Lung Colonies ± SE

Nil 8.2 ± 1.6
LTI 30.5 ± 5.1
LTI + dexamethazone 10 mg/kg 85.6 ± 9.8
LTI + phenylbutazone 250 mg/kg 31.4 ± 3.8

pect that injection of lethally irradiated cells shortly before
viable cells would produce the highest cloning efficiency.
On the contrary, however, we found that any separation

in time of injection of irradiated and viable tumor cells
reduced the number of lung colonies produced (Table
I).

Possible Effects of LTI on Macrophage-Mediated
Resistance

In many experimental tumors, macrophages have been
shown to exert nonspecific resistance to tumor growth
(17). Establishment of lung colonies in our experimental
system is markedly inhibited by pretreatment of mice with
Corynebacterium parvum (or C. granulosum) and this ef¬
fect appears to be due in part to stimulation of macro¬
phages (18-20). Administration of C. parvum prior to LTI
therefore offers an opportunity to test the sensitivity of
activated lung macrophages to irradiation. Groups of 8
mice were injected i.v. with 0.25 mg C parvum3 6 days,
1 day, or immediately before receiving 1,000 rads LTI. One
day later 10s tumor cells were injected i.v. The results
(Table II) show that the protective effect of C. parvum is
largely unimpaired by LTI given after the immunostimulant,
indicating functional radioresistance of the effector cells
involved.

In another approach, we used the Hibbs technique (21)
to inhibit macrophage-mediated cytotoxicity in an attempt
to simulate the effect of LTI. Trypan blue4 was administered
intraperitoneaily to groups of 7 intact or C. parvum-treated
mice at a dose of 4 mg/mouse 24 hours before tumor cell
injection and 1 mg/mouse 3 hours before injection. Mice
treated with C. parvum received an i.v. injection of 0.25
mg of the bacteria 24 hours before tumor cells. The results
(Table III) show that trypan blue partly inhibited the anti¬
tumor effect of C. parvum, as expected. However, in intact
mice, trypan blue caused a reduced yield of lung colonies,
whereas inhibition of a "natural" macrophage-mediated
defense mechanism would have resulted in an increase
in lung colony-forming efficiency. These results suggest
that trypan blue, in the dose used, was toxic to tumor cells,
but provides no support for the notion that the low col¬
ony-forming efficiency in normal, untreated mice is due
to macrophage-mediated resistance.

Possible Effects of LTI on Tumor-Specific Immunity

Although specific immunological processes cannot
account for the initial rapid death of the majority of i.v.
injected tumor cells, it is still possible that the quantitative
discrepancy between residual radioactivity at 24 hours and
numbers of lung colonies in intact and LTI mice could have
an immunological basis. In our irradiation set-up, the thy¬
mus, thoracic duct, spleen, and part of the liver were ex¬
posed (Fig. 1), resulting in moderately severe lymphopenia

3 Formalin-killed C. parvum, batch number PX 374 (7 mg/ml) was
obtained through the courtesy of Dr. John Whisnant, Burroughs-Well-
come Research Laboratories, Research Triangle Park, N. C.

4 Trypan blue (Matheson, Coleman and Bell) was dissolved in distilled
water (750 mg in 75 ml) and dialyzed for 48 hours. The dialyzate was
lyophilized, redissolved at 10 mg/ml and passed through a Nalgene filter
unit (pore size 0.45 ^m) prior to injection.
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at the time of cell injection (total lymphocyte count =*
2500/mm3). Development of specific immune resistance
to this tumor is abolished in T-cell deprived mice (22).
However, we have reported elsewhere that the formation
of lung colonies by this tumor after (whole body) irradiation
of mice is largely independent of T-cell function (23), and
that induction of much more profound lymphopenia by ir¬
radiation of the whole body except the thorax failed to in¬
crease lung colony yield.

As a further test of the possible influence of thymic ir¬
radiation during LTI, we treated mice with the thymic hor¬
mone thymosin5 (24) at a dose of 600 mg/m2
intraperitoneally daily for 6 days after LTI. The pooled re¬
sults of two replicate experiments with 7-8 mice/group
are presented in Table IV. These show that thymosin was
ineffective in countering the effects of LTI. The small in¬
crease in lung colony yield in thymosin-treated mice is not
significant. We also tested the effect of injecting thymosin
at 600 mg/m2 for 7 injections prior to 1,000 rads local
thoracic irradiation. The number of lung colonies in the
thymosin-injected mice was 7.7 ±1.3 and in the untreated
animals 8.7 ± 2.1. Thus, there was no effect of the thymic
hormone in this protocol. This result was not surprising
since thymosin has been shown to have, if anything, a
suppressive effect on the T-cell function of fully competent
animals, possibly by enhancing suppressor-cell activity.
The question of whether depopulation of T-cell precursors
by irradiation may have impaired the effect of thymosin is
not a serious one. Thymosin is believed to act by con¬
verting immunologically immature T cells of bone marrow
origin into immunocompetent T cells (24). Under normal
physiological conditions, this process takes place in the
thymus. In neonatally thymectomized mice, only immature
T-cell precursors are present, and thymosin treatment can
restore T-cell function. Hence, it appears that the avail¬
ability of precursor cells from the bone marrow is all that
is required to enable thymosin to induce mature T cells.
Activity of thymosin fraction 5 (Hoffmann-LaRoche5) is
assayed for each batch by the thymocyte response to the
mitogen Con A and in mixed lymphocyte reactions be¬
tween thymocytes and inactivated splenic lymphocytes
of allogeneic mouse strains. The activity of each batch is
referred to a baseline standard which has been assayed
in several in vivo assays. Hence, there is little doubt that
the preparation we used did indeed have biological activity.
Evidence adduced by other authors that impairment of
specific immunological mechanisms does not satisfactorily
account for the LTI effect is presented in the DISCUS¬
SION.

Effects on LTI Response of Anti-inflammatory Drugs

An alternative premise to active cell killing is that tumor
cells are in a precarious state in terms of survival when

6 Thymosin fraction 5 was prepared by Hoffmann-LaRoche, Inc.,
according to the method of Goldstein et al. (24).

injected as a dispersed suspension, and unless favorable
conditions are encountered, they will die and lyse. Van den
Brenk et al. (25) have supported the concept that LTI and
other agents which increase lung CFE act by modifying the
physiological microenvironment of the lungs in such a way
as to reduce death of tumor cells and to promote their
growth. They suggested that this change might be in the
nature of an inflammatory reaction since the effect of LTI
could be partly inhibited by high doses of corticosteroids.
In our system, we tested the effects of single doses of
dexamethazone (10 mg/kg) or phenylbutazone (250
mg/kg) injected intraperitoneally immediately after 1000
rads LTI. The results (Table V) show no reduction in the
number of lung colonies with either drug—in fact, the yield
was significantly increased in dexamethazone-treated
animals. This result is in keeping with our previous report
that the transplantability of murine tumors is facilitated by
corticosteroids independently of their immunosuppressive
properties (26).

DISCUSSION

The experiments reported in this paper show that the
efficiency of labelled cell retention in the lungs of mice 24
hours after i.v. injection of tumor cells increases with the
total number of cells injected. Further, the injection of a
sufficiently large number of tumor cells can obliterate the
tendency to increased cell retention in the lungs of mice
pretreated with 1000 rads local thoracic irradiation (Fig.
2). Notwithstanding this effect, we still observed increased
colony-forming efficiency in the lungs of LTI mice re¬
gardless of inoculum size (Fig. 3). From this we deduce that
the effect of LTI is not limited to the first 24-hour period
after injection as might be expected if physical changes
in the lungs, such as endothelial swelling and increased
vascular permeability, resulted in increased trapping and
interstitial lodgement of tumor cells. Five minutes after the
i.v. injection of radiolabelled tumor cells, essentially all the
injected activity is located in the lungs, regardless of the
total number of cells injected, in both intact and LTI mice.
Thus, the increased net percentage retention of large in-
ocula cannot be ascribed to increased initial trapping in
the lungs but, rather, to their reduced rate of loss. Cell loss
from the lungs is associated with cell lysis as reflected in
excretion of free 125l label (15, 27). Commerford (12)
showed that free 125l is released from DNA which has in¬

corporated 125IUdR only after cell death. By two inde¬
pendent methods (bioassay of aortic blood and search for
extrapulmonary tumor growth), we have failed to detect
a significant number of viable tumor cells leaving the lungs
and we thus support van den Brenk's (5) proposition that
tumor cells are destroyed or die within the lungs.

If a nonspecific host defense mechanism actively killed
tumor cells, it is possible that LTI could impair this mech¬
anism and that injection of very large numbers of tumor
cells could overwhelm it. However, when lethally irraditued
tumor cells were injected prior to viable tumor cells in an
attempt to saturate a hypothetical host defense, fewer
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colonies resulted than when the cells were injected con-
currently. Previous authors have considered and rejected
the possibility that lung macrophages might represent a
host defense abrogated by LTI. Clearance of particles of
India ink from the circulation of lung macrophages was
reportedly increased by LTI (5); Withers and Milas (4) found
that reticuloendothelial blockade with methylpalmitate
(particle size 5 p.) failed to reproduce the effect of LTI,
while Brown (3) cites the radioresistance of the phagocytic
activity of peritoneal exudate cells reported by Perkins et
al. (28). However, Hibbs (21) has shown that cytotoxic
macrophages kill target cells by transference of lysosomes
rather than by phagocytosis, and the possibility arose that
this functional attribute of macrophages could be more
radiosensitive. We therefore tested the effect of inhibiting
macrophage lysosomal enzyme activity with trypan blue
on lung colony forming efficiency. We found that the pro¬
tective effect of Corynebacterium parvum, which stimu¬
lates macrophages, could be reduced by inhibiting lyso¬
somal activity; but no increase in the lung CFE of normal
mice was seen. Further, we found that the resistance to
i.v. injected tumor cells exerted by C. parvum-treated mice
was not significantly impaired by 1000 rads LTI. Milas et
al. (19) previously reported that C. parvum-induced tumor
resistance was not significantly affected by 600 rads whole
body irradiation given after C. parvum. This would argue
against the possibility that depletion of lung macrophages
by LTI was made good by a secondary influx of cells from
outside the irradiated volume. We conclude, therefore, that
abrogation of a nonspecific macrophage-mediated host
resistance is not the mechanism of action of LTI.

The time course of the death of tumor cells after i.v.
injection is such that specific immunological mechanisms
cannot play a major role in the elimination of tumor cells.
Although it is still conceivable that reduced specific im¬
munity could contribute to the effect of LTI, we consider
this unlikely. Development of a specific immune response
to the tumor used in these experiments is T-cell dependent
(22), but the enhancement of lung CFE by irradiation is
independent of the T-cell status of the animal (23). Further,
treatment of LTI mice with the thymic hormone thymosin
failed to reduce the effect of irradiation. All other authors
have similarly discounted the effects of specific immune
suppression. Van den Brenk (5) reported that shielding the
thymuses of rats did not reduce the effect of lung irradiation
and, conversely, irradiation of the thymus alone did not
stimulate lung CFE. Withers and Milas (4) and Brown (3)
reported a similar effect of LTI and whole body irradiation,
but whole body irradiation would be expected to be much
more immunosuppressive. Dao and Yogo (1), Peters (7)
and Thompson (8) all reported that with unilateral lung ir¬
radiation the enhancement of metastasis was limited to
the exposed lung. In a slightly different setting, Zeidman
and Fidler (29) reported that whole body irradiation of
rabbits increased the number of metastases in lung, but
not elsewhere, following either i.v. or intralymphatic cell
injection.

All evidence thus points to passive cell death of the

great majority of tumor cells in the lungs following i.v. in¬
jection. The proportion of cells that die and their rate of
death appear to be reduced by injecting large numbers of
cells concurrently (although the absolute number of cells
dying is increased). This may be due to mutual support that
tumor cells can provide one another when in contact. Such
an explanation finds credence in the observation that
clumps of tumor cells produce a higher CFE than an
equivalent number of single tumor cells (30, 31). The na¬
ture of the support that one cell can provide for another is
obscure, but it has been suggested by van den Brenk (32)
that injured normal tissues may provide similar support in
the form of growth-stimulating substances whose secretion
in the rat lung appears to be related to cyclic AMP me¬
tabolism. However, there are striking differences in the
time interval between LTI and the maximum stimulation
of CFE in the rat and mouse (7), which suggest that the
processes may differ in detail in the two species; failure
to reduce the effect of LTI with anti-inflammatory drugs in
the mouse is one such detail.
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ABSTRACT

Studies were performed to investigate whether S-2-(3-amino-
propylamino)ethylphosphorothioic acid (WR-2721) can protect
antitumor immune rejection responses against the damaging
effects of whole-body irradiation (WBI) and cyclophosphamide
(CY). Among these damaging effects were radiation-induced
enhancement of s.c. tumor take and radiation- and CY-induced
enhancement of lung colonization by tumor cells injected i.v. The
ability of WR-2721 to protect against WBI-induced decreased
radioresponse of solitary tumors was also investigated. All ex¬
periments were performed with an immunogenic fibrosarcoma
syngeneic to C3Hf/Kam mice. WR-2721 was given i.p. at a dose
of 400 mg/kg 30 min before WBI with 7-rays or CY injection.
WBI with 650 rads reduced the number of tumor cells needed
for tumor take in 50% of animals from 5.1 x 10" cells in normal
mice to 2.0 x 102. WR-2721 given before WBI almost entirely
abolished the effect of WBI: the number of tumor cells needed
for tumor take in 50% of animals was 1.4 x 104. Treatment of
mice with WBI or CY increased the number of tumor nodules in
the lung generated by fibrosarcoma cells injected i.v. 5 days
later, in a linear dose response. WR-2721 greatly reduced this
metastasis enhancement effect of WBI and CY with protection
factors of 2.5 for WBI and 1.8 for CY. Fibrosarcomas of 8 mm

in diameter exhibited a decreased radiocurability when growing
in WBI mice: the dose of irradiation yielding local tumor control
in 50% of animals in these mice was 5950 compared to a dose
of irradiation yielding local tumor control in 50% of animals of
4160 rads in normal mice. WR-2721 given before WBI inhibited
this effect of WBI: the dose of irradiation yielding local tumor
control in 50% of animals was 5210 rads. The proportion of
macrophages in tumors growing in WBI mice was significantly
reduced, but not when WR-2721 was first given. WR-2721
greatly reduced the damaging effects of WBI and CY on natural
killer cell activity. Therefore, WR-2721 was capable of protecting
the immune mechanisms involved in antitumor resistance against
WBI and CY. This might be of therapeutic benefit when WR-
2721 is combined with radio- or chemotherapy.

INTRODUCTION

Growth characteristics and response to therapy of experimen¬
tal animal tumors can be influenced by the immune system. For

1 This investigation was supported in part by Grants CA-06294 and CA-16672,
awarded by the National Cancer Institute, Department of Health and Human
Services. Animals used in this study were maintained in facilities approved by the
American Association for Accreditation of Laboratory Animal Care and in accord¬
ance with current regulations and standards of the United States Department of
Agriculture and Department of Health and Human Services, NIH.

2 To whom requests for reprints should be addressed.
Received November 21, 1983; accepted March, 6,1984.

example, immunosuppression can facilitate tumor take, growth,
and metastatic spread (2, 9, 18, 26), and make tumors less
responsive to treatments with ionizing radiation (31, 32) or
chemotherapeutic drugs (5). The opposite effect can be achieved
by stimulating antitumor immune responses of the tumor host
(3, 21, 23). Under certain circumstances, both tumor chemother¬
apy and radiotherapy, especially large-field irradiation, suppress
the immune system of the tumor host (14, 30), which can reduce
their therapeutic efficacy. Therefore, it might be beneficial to
protect against development of immunosuppression.

WR-27213 is a phosphorothioate compound that protects
tissues against ionizing radiation (27, 36) and alkylating agents
(33,36). It has been the subject of much recent research because
of its ability to preferentially spare normal tissues rather than
tumors (reviewed in Refs. 27 and 36). Although a wide range in
the degree of radioprotection of normal tissues by WR-2721 has
been reported, it is not uncommon to find that 2 to 3 times higher
doses of irradiation are required to produce the same level of
damage in certain tissues, in particular hematopoietic tissue, if
animals are given WR-2721 prior to irradiation (27, 36). Several
immune functions have also been reported to be well protected
by WR-2721 against the damaging effects of irradiation. These
are hemolytic plaque formation by spleen cells (34), cytolytic
activity of T-lymphocytes (12), and delayed-type hypersensitivity
reaction (29).

Here we report the ability of WR-2721 to protect antitumor
resistance of mice against damage by whole-body ionizing radia¬
tion and CY. Specifically, WR-2721 was capable of a significant
protection against radiation-induced enhancement of s.c. tumor
take, radiation- and CY-induced enhancement of lung coloniza¬
tion by i.v.-injected tumor cells, and WBI-induced decrease in
tumor radiocurability. In addition, we describe protection against
radiation- and CY-induced suppression of NK cell activity.

MATERIALS AND METHODS

Mice

Inbred C3Hf/Kam mice of both sexes bred and maintained in our own
specific pathogen-free mouse colony were used. Mice were 11 to 13
weeks old at the beginning of the experiments. Within each experiment,
the mice were of the same sex, and they were housed 4 to 6/cage.
Tumor

A methylcholanthrene-induced FSA syngeneic to C3Hf/Kam mice was

3 The abbreviations used are: WR-2721, S-2-(3-aminopropylamino)ethylphos-
phorothioic acid; FSA, fibrosarcoma: TDW, number of tumor cells needed for tumor
take in 50% of animals; TCDm, dose of irradiation yielding local tumor control in
50% of animals; WBI, whole-body irradiation (irradiated); CY, cyclophosphamide;
NK, natural killer.
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used in all experiments involving tumor cells in this study. Single-cell
suspensions were prepared by trypsin digestion of nonnecrotic tumor
tissue (19). Viability of cells was more than 95%, as assessed by phase-
contrast microscopy and trypan blue exclusion.

TDm Assay for s.c. Tumor Take. This assay is described in detail in
a previous paper (25). Five days after receiving 650 rads WBI, mice were
given s.c. injections in 4 sites overlying the abdomen of 10' to 105 viable
FSA cells diluted in 0.1 ml Hsu's medium (Grand Island Biological Co.,
Grand Island, NV). Thereafter mice were examined 2 to 3 times a week
for tumor development up to 60 days after tumor cell transplantation.
Tumor take was expressed in TD50 values.

Colonization of Lung by i.v. Injected Cells (Experimental Metastasis)

To produce tumor metastases in the lung, mice that had received 400
to 800 rads WBI or CY 5 days earlier were given i.v. injections of 2.5 x
104 or 5 x 104 FSA cells suspended in 0.5 ml Hsu's medium. Mice were
killed 14 days after tumor cell injection, their lungs were removed, and
lung lobes were separated and fixed in Bouin's solution. Colonies of
tumor cells (metastases) appeared as white, round nodules on the
surface of the yellowish lung, and were counted with the naked eye.

Tumor Response to Irradiation

The TCD50 assay was used to assess tumor response to ionizing
radiation. Normal mice or mice that had been exposed to 600 rads WBI
1 day earlier received injections in the right hind thighs of 5 x 105 FSA
cells. When tumors had grown to 8 mm in diameter, the tumor-bearing
leg was exposed to single doses of i-radiation, which was delivered
from a dual-source ,37Cs unit at a dose rate of 879 rads/min. During
irradiation the mice were not anesthetized, but they were immobilized in
a jig. The tumor was centered in the circular radiation field, 3 cm in
diameter. Mice were checked for the presence of tumor at the irradiated
site at 9- to 12-day intervals for up to 100 days. TCDM values were
computed by the logit method of analysis (10).

Determination of Tumor Macrophages

The assay was described in detail in a previous paper (24). Macro¬
phages in tumor cell suspensions were identified through their ability to
form rosettes following incubation with sensitized calf erythrocytes. The
erythrocytes were sensitized with rabbit anti-calf RBC antibody; 0.1 ml
tumor cells at 106/ml were added to 0.1 ml 1.7% sensitized RBC, spun,
and incubated for 30 min at room temperature. The percentage of
macrophages in the suspension was determined after staining nucleated
cells with crystal violet.

NK Cell Activity

Splenic NK cell activity was determined using allogenic T-cell lym¬
phoma YAC-1 cells as targets in the 51Cr release assay (16). Spleen cells
were mixed with tumor cells in ratios of 100:1 and incubated in 0.2-ml
volumes of Hsu's medium with 20% fetal calf serum in the wells of
round-bottomed microtiter plates in a 5% C02 atmosphere for 4 hr. After
incubation, the plates were centrifuged at 250 x g for 10 min, and 0.1
ml was removed from each well and counted in an Auto-Gamma scintil-

WR-2721 and Antitumor Resistance

lation spectrometer. Spontaneous release of 5,Cr was determined by
incubating the target cells in medium alone, and it ranged from 5 to 9%.
Maximum release of 51Cr was determined after addition of 0.1 ml Triton
X-100 to 0.1 ml target cells, and it ranged from 85 to 95%. The
percentage of51 Cr was determined according to the formula:

% of experimental release - % of spontaneous release
% of maximal release - % of spontaneous release

WBI, CY, and WR-2721

For WBI, mice were exposed to 7-rays in groups of 5 in a Lucite
container. The single-source !37Cs unit delivered a dose rate of 223 rads/
min. CY (Mead Johnson & Co., Evansville, IN) was dissolved in distilled
water at concentrations ranging from 5 to 25 mg/ml, and was adminis¬
tered i.p. at doses of 50 to 250 mg/kg body weight. WR-2721 was
dissolved in 0.9% sodium chloride solution and injected i.p. in the dose
of 400 mg/kg 30 min before WBI or CY treatment. The pH of the sodium
chloride solution was 6.0, but immediately upon addition of WR-2721, it
became 7.0, and remained at that value for 4 hr. WR-2721 was obtained
from the Drug Synthesis and Chemistry Branch, Developmental Thera¬
peutics Program, Division of Cancer Treatment, National Cancer Insti¬
tute, Bethesda, MD. WR-2721 and CY were injected into animals within
1 hr after having been dissolved.

RESULTS

Effect on WBI-induced Enhancement of s.c. Tumor Take.
The following experiment was performed to determine whether
WR-2721 can protect against WBI-induced enhancement of s.c.
tumor take. Mice were given i.p. injections of 400 mg WR-2721 /
kg 30 min before they were exposed to 650 rads WBI. Five days
later, they were given injections s.c. of FSA cells in the range of
101 to 105 cells/mouse. Tumor take is shown in Table 1. WBI
reduced TD50 values by a factor of approximately 2 logs, 2.0 x
102 cells as compared to 5.1 x 10" cells in control animals.
Treatment of mice with WR-2721 prior to WBI almost abolished
the enhancing effect of irradiation on tumor take, increasing the
TD50 value to 1.4 x 104 cells. Mice treated with only WR-2721
exhibited no change in tumor take.

Protection against Radiation- and CY-induced Enhance¬
ment of Metastasis Formation in the Lung. Pretreatment of
mice with WBI (18, 19) and CY (reviewed in Ref. 22) increases
the formation of metastatic nodules in the lung generated by
tumor cells injected i.v. The results of the 2 following experiments
showed that WR-2721 can greatly protect mice against this
effect of WBI and CY (Chart 1). Mice were exposed to graded
doses of WBI or CY 5 days before they were given i.v. injections
of FSA cells. In addition, groups of mice were given 400 mg of
WR-2721/kg i.p. 30 min before WBI or CY. In the WBI experi¬
ment, mice were given 5x10" FSA cells i.v.; in the experiment

Table 1

Effect of WR-2721 on s.c. take of FSA in WBI mice

Mice were WBI with 650 rads 5 days before they were given s.c. injections of FSA cells. WR-2721 (400 mg/kg i.p.) was given 30 min prior to
WBI.

Tumor take after injection of following no. of tumor cells
Treatment of tumor cell

recipients 105 3X104 104 3X103 103 3X102 102 3x101 101 TD50 value (95% confidence limits)
None 9/12" 2/12 4/12 3/12 5.1 x 10<(2.3x 103-1.1 x 10')
WR-2721 9/12 3/12 2/12 4/11 5.2 X 104 (1.9 x 103-1.4 x 10s)
650 rads WBI 11/12 11/12 1/11 8/12 0/12 3/12 2.0 x 102 (6.5 x 10'-6.4 x 102)
WR-2721 + 650 rads WBI 10/12 2/12 2/12 2/12 0/12 0/12 1.4 x 104 (5.1 x 103-4.0 x 104)

a
Number of tumor takes/total number of injected s.c. sites.

JUNE 1984 2383



L. Milas et al.

IRRADIATION DOSE (rad) DOSE OF CYCLOPHOSPHAMIDE (mg/kg)

Chart 1. Protection by WR-2721 against WBI- and CY-induced enhancement
of FSA colonies in the lung. Mice were exposed to graded doses of WBI or CY 5
days before i.v. injection of FSA cells. Mice treated with WBI received 5 x 104 and
those treated with CY received 2.5 x 104 FSA cells. O, controls; #, WR-2721 -

treated mice. WR-2721 at the dose of 400 mg/kg was given i.p. 30 min before
WBI or CY. Number of lung metastases was determined 14 days after tumor cell
injection. Protection factors comparing the slopes of the curves were 2.5 for WBI
treatment and 1.8 for CY treatment. Points, means; bars, S.E.

with CY, they were given 2.5 x 10" FSA cells. The number of
metastases was determined 14 days after tumor cell injection.
There was a radiation- and CY dose-dependent increase in
metastasis formation, so that higher doses produced a larger
enhancement. WR-2721 significantly reduced this effect of WBI
and CY; protection factors comparing the slopes of the experi¬
mental and control curves (Chart 1) were 2.5 for WBI and 1.8
for CY.

Effect on Tumor Radioresponse in WBI Mice. The radiation
response of immunogenic tumors, including FSA, is dependent
on the immune competence of the tumor host, and is therefore
reduced for tumors growing in WBI mice (31, 32). The next
experiment was designed to test whether WR-2721 can protect
against the WBI-induced decrease in tumor radiocurability. WR-
2721 in the dose of 400 mg/kg was given to mice 30 min before
they were exposed to 600 rads WBI. One day later, the right
hind thighs of these mice, as well as those of mice that received
WBI or WR-2721 only, and untreated mice, were given injections
of 5 x 105 FSA cells. When tumors grew to 8 mm in diameter,
which occurred at about 9 days after transplantation for both
normal and WBI mice, regardless of whether the mice were given
WR-2721 or not, they were exposed to local tumor irradiation
with single doses of 3400 to 7000 rads. Tumor regression and
regrowth was followed for up to 100 days after irradiation, and
the curative effect was expressed in TCD50 values (Table 2). WBI
increased the TCD50 value from 4160 rads in normal mice to
5950 rads. WR-2721 treatment did not change the TCD50 value
of normal mice (TCD50 4380), but it reduced the TCD50 value in
WBI mice to 5210 rads. Therefore, there was some abolition of
the WBI effect by WR-2721 treatment.

Effect of WR-2721 on WBI-induced Depletion of Tumor
Macrophages. One of us observed earlier that FSA growing in
WBI mice contain fewer normal cells than the same-size tumors

growing in normal mice (15). Results presented in Table 3 show
that WBI reduces the percentage of macrophages in FSA from
the control value of about 17 to 3%. WR-2721 prevented this
effect of WBI entirely; tumors in this group had 19.4% macro¬
phages. Leg tumors were between 8 and 9 mm in diameter at

the time of analysis for macrophage content. Tumors were
generated by 5 x 105 FSA cells injected into the right thighs of
mice exposed to WBI 1 day earlier. WR-2721 (400 mg/kg) was
given 30 min before irradiation. Thus, tumors in WBI mice, at the
time of local tumor irradiation, had more tumor cells than did
tumors in mice not exposed to WBI, which could be a contributing
factor to the increased TCD5o value in WBI mice (see "Discus¬
sion").

Protection of NK Cell Activity. Since NK cells play an impor¬
tant role in antitumor resistance (13), particularly in that directed
against circulating tumor cells (11), it was important to determine
whether WR-2721 can protect these cells against damage by
irradiation and CY. Mice were treated with WR-2721 (400 mg/
kg i.p.) 30 min before they were exposed to graded doses of
WBI or CY. One day later, NK cell activity of these mice, as well
as mice exposed to WBI or CY, was assayed; the results were
expressed as the ratio of lytic activity for 106 spleen cells to that
of the same number of spleen cells from untreated mice. Both
WBI (Chart 2) and CY (Chart 3) suppressed NK cell activity, the
suppression increasing as doses of the agents were increased.
Treatment of mice with WR-2721 reduced this effect of WBI and
CY For example, at the lytic activity level of 0.5, the protection
factor was 1.6 against WBI and 1.4 against CY.

DISCUSSION

Results presented in this paper show that WR-2721 can, to a
considerable degree, protect antitumor resistance mechanisms
against damage inflicted by ionizing radiation and the alkylating
agent CY. WBI (1) and CY (4) are strongly immunosuppressive,
and as such they can compromise immune mechanisms that
mediate different antitumor responses. In the present study, WBI
promoted "take" of tumor cells when these were injected either
s.c. or i.v., and CY promoted colonization of the lungs by tumor

Table 2

Effect of WR-2721 on the radioresponse of FSA in WBI mice
Mice were exposed to WBI with 600 rads 1 day before they were given injections

of 5 x 105 FSA cells into the right hind thighs. WR-2721, at a dose of 400 mg/kg,
was given i.p. 30 min before tumor cell injection. When tumors grew to 8 mm in
diameter, they were exposed to single doses of 7-rays, ranging from 3400 to 7000
rads. TCD50 values were determined at 100 days after tumor irradiation.

Treatment of tumor cell recipients

Treatment with

Exposure to WBI WR-2721 TCD50 values (rads)
4160 (3730-4630)a

Yes 4380 (4040-4750)
WBI 5950 (5510-6410)
WBI Yes 5210(4860-5580)

Numbers in parentheses, 95% confidence limits.

Table 3

Effect of WR-2721 on WBI-induced depletion of macrophages in FSA
Mice were given WBI, 600 rads, 1 day before they were given injections of 5 x

10s FSA cells into the right hind thighs. WR-2721, at a dose of 400 mg/kg, was
given i.p. 30 min before WBI. When tumors grew to 8 to 9 mm in diameter, they
were assayed for the percentage of Fc receptor-positive cells (macrophages).
Three tumors were analyzed in each group.

% of Fc receptor-positive cells in
Treatment of tumor cell recipients FSA

None 17.4 ± 0.7
WR-2721 17.1 ± 1.6
WBI 3.0 ± 0.6
WR-2721 + WBI 19.4 ± 1.4
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mg/kg) was given i.p. 30 min before irradiation. PF, protection factor.
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Chart 3. Effect of WR-2721 on CY-induced suppression of NK-cell activity of

spleen cells. The activity was measured by the ability of spleen cells from mice
treated with CY 1 day earlier to lyse in vitro cultured YAC-1 cells. Spleen:target
cell ratio was 100:1. WR-2721 (400 mg/kg) was given i.p. 30 min before CY. PF,
protection factor.

cells injected i.v. WR-2721 protected strongly against these
effects of radiation and CY, a protection most likely mediated via
protection of the immune system. The evidence, already reported
(12, 34), shows that WR-2721 afforded a high degree of protec¬
tion against radiation to spleen cells capable of forming hemolytic
plaques, and to lymphocytes that mediate cell cytotoxicity. The
data that we present here show that WR-2721 can significantly
protect the activity of NK lymphocytes against both ionizing
radiation (Chart 2) and CY (Chart 3). NK cells can influence
various manifestations of tumor growth (13), but they are partic¬
ularly effective in elimination of tumor cells from the circulation
(11). This suggests that the presently observed efficient reduc¬
tion of WBI- and CY-induced enhancement of tumor nodule
formation in the lung by WR-2721 might be ascribed, to a certain

extent, to protection of NK cells. It should be noted, however,
that enhancement of lung colonization by i.v. injected tumor cells
in mice treated with CY or ionizing radiation is only partially due
to immunosuppression, and that other factors, including the
tissue damage in particular, are important (22). Thus, protection
by WR-2721 against CY- or WBI-induced enhancement of artifi¬
cial metastases could also be mediated by means other than the
prevention of damage of the immune system. Furthermore, WR-
2721 is very effective in protection of hematolymphopoietic stem
cells against ionizing radiation (36) and alkylating agents (33).
Consequently, replacement of mature lymphoid cells involved in
any type of immune reaction, which are damaged by the above
cytotoxic agents, would be more rapid and more complete with
the addition of WR-2721.

The immune system can also influence the curability of tumors
exposed to irradiation in such a way that its suppression de¬
creases and its stimulation increases tumor radiocurability (re¬
viewed in Ref. 17). In accordance with this are data presented
in Table 2, which show that 8-mm FSA responded to local tumor
irradiation less well if grown in WBI mice than in normal mice.
WBI delivered before tumor cell transplantation is likely to com¬
promise both afferent and efferent components of the immune
response. That the efferent response is compromised is shown
by the reduced influx of normal host cells, including macro¬
phages, after WBI (8, 15). In the present study, WBI reduced
macrophage infiltration of tumors from 17 to only 3% (Table 3).
Thus, the same size tumors have a higher absolute number of
tumor cells if they grow in WBI mice. The greater number of
tumor cells that have to be killed could be a factor, in addition to
the suppression of the antitumor immune responses responsible
for reduced radiocurability of tumors in WBI animals. Treatment
of mice with WR-2721 fully protected them against the WBI-
induced drop in macrophage infiltration and made tumors more
responsive to localized irradiation. Since WR-2721 was incapable
of complete restoration of tumor radiocurability, it is possible
that in our experimental settings WR-2721 could not fully protect
the immune system, at least the components that were involved
in this manifestation of antitumor resistance.

Because of its preferential protection of normal tissues, WR-
2721 can increase therapeutic gain under many experimental
settings when combined with radio- or chemotherapy. Factors
responsible for this differential protection are many, including
delayed and reduced entry of WR-2721 into solid tumors, due
to either compromised tumor vasculature (20, 28), to intrinsic
inability of tumor cells to actively absorb this compound (35), or
to reduced ability of WR-2721 to exert protection under hypoxic
conditions (6,7). Protection of the immune system is an additional
factor by which WR-2721 can increase therapeutic gain. This
mechanism will be operative in settings in which tumor growth
and its response to irradiation or chemotherapy is influenced by
the immune system, and in which these treatments are immu¬
nosuppressive. Immunosuppression by cytotoxic agents can
also make tumor hosts more sensitive to infections. Therefore,
WR-2721 should, by virtue of its protection of the immune
system, prevent infection, and in this manner also be of thera¬
peutic benefit.

In conclusion, WR-2721 can protect the immune system
against damage by irradiation and alkylating drugs, and thus
prevent many undesirable manifestations of immunosuppression
caused by these agents. Although the extent of protection we
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reported herein could be different under settings other than those
of the present study, our results show that this compound can
be strongly protective of the immune system, and as such has
potential to be of benefit when combined with tumor radio- and
chemotherapy.
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HYALURONIDASE-SENSITIVE HALOS

AROUND ADHERENT CELLS

Their Role in Blocking Lymphocyte-Mediated Cytolysis

By W. H. McBRIDE and J. B. L. BARD

From the Bacteriology Department, University of Edinburgh, Edinburgh EH8 9AG, and the Medical
Research Council Clinical and Population Cytogenetics Unit, Western General Hospital, Edinburgh EH4

2XU.

Tumor cells can protect themselves in vitro and in vivo against immune assault by
such mechanisms as the secretion of nonspecific suppressive or anti-inflammatory
factors (1) or the shedding of tumor-specific antigens (2). In this report we describe a
further mechanism which can prevent immune effector cells from establishing contact
with tumor cells in vitro and which, in so doing, inhibits lymphocyte-mediated
cytolysis.

During attempts to perform cell-mediated cytotoxic assays using adherent fibrosar¬
coma cells as targets, tumor cells were seen to be surrounded by a large transparent
halo which spleen cells were unable to penetrate (Figs. 1 a and 2 a). This report deals
with the nature of this barrier between tumor and effector cells. It shows how it can

be removed and how its removal allows lymphocyte-mediated cytolysis, a reaction
inhibited by its presence. Such barriers have been demonstrated on synovial and
fibroblast cells (3, 4, 5); however, their presence on tumor cells and their role in
preventing cell-mediated cytolysis of such cells does not seem to have been previously
reported.

Materials and Methods
Cells. The tumor cells most intensively investigated were derived from a fibrosarcoma,

induced in C3Hf/Bu mice by methylcholanthrene treatment. Serially transplanted flank tumors
in the 7-12th generation were taken and cell suspensions prepared as described previously (6).
Cells cultured in vitro for up to 15 passages were used in the experiments. A range of other cells
were also examined: fibrosarcoma cells Wl, W5, W9, W14, Will, W112, and W114 were

kindly provided by Professor M. F. A. Woodruff and Mrs. Gillian Speedy, lymphoblastoid cells
by Dr. M. Steele, 3T3 cells by Mr. W. Christie, Medical Research Council Cytogenetics Unit;
mammary carcinoma cells SP22 and 40A by Dr. M. Moore, Christie Hospital and Holt Radium
Institute, Manchester; VERO and BHK-21 cells by Mr. D. Brown, Bacteriology Department;
the other tumors used were maintained in our laboratory; fibroblasts from mouse 14-d-old
embryos and adult human skin were also used. Additional information on the cells is provided
in the text. In all experiments, cell cultures were seeded sparsely at densities of 104 cells cm-2 on
coverslips or in 96 well Microtitre plates No. M29 ART (Sterilin, Teddington, England). Eagle's
medium (Wellcome, England) supplemented with 10% fetal calf serum (Gibco. Bio-cult, Paisley,
Scotland) and buffered with 20 mM Hepes (British Drug House Chemicals, Poole, Dorset) was
used throughout. The formation of halos was dependent on the presence of the serum.

Cell suspensions were prepared from C3Hf/Bu mouse spleens and washed once before use.
A T-lymphocyte-enriched population of spleen cells, for use in the microcytotoxicity tests, was
separated from other spleen cells by nonadherence to nylon wool (7). These suspensions
contained 80-85% T cells (8).
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The optimal ratio of spleen cells to tumor cells for visualising the halos was =3.0 X 10"
cm-2, i.e., just sufficient to form a cell sheet. 4 X 109 cm-2 formalin-fixed Corynebactenum parvum
organisms were also used to visualise the halos as was Pelikan, shellac-free, drawing ink
(Gunther Wagner, Hanover, Germany). It was found that the process of visualisation could be
hastened by spinning the particles onto the cells using a conventional centrifuge with plate
holder or a cytocentrifuge for the slide/coverslip preparations.

Microscopy. Whereas the halo phenomenon could readily be seen using a conventional
inverted microscopy, it could be studied in greater detail if cells were plated on to circular
coverslips and placed in a Dvorak-Stotler chamber (9; Zeiss, Ober Kochen, W. Germany) or if
the coverslips were allowed to hang from the underside of a thin slide. Here they were examined
and photographed under Nomarski optics on a Zeiss Universal microscope. For time-lapse
studies, cells were plated on Falcon plastic dishes with Cooper lids (Becton Dickinson UK, Ltd.,
Middlesex) and filmed on a Wild inverted phase microscope (Wild, Heerbrugg, Switzerland)
with Wild time-lapse equipment in a 37°C room (10). Lapse rates of 10-100 s were used.

Enzymes. Hyaluronidase from bovine testis type 1 (Sigma, Kingston-on-Thames, England)
and ovine testis (Sigma), both of which also degrade chondroitin sulphate, and hyaluronidase
ex Streptomyces (11) grade B (Calbiochem, San Diego, Calif.) which is specific for hyaluronic
acid, were used in the study. These enzymes had no detectable activity against the general
proteolytic substrate azocoll (Calbiochem) and the activity of the fungal hyaluronidase was
resistant to heating at 60°C for 30 min (11). In other attempts to remove the barriers, cells were
treated with concentrations of trypsin, pepsin, and pronase (BDH) varying from 0.02 to 0.0002%
for 20 min at 37°C; 0.002% DNase I (Sigma), 15 min at 37°C; 0.02% RNase (Sigma), 15 min
at 37°C; and 50 U/ml Vibrio cholerae neuraminidase (BDH), 15 min at 37°C. Tests were

performed in Eagle's medium containing 10% FCS and in Dulbecco's phosphate-buffered saline
(PBS); the enzymes were removed by washing and the cells were tested immediately for their
ability to form halos using spleen cells as indicators.

Microcytotoxicity Tests. 104 tumor cells were plated in each well of a 96 well Microtitre plate
No. M29 ART (Sterilin). After overnight incubation, 10 ftCi Na51CrC>4 (Radiochemicals Centre,
Amersham, Bucks.) were added in 50 gl medium. After 2 h at 37°C. the wells were washed five
times with warm Dulbecco's PBS and the appropriate number of spleen cells added to each
well. After a further 7-h incubation period, the supernate was removed, the cells washed once
in Dulbecco's PBS, and the label associated with the cells was released by treatment with 0.1
ml 2 N NaOH. The counts in the experimental wells were subtracted from those in control
wells to which no spleen cells had been added; this value was then expressed as a percentage of
the control counts to give the cytotoxic index. When required, cells were treated with 10 IU/ml
(0.1-ml final volume) bovine testicular or fungal hyaluronidase during the labeling and also
during the subsequent incubation periods.

Results

Our Initial observations were made with C3Hf/Bu fibrosarcoma (Fsa) cells. Typi¬
cally, after culture for longer than 2-4 h, s80% of these cells prevented normal spleen
cells from coming close to their cell membranes. The effect was made obvious by the
presence of large translucent halos around the tumor cells which spleen cells were
unable to penetrate (Figs, la & 2a). No structure was visible in the halo region by
either phase contrast, dark ground or Nomarski optics; the halos extended well beyond
the filopodial attachments seen with high resolution microscopy (Fig. 1 a).

In one experiment halo sizes were measured; they ranged up to 17 ptm, averaging
8.8 /im, from Fsa membrane to spleen cells; the minimum measurable size was 2 ptm.
Halos were formed by cells taken in vitro directly from a tumor or by cells subcultured
for up to at least 15 passages in vitro.

Time-lapse cinemicrography showed that at no time did spleen cells penetrate the
halos; they were excluded even as they settled on to the surface of the dish, the settling
pattern suggesting that the halos were not simply associated with the substratum but
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Fig. 1. Living Fsa cells photographed under Nomarski optics showing the halo phenomenon in
the presence of (a) spleen cells, 350 X; (b) fixed C. parvum organisms, X 850; (c) carbon particles,
X 350. Note that under high magnification (b) the halos extend beyond the fine processes coming
from the cell body (arrows). Cells were plated 16 h before the indicator particles were added and
photographed 10 min later.

extended above and around the Fsa cell. Motile cells had very prominent barriers
around their trailing edge but the halo tended to be much less pronounced at their
leading edge (Fig. 2a, see legend for details).



Kig.2.AfieldofKsacellsandmousespleencellspreparedasforFig.1aand photographedbefore(a)and10mafter(b)theadditionofSlreptomyceshyaluron- idase(finalconcentration2.5U/ml).Notethatin(a)mostoftheFsacellsart- surroundedbyahalothatspleencellsareunabletopenetrate.Certaincells(arrow x)havelesshaloononesidethantheother.Time-lapsecinematographysuggested
thatsuchcellsweremotileandthatthebarrierwasmuchlesspronouncedonthe leadingedge.Certainroundedcells(y)hadveryprominenthalos.In(b),hyalu- ronidasetreatmenthasremovedthehalos(comparetheelongatedcellmarked withanarrowinthetwomicrographs)andmanyoftheFsacellsappeartobe coveredwithspleencellsX210.
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The exclusion phenomenon was seen with particles other than normal spleen cells.
Bacteria (Fig. 1 b) and carbon particles (Fig. 1 c) showed halo formation as did
immune spleen cells, lymph node cells, thymocytes, normal peritoneal exudate cells,
and erythrocytes. Visualisation of the halos was optimal when the concentration of
indicator particles was sufficient to form a single layer sheet: at lower concentrations,
the monolayer was insufficient to see halos, whereas at high concentrations, spleen
cells piled up over both the Fsa cells and their halos. It was of interest that fixation of
the tumor cells in 1% formal saline or 2.5% glutaraldehyde did not remove the barrier;
after dehydration, however, the halos were no longer visible.

The C3Hf/Bu Fsa cells were not alone in their ability to exclude particles from the
region around them. A variety of normal and tumor cells also were found to possess
halos (Table 1). A major exception, however, was the seven lymphoblastoid cell lines
tested. Vero cells also appeared to be negative. It should, however, be noted that
halos of <2 fim would not be demonstrable.

These barriers are similar to the hyaluronidase-sensitive material seen to surround
synovial cells and fibroblasts in vitro (3, 4, 5). We therefore examined the sensitivity
of the halos formed by the cells detailed in Table 1 to bovine testicular hyaluronidase
(10 IU/ml). Treatment with hyaluronidase removed the barrier so that the spleen
cells were then able to approach the cell membranes (Fig. 2); with most cell types, the
barrier was removed within 3 m, although certain of the carcinoma cells appeared to
be slightly less sensitive. These concentrations of hyaluronidase appeared to have no
adverse influence on the morphology or growth of the cells. After removal of the
enzyme, the cells regenerated their ability to repel spleen cells within 2 h. Fungal
(0.1-10 IU/ml) and ovine testicular (10 IU/ml) hyaluronidase where tested, had the
same effect. Other enzymes (pronase, pepsin, trypsin, neuraminidase, collagenase,
DNase, and RNase) did not remove the barrier when used at concentrations that did
not obviously affect the morphology and adherence of the cells to glass.

These results show that many adherent sarcoma and carcinoma cells, as well as
normal cells, are surrounded in vitro by hyaluronidase-sensitive zones that can prevent
spleen cells as well as other cells and particles approaching their cell membranes. As
it is thought that contact between effector and target cells is a prerequisite for cell-
mediated cytolysis (12), we have investigated the extent to which these halos could
protect tumor cells from lymphocyte-mediated lysis.

For these experiments, cells were prepared from the spleens of C3Hf/Bu mice that
had been bearing Fsa tumors for 14-21 d. These spleen cells are known to possess anti
tumor activity as measured in a Winn assay (8). The ability of the cells to lyse Fsa
cells was measured in the presence and absence of hyaluronidase by a 'Cr-release
assay. The results of four separate experiments are presented in Table II. Hyaluroni¬
dase did not effect Na51CrC>4 uptake by tumor cells; it did not significantly increase
the 51Cr released by tumor cells cultured with normal spleen cells. It did, however, in
all experiments, enhance the 51Cr released by Fsa cells in the presence of specifically
immune spleen cells; the average increase in lysis being around threefold. The
enhanced killing of Fsa cells by immune spleen cells in the presence of hyaluronidase
was most obvious when nylon wool nonadherent (T-cell enriched) spleen cell popu¬
lations were used (exps. 3 b and 4 b; Table II); the major reason being that T-cell-
enriched preparations displayed less nonspecific cytotoxicity than did the unseparated
spleen cells. The cytotoxic action of immune spleen cells in the presence of hyaluron¬
idase was immunologically specific in that, in the four experiments, we found no
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Table 1

Cell type Comment Strain/species Coat

Fsa 1 MCA*-induced C3Hf/Bu mice 4- ve

Fsa Wl, W5, W9, W14 MCA*-induced CBA mice all 4-ve

Fsa Will, Wl 12, W114 MCA*-induced Balb/c mice all +ve

Mammary carcinoma 2 •Spontaneous C3Hf/Bu mice 4- ve

Mammary carcinoma SP22 Spontaneous W/not rats 4- ve

Mammary carcinoma 40A AAF^r-induced W/not rats 4- ve

Adenocarcinomas 1, IM, 2 Spontaneous C3Hf/Bu mice all 4-ve

3T3 G Fibroblast-like Swiss albino mice 4- ve

3T3 S SV^ transformed Swiss albino mice 4- ve

BHK-21 Fibroblast-like Hamster 4- ve

Mouse embryo fibroblasts C3Hf/Bu mice 4- ve

Adult skin fibroblasts Human 4- ve

Vero Fibroblast-like Monkey —ve

B-lymphocyte lines EB4, CROi, ANA,, Human all —ve

G-Si, JIMi
Myeloma 8226 Human —ve

T-lymphocyte line MOLT4 Human —ve

* methylcholanthrene-induced
N acetyl-a-amino-fluerene-induced

enhanced cytotoxicity against C3Hf/Bu adenocarcinoma IM cells when the enzyme
was added (data not shown). These experiments show that the hyaluronidase-sensitive
zones around tumor cells, in preventing immune lymphocytes from approaching their
cell membranes, can protect them from specific cell-mediated cytolysis in vitro.

Discussion

The results show that, when cultured in vitro, cells from a C3Hf/Bu fibrosarcoma
are surrounded by zones that particles cannot penetrate and that these zones, which
are removed by hyaluronidase, can protect the cells from lysis by immune lympho¬
cytes. A variety of other sarcoma and carcinoma cells as well as normal cells had
similar exclusion zones; the lymphoblastoid cell lines that we tested did not.

There are only a few reports in the literature of similar phenomena, a fact that is
perhaps surprising. Halos of a similar thickness have been noted on human synovial
cells (3, 4) and their presence considered sufficient to protect such cells against
leukocyte-induced damage (5) and to inhibit viral adherence (13). A similar reaction
with erythrocytes has been attributed to human polymorphonuclear leukocytes (14)
but the hyaluronidase-sensitivity of the halo was not investigated in that paper. We
have been unable to find reports of exclusion zones around tumor cells. We believe
the reason for the lack of such reports is that they are difficult to visualise. They
appear only 2 h after the cells are in culture and their identification requires indicator
particles to be present at the correct concentration.

The nature of the halo is largely unknown. The evidence that we have is most
compatible with its being a gel-like coat extending beyond the filopodia, encompassing
the cell mass and being composed in part of hyaluronic acid. Very low concentrations
of this glycosaminoglycan, perhaps complexed with protein and other polysaccharides
(15) could form coats with properties consistent with those we have described as it is
known that hyaluronic acid is heavily hydrated (16). Support for this view comes
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Table II
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Hyalu-
Lysis^

Effector cells roni- Immune§ Normal
dase*

125:11| Incr.U 50:1 Incr. 125:1 Incr. 50:1 Incr.
%

Exp. 1
spleen cells - 14 3.5" 9H >1.9" 14 1.3 11 1.5

+ 49 19 17 16

Exp. 2
spleen cells - 24 1.4" 12 2.0 16 1.5 21 1.3

+ 34 24 24 28

Exp. 3 a

spleen cells - 10 2.8" 2H >2.8" 18 <1.0 17 <1.0
+ 28 28 10 10

Exp. 3 b
T-cell-en- - Ofl >2.7" 9U >3.2" 0 1.0 3 1.0

riched** + 27 32 5 0

spleen cells
Exp. 4 a

spleen cells - 14 3.8° 29 1.1 51# 1.2 39 1.4
+ 53 33 61 54

Exp. 4 b
T-cell-en- - 13 2.9C Ofl >4.1" 17 1.0 1 1.0

riched** + 38 41 16 9

spleen cells
* 10 IU/ml (0.1-ml vol) bovine testicular (exp. 1, 2, and 4) or fungal (exp. 3) hvaluronidase present.
£ 1 — (counts remaining in wells with added spleen cells -t- counts remaining in wells with no spleen cells)

X 100%. This method of calculating precent lysis gave more reproducible results than supernatant
counts although they could equally well have been used. Nonspecific release 330%. Four replicates were
averaged for each percent lysis.

§ Suspensions from spleens of mice bearing Fsa for 14-21 d (3 12 mm diameter tumors).
|| Effector:target cell ratios.
u Lysis in the presence of hyaluronidase divided by lysis in the absence of hvaluronidase. Statistically

significant increases (P < 0.05; Student's t test) are shown by Where lysis was <10%, then 10% was
used for the calculation of the increase.

** T-cell enriched = nylon wool nonadherent.
# Very occasionally high cytotoxicity was found with supposedly normal spleen cells. The explanation for

this is presently unknown.

from the fact that dehydration (though not fixation) removes the halos. Alternative
hypotheses, for example that the barrier is due to fine, active cell processes, require to
explain the exquisite sensitivity of the halos to the several different types of hyaluron¬
idase and in particular to the highly specific, heat stable fungal hyaluronidase.

The importance of these halos to the cells is hard to define. They may act as a

protective mechanism against the harsh conditions in vitro, yet the cells appear not
to be affected by removal of the halos with hyaluronidase. In the experimental
context, we have shown that halos prevent the approach of immune effector lympho¬
cytes to tumor cells and, in so doing, appear to protect the tumor cells against lysis.
The phenomenon may therefore influence the outcome of certain microcytotoxicity
assays. It is known that there are particular problems in performing DlCr-release
microcytotoxicity assays using adherent cells as targets; for such assays, lymphoblas-
toid cell lines are most commonly used (17). In this regard it may be significant that
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we could not detect halos around any of the lymphoblastoid cell lines tested.
It is clear that the addition of hyaluronidase may under certain conditions facilitate

the cytotoxic performance of immune cells against adherent cells in vitro. However,
other related factors may be important in the performance of these assays; these
include the extent of halo production and its chemical composition, the time at which
effector cells are added with respect to the time taken for the establishment of
exclusion zones by the targets, and the presence or absence of cells such as activated
macrophages which may have enzymes capable of breaking down the halo.

The significance of halo formation by cells in vitro to their behavior in vivo is as yet
unclear. It is however of interest that hyaluronic acid is a major component of the
ground substance and as such it will be present within solid tumors and would be
expected to help maintain the integrity of the tumor. Although it has been suggested
that breakdown of ground substance may facilitate spread of the tumor (18), the
results presented here suggest that it would be worthwhile investigating whether its
removal may in fact facilitate penetration and elimination of the tumor by the host's
immune defences.

Summary
A variety of adherent sarcoma, carcinoma and normal cells are surrounded in vitro

by thick, transparent zones (s9 /xm thick) that spleen cells and a variety of other ceils
and particles cannot penetrate. Seven lymphoblastoid cell lines did not possess such
halos.

The presence of these halos around adherent fibrosarcoma cells appeared to protect
them from lymphocyte-mediated cytolysis. Hyaluronidase treatment, which destroyed
the halo and allowed lymphocytes to approach the tumor cell membrane, enhanced
the cytotoxic action of immune but not of normal spleen cells.

These observations, in addition to highlighting a little-known feature of the cell
surface, may also be of general relevance to the in vitro and in vivo killing of tumor
cells by immune effector cells.
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Britain in this project and thank Mr. D. Walkinshaw, Miss Allyson Abbott, Miss Virginia Bliss,
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SUMMARY

Many adherent cells in vitro are surrounded by a transparent exclusion zone or halo, several pm
thick, which red blood cells, bacteria and carbon particles cannot penetrate. This halo is rapidly and
specifically removed by hyaluronidase and its high degree of hydration is demonstrated by the fact
that, although fixation does not eliminate the halo, solvent dehydration does. This latter observation
means that the halo cannot be visualized by conventional electron microscopic techniques. We
report here that the exclusion-zone material can, however, be seen in the scanning electron
microscope if cells are fixed and frozen rapidly and then freeze-dried. Many cells in cultures from
a murine fibrosarcoma or from human embryonic lung treated in this way appear to be covered by
a matrix that obscures the microvilli that are visible on critical-point-dried or hyaluronidase-treated,
freeze-dried cells. Only where the coat is, for some reason, missing can microvilli be seen on freeze-
dried cells. The coat structure varies from amorphous to an assembly of fine fibres —100 nm in
diameter and its appearance is very similar to that of small drops of hyaluronic acid (10_5/lgml_1)
treated in the same way. Halo material is fragile and detaches itself from the cell surface within an
hour of fixation. These observations suggest that the halo phenomenon reflects only the production
of extracellular matrix and its turnover. The fragility of the haloes implies that, if they do exist in
vivo, they are unlikely to play any structural role. The results suggest that the technique will yield
information on other highly hydrated, unstable structures.

INTRODUCTION

Many adherent cells in vitro are surrounded by a coat, several pirn thick, that
excludes red blood cells, bacteria and carbon particles. When these are present, cells
appear to have a transparent halo around them (Clarris & Fraser, 1967, 1968). Like
Clarris & Fraser, we have examined the physical nature of the coat and the conditions
under which it is produced; we have further demonstrated that it protects tumour cells
from the cytotoxic effects of killer cells (McBride & Bard, 1979). Both this effect and
the coat itself disappear when small amounts of fungal or testicular hyaluronidase
or chondroitinases are added to the medium; earlier observations have shown that
haloes are unaffected by proteolytic and other enzymes (McBride & Bard, 1979). In
view of the purity of fungal hyaluronidase and its known specificity for hyaluronic acid
(Ohya & Kaneko, 1970), it is clear that hyaluronic acid (HA) plays, at the least, an

important role in maintaining the integrity of the exclusion zone. In addition, it has
* Author for correspondence.
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recently been shown (Underhill & Toole, 1982) that the bigger the coat the more HA
is associated with the cell and the more HA is secreted into the surrounding medium.
All the evidence that supports the physical existence of these coats is, however,
circumstantial, as it has not been possible to visualize the material in the zone. There
are two likely reasons for this: first, that the amounts present may be too low to be
detected by staining techniques; and second, that, as HA is highly hydrated, perhaps
by a factor of 104 (Toole, 1976), the coat may collapse during conventional dehydra¬
tion prior to critical-point drying for visualization in the scanning electron microscope
(SEM).

In this paper, we report the direct visualization of very fragile, hyaluronidase-
sensitive, extracellular material surrounding cells by using freeze-drying as the
preparative technique for SEM. Here, the specimen is frozen in liquid nitrogen slush
and the ice sublimed away at low temperature under a vacuum (see Boyde, 1978, for
a review). In principle, this technique is more likely to lead to the preservation of coat
material than is critical-point drying, as hydration is maintained until the very last
stages of preparation when the ice is sublimed off. Provided that the final structure,
when coated with gold, is robust enough to sustain itself against gravity and weak
electrostatic forces (Kistler & Kellenberger, 1977), it should be viewable in the SEM.

In order to confirm that the material around cells is that of the coat, we have
compared freeze-dried and critical-point-dried specimens with and without
hyaluronidase treatment under carefully defined conditions. We have also compared
the appearance of halo material to that of small drops of hydrated HA prepared in the .

same way as the cells. Finally, we report some observations on the fragility of the coats
and the extent to which they are stable in culture.

MATERIALS AND METHODS

Cells and fixation
For the majority of the work described here, cells from a murine fibrosarcoma (Suit & Kastelan,

1970) maintained in vivo were cultured in vitro for 48 h before plating (McBride & Bard, 1979).
Other confirmatory studies were performed on untransformed cells such as human embryonic lung
fibroblasts. Cells to be observed in the SEM were shaken off plastic dishes following treatment with
0-1% (w/v) trypsin (5 min at 37°C; type II, Sigma, U.K.) and plated on fragments of glass
coverslip (4 mm2, previously cleaned in diethyl ether, ethanol and water) in the wells of a 96-well
microtitre plate (Sterilin, Teddington, U.K.). Cells were seeded at a density of 2 X 104 to 105 cm-2,
and incubated at 37 °C for 18 h in 0-1 ml F10 medium containing 10 % foetal calf serum. In a typical
experiment designed to demonstrate the existence of coats, the wells were divided into four main
classes: to be either freeze-dried or critical-point dried after having been either treated or not treated
with 0-1 i.u. of fungal hyaluronidase (Calbiochem-Behring, Bishop Stortford, U.K., final concn:
lOi.u. ml ') for 30 min at 37°C. In addition, a few coverslips containing only medium were used
as controls. Calf or sheep red blood cells (RBC), previously washed three times in Hanks' buffered
salt solution, were added to one well in each class (107cm-2) and, after allowing the RBCs to settle
for ~7 min, the presence or absence of haloes around cells in each class was determined under an
inverted microscope. Haloes are extremely fragile and can be disrupted readily by robust pipetting
(see later). Care was therefore taken to minimize the trauma of preparation. After one wash in 0-2 ml
Dulbecco's B solution at 37°C, cells were fixed in a 1:1 (v/v) mixture of 5 % glutaraldehyde,
buffered with cacodylate at pH7-3, and 1 % osmium tetroxide for 10 min. The wells were then
rinsed gently with distilled water and the presence or absence of haloes in one well from each class
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was tested with RBCs to ensure that the phenomenon had not been destroyed by the fixation
procedure.

Freeze-drying
Coverslips for freeze-drying were picked up with tweezers, the bottoms were gently blotted on

Millipore filters and they were then placed on an aluminium SEM stub previously spread with quick-
setting Epoxy resin (Devcon, Theale, Berks, U.K.). A drop of water was immediately placed on the
stub to avoid any risk of premature drying. On each stub, there were at least two control and two
hyaluronidase-treated coverslips. The stub was then kept under water until required (<10min as
the halo material is lost from fixed cells within an hour). In early experiments, cells were freeze-dried
in a Cryocart (Emscope Ltd, Ashford, U.K.). The stub was fixed to the freezing-chamber rod and,
before plunging the stub into liquid nitrogen slush, the end of the rod was lightly blotted or flicked
to remove all but a thin film of water. After immersion in the slush, the specimen was transferred
to the cryochamber stage and freeze-dried under a vacuum for 4 h, then allowed to rise to room
temperature over 2h, gold-coated and finally warmed slightly to ensure that there was no rehydra¬
tion when the vacuum was released. The specimen was then removed from the Cryocart, recoated
with gold in a sputter coater (E5100, Polaron, Watford, U.K.) and stored with silica gel until
required for examination. Later specimens were freeze-dried in an Edward's (Crawley, U.K.) 306
vacuum coater, which can maintain a far higher vacuum (<10-6mbar; 1 bar = 10s Pa) than the
Cryocart. Such specimens were frozen by cascading with liquid nitrogen in a Dewar flask. Each stub
was transferred to the freeze-drying apparatus under liquid nitrogen and then inserted rapidly into
the coating unit, which was then evacuated. The specimens freeze-dried as they were slowly warmed
to room temperature over a period of 10 h. The latter specimens gave more consistent results than
the former.

Critical-point drying
Specimens were dehydrated in graded acetones, and critical-point dried from liquid carbon

dioxide in a Balzers-Union (Berkhampstead, U.K.) dryer. The specimens were then mounted on
aluminium stubs and coated with gold (see above).

Hyaluronic acid
HA (Sigma, Poole, U.K.) was dissolved in distilled water at a concentration of 1 mgrnl"1, left

overnight and then serial dilutions down to 1 /rgml-1 were made. Drops (~0T /rl and ~0-6mm in
diameter) were dispensed onto coverslip fragments with a 25 fi\ microsyringe and these were either
freeze- or critical-point dried as described above.

Microscopy
During preparation, specimens were examined under either a Wild M7 dissecting or a Reichert-

Jung inverted microscope. The specimens were finally examined under an SI80 scanning
microscope (Cambridge Instruments, Cambridge, U.K.) at an accelerating voltage of 30 kV. Time-
lapse observations were made using a Wild M40 inverted microscope fitted with Wild time-lapse
equipment (see Bard, 1979, for details).

RESULTS

Critical-point-dried fibrosarcoma cells examined in the SEM showed a range of
morphologies, from rounded to extended. Rounded cells often had a convoluted
membrane and microvilli were usually present on the sides and sometimes over all of
the surface (Fig. 1). Areas of substratum adhesion tended to be flattened smooth
membrane rather than filopodia. Most of the surface of more extended cells was
covered with microvilli. Critical-point-dried cells that had been treated with fungal
hyaluronidase were indistinguishable from control, untreated cells.
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Initially, the quality of freeze-dried cells varied greatly from sample to sample and
even over a single coverslip. Some cells were shattered, with membranes disrupted
to expose the cell milieu, while others were well preserved as demonstrated by the
existence of intact filopodia and the quality of the microvilli in hyaluronidase-treated
preparations. Reproducible, high-quality specimens were obtained only with ex¬
perience, as greater control was exerted over such variables as the amounts of residual
salts and serum, the amount of water left on before freeze-drying and the vacuum and
temperature conditions maintained during this process. One example of an artefact
was the presence of amorphous material that enveloped both control and enzyme-
treated cells and was also present in medium controls (Fig. 2). This material was not,
however, seen on cells that had been properly washed with saline prior to fixation and
may well have been serum. Because of these problems, great care was taken to standar¬
dize the techniques of preparation and, in particular, to mount coverslips with cells
that had and cells that had not been treated with hyaluronidase on the same stub prior
to freeze-drying. Evidence was considered as being suggestive of haloes only if there
was no sign of the feature on enzyme-treated cells.

In general, freeze-dried cells that had been treated with fungal hyaluronidase were
essentially indistinguishable from critical-point-dried cells with or without enzyme
treatment (Fig. 3). A minor difference was that rounded freeze-dried cells sometimes
had a pronounced snowy appearance that seemed to be due to densely packed
microvilli. Indeed, microvilli and fine adhesion processes often seemed better preser¬
ved in freeze-dried than in critical-point-dried specimens.

Some untreated freeze-dried cells showed signs of being covered by halo material.
These cells could be recognized even at low magnification in the SEM as they were
of relatively low contrast (Fig. 4), as compared with enzyme-treated cells, which were

bright (Fig. 5). Closer examination showed that the reason for this brightness was the
high reflectivity of microvilli, which were absent on the low-contrast cells (Fig. 6).
These latter cells had the same shape as their neighbours, but, as their surfaces were

relatively featureless, the impression was given of a coat covering the cell and extend¬
ing beyond it (Fig. 6). Positive identification that these were, indeed, cells and not
debris came both from their basic morphology - their outlines were similar to
microvilli-covered cells - and from an occasional sighting of microvilli in an area of
a cell where the featureless coat was absent (Figs 7, 9). It was also noticeable that there
was considerably more amorphous debris, not associated with cells, in these

Fig. 1. An SEM micrograph of a fibrosarcoma cell that has been critical-point dried; it
is covered with microvilli. X3900.

Fig. 2. An SEM micrograph of a freeze-dried fibrosarcoma cell on a Nucleopore filter
(np). The cell is partially embedded in amorphous material (am), which is almost certainly
serum-derived as the culture was not washed with saline prior to fixation. Such material
was also found on cells that had been treated with hyaluronidase before fixation and in
serum controls. X1700.

Fig. 3. An SEM micrograph of a freeze-dried fibrosarcoma cell that had been treated with
hyaluronidase before fixation. It is basically similar to the cell shown in Fig. 1, but seems
somewhat better preserved in that the microvilli appear sharper. X3900.
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Figs 1-3
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Fig. 4. A low-power SEM micrograph of freeze-dried fibrosarcoma cells that show none
of the features of hvaluronidase-treated, freeze-dried cells but appear to be covered with
blanket-like material that obscures microvilli and lowers the contrast of the cells. It was

also noticeable that in such specimens, there was far more non-cellular debris on the
substratum than in critical-point-dried or hyaluronidase-treated, freeze-dried ones.
X900.

Fig. 5. A similar culture to that shown in Fig. 4, but here the cells were treated with
hyaluronidase before fixation. Note how much higher the contrast is in this specimen
where the microvilli can 'reflect' electrons. X900.

specimens as compared with hyaluronidase-treated freeze-dried or routine critical-
point-dried ones.

The proportion of cells in a culture that could definitely be said to have coats varied
between 30 and 90 %, mirroring the observations on RBC-surrounded cells in culture
(McBride & Bard, 1979). Coats were seen on both rounded and elongated cells and
over groups of cells. In the latter case, the coat sometimes appeared to have cracked
between cells, on preparation (Fig. 8). This suggests that there had been some shrin¬
kage on freeze-drying and may explain why the coats appeared to have collapsed onto
the cells and to be thinner in the SEM (~1 fim) than in culture (—3-7 gm).
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Fig. 6. An SEM micrograph of a freeze-dried, embryonic lung fibroblast at higher power
than the cell shown in Fig. 4. The halo can be seen to extend considerably beyond the body
of the cell, although some filopodia may protrude (see Fig. 10). The encircled area is
shown at high magnification in Fig. 13. X1600.
Fig. 7. A freeze-dried fibrosarcoma cell only partly covered with halo material (m). Where
there is no matrix, microvilli can be seen. X3800.

Fig. 8. An SEM micrograph of a group of freeze-dried fibrosarcoma cells showing that
matrix production is also shown by groups of cells. In this case, but not in all, there appears
to have been considerable shrinkage of the matrix so that the individual cells appear
distinct. The arrows show where the matrix has been lost from the cell surface to expose
microvilli; the extended process is shown at higher power in Fig. 9. X 1240.
Fig. 9. An SEM micrograph of a freeze-dried fibrosarcoma cell showing a region of a
process in which the matrix has been lost (see Fig. 8); microvilli are now exposed. X 81 SO.

At higher power in the SEM, more features could be seen. On extended
lamellopodia, the coat did not always reach the end of the cell. In these cases, fine
filopodia could sometimes be seen protruding out from beneath the flattened coat at
the end of the cell (Fig. 10). This suggests that the coat may not extend over organelles
of locomotion. Time-lapse studies on cultured cells showed independently that, at
leading edges of moving cells, there was no exclusion zone (see also, Fraser, Clarris

13 CEL 62
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& Kont, 1970). The coats on the more rounded cells gave no sign of the structure
underlying them, a result in accord with the earlier observation (McBride & Bard,
1979) that such cells tended to have particularly extensive coats (compare Fig. 10 with
Fig. 6).

The morphology of the coats varied: in some cases, it had a textured appearance
and was composed of closely matted fibres of diameter ~100nm (Fig. 11); in other
cases, there were very fine fibres ~40 nm in diameter (Fig. 12), while on some cells,
the surface was virtually smooth (Fig. 13) and any fine detail was below the effective
resolution of the microscope (~20nm). One feature relevant to the results given
below on HA was that occasional fine cracks could be seen on the surface of some coats

(Fig. 14).

Observations on hyaluronic acid
Because coats are rapidly degraded by fungal hyaluronidase, we considered that an

independent check on the nature of the coats could be made by comparing them with
freeze-dried drops of HA. Drops of HA (~0-1 /xl) at a variety of concentrations were
therefore placed on coverslip fragments and treated in the same way as the cells had
been. Enzyme-treated fragments displayed only debris (<0-5gm in size). HA at a
concentration of 10/rgml-' produced small flattened pancakes ~300lum in diameter
(Fig. 15). The surface of these was similar to that of the more amorphous cell coats.
In addition, there were occasional fine cracks in the surface that were indistinguish¬
able from those seen on cell coats (Fig. 16). On critical-point-dried specimens at this
concentration, there was no sign of the HA drops; there was only a small amount of

Fig. 10. A high-power SEM micrograph of a freeze-dried fibrosarcoma cell showing that
the matrix may not extend over what appears to be the leading edge (arrow). Filopodia
(/) can be seen protruding from the matrix. Time-lapse movies of cells surrounded by
RBCs also demonstrate that exclusion zones do not extend beyond the leading edge of
motile cells. X7400.
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low-contrast debris. This may be because HA was removed during dehydration with
acetone; alternatively, the small amount of HA present in the droplets may have been
too small to be visible after dehydration (see Discussion).

These observations support the view that the coats contain HA as their major
constituent. The fact that the appearances match best when the HA has a concentra¬
tion of 10 qg ml-1 gives a clue as to the average concentration of HA in the coats. The
observation that after freeze-drying, drops of HA flatten down to give a pancake-like
structure gives insight into the behaviour to be expected of such highly hydrated
structures after this preparative technique.

Stability of coats
The early difficulties that we had in obtaining good-quality cells for the SEM led

us to examine the stability of the coats. We found that robust pipetting of cultures

Figs 11-13. High-power SEM micrographs of the fine structure of freeze-dried halo
material. X9600 (Fig. 11 on a fibrosarcoma cell; Figs 12, 13, on human embryonic lung
fibroblasts). The material may have relatively coarse fibrils —100nm in diameter (Fig.
11), finer fibrils —40nm in diameter (Fig. 12) or may appear amorphous (Fig. 13) after
gold-coating.
Fig. 14. A high-power SEM micrograph of the freeze-dried matrix on a fibrosarcoma cell.
As a result of the power of the electron beam, fine cracks have appeared (compare with Fig.
16). X 14400.
Fig. IS. A low-power micrograph of a small drop of freeze-dried hyaluronic acid at an
initial concentration of lOjUgml-1. The drop has flattened onto the substratum. X170.
Fig. 16. A high-power SEM micrograph of the HA drop shown in Fig. 15. Both the
structure of the matrix and the cracks present in it are very similar to those visible in Fig.
14. The surfaces thus appear to have a similar inability to resist the electron beam.
X 14 400.
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resulted in loss of the halo effect with RBCs and that if, in the course of washing or
fixation, liquids were not added or removed with care, no coats would be seen in the
SEM (we found it necessary, for example, to use wide-bore pipettes — that is, dispos¬
able plastic pipettes cut to give an internal diameter of ~0-3 mm). Preliminary experi¬
ments were therefore undertaken, adding RBCs at each stage of fixation to monitor
the handling procedures. This work led to the observation that, if cells were not frozen
within about 1 h of being fixed virtually no sign of coat material could be detected.
The implication to be drawn from this aspect of the study is that haloes are extremely
fragile.

DISCUSSION

The main conclusions to emerge from the results presented in this paper are: first,
that it is possible after freeze-drying to visualize in the SEM a fibrous matrix sur¬

rounding cells; and second, that this matrix, which is hyaluronidase-sensitive, is
similar to HA. These conclusions should not be accepted uncritically as great care has
to be taken in interpreting SEM observations, particularly when they are made using
a preparative technique that is, in this context, novel. The most significant reasons
for having confidence in the observations are: first, that freeze-dried cells after
hyaluronidase treatment are indistinguishable from critical-point-dried cells; and
second, that the phenomenon that we report is only present in cells that have not been
treated with the enzyme. The matrix cannot, therefore, be viewed as an artefact, but
has to be considered as a hyaluronidase-sensitive coat around the cells and, as such,
to be the direct visualization of the hyaluronidase-sensitive haloes seen in the light
microscope. The fact that its morphology is similar to that of reconstituted, freeze-
dried drops of HA adds weight to this view.

Positive evidence for the existence of that coat is, however, tempered by certain
doubts that have to be resolved. These include the reasons why the size of the matrix
is smaller in freeze-dried than the original cultured cells and why no halo material is
seen on critical-point-dried cells. The explanation as to why the size of the coat
decreases with freeze-drying might be the same as that for why drops of HA collapse
after freeze-drying. A reason for this has been put forward by Kistler & Kellenberger
(1977) who suggest that, in the absence of water, van der Waals' attractive forces cause
loose material to condense as ionization is suppressed and electrostatic repulsion
consequently reduced. A second reason is that the preparative technique itself (wash¬
ing, pipetting, etc.) certainly removes some of the matrix as well as any serum that
might adhere to the substratum. It is hard to over-emphasize the fragility of the coats:
a simple pipetting of the cells causes the proportion of coat-positive cells to decline.
It is therefore likely that, no matter how carefully we treated the cells, many of the
cells had their coats depleted during preparation for freeze-drying. But these results
provide an additional clue as to why others who have used the freeze-drying technique
for SEM preparation have not noticed the presence of haloes (e.g., Demsey, Kawka
& Stackpole, 1978); almost certainly, their preparative method took sufficiently long
for the HA to detach itself from the cell surface. We noted that in specimens frozen
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longer than an hour after the initial fixation there was little sign of coat material.
The SEM data presented here give only morphological grounds for sustaining the

view that the halo material is HA. Our earlier work provided further chemical
evidence in support of the case for the major structural component of the haloes being
HA; in that work we demonstrated that the coats were insensitive to a broad range of
degradative enzymes, but were specifically removed by fungal hyaluronidase
(McBride & Bard, 1979). The additional fact that Streptomyces hyaluronidase, with
its known purity and highly restricted activity, will rapidly break down coats after
preheating to 75 °C provides further evidence for the case. It is also relevant that only
cells that are known to produce connective tissue macromolecules have coats; other
cells lack them (McBride & Bard, 1979).

The question as to why there is no sign of coat material on cells that have been
critical-point dried and not previously given hyaluronidase is not easily answered.
There is direct visual evidence that dehydration causes haloes to disappear, but the
mechanism by which this happens is not clear. It could occur either by simple
collapse, brought on by the loss of water, or, alternatively, the dehydration could
cause the HA to break away from the cell surface and be lost. It is therefore interesting
to calculate the thickness of the HA that would collapse onto 1 /im2 of cell surface after
total dehydration of a normal coat (assumed to be composed of 100% HA). Suppose
that the original halo extended out 7 [im beyond the cell and that the HA was hydrated
by a factor of 104 (note that although a 105 dilution of HA gave a morphology similar
to that in a halo, one must allow for an inverse square decrease in HA concentration
in the halo). If the density of HA is TOg/ml, then the weight of glycosaminoglycan
attached to 1 fim2 of cell surface would be 7 X 10-16g and the thickness of the totally
condensed material would be 0-7 nm, or less than 10 A thick. This amount is far too
small to be observed and, even if the calculation is wrong by an order of magnitude,
the amount of HA present would still be too small to be visible as it would be less than
a tenth of the size of a microvillus.

If the calculation is approximately correct, it raises the question of what is actually
observed in the freeze-dried coat, given that so little material is present. The likely
answer is that, after specimen preparation, there is attached to the cell surface an

extremely flimsy and fragile coat of dehydrated HA. The coat may even maintain a

slight degree of hydration if the initial binding of water to the HA is sufficiently strong
not to be eliminated by freeze-drying under low pressure. After freeze-drying, the
coat is presumably robust enough to maintain a gold covering and it is, of course, this
that is visualized in the SEM. In short, the conclusion to be drawn from this analysis
is that we need seek no further than dehydration effects to explain the differences
between the cell surface after the two methods of preparation.

Perhaps the most important observation about the coats in the biological context
is their extreme fragility. It is unlikely that so weak a structure is a major extension
of the cell membrane. It is more likely to be a reflection of the way the cell secretes
HA. One reason for suggesting this is that it is now clear that many cells in vitro
continuously make and secrete HA into the medium (see Underhill & Toole, 1982,
for a review). Such production and release require that the glycosaminoglycan
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adheres weakly to the membrane so that it can readily move into the medium to be
supplanted at the cell surface by newly synthesized HA. Such a 'throughput' of
material is likely to give rise to a very fragile coat. HA is likely to be produced in a
similar way in vivo, but, because of its high concentration in the extracellular matrix,
there is unlikely to be a region around the cell that is particularly HA-rich. If this view
is correct, the coats as seen in vitro are likely to reflect normal HA production into the
medium where it swells on secretion and is slowly released.

Finally, we note that freeze-drying is able to show a structure that was initially
highly hydrated far better than critical-point drying can. Indeed, as every normal
feature of the cell surface shown by critical-point drying seems, in this case, as well
or better shown by freeze-drying, the additional ability of the latter technique to
display hydrated structures may well outweigh its marginally greater technical dif¬
ficulty as compared to critical-point drying for routine observations on cells. The only
serious disadvantage of freeze-drying for SEM preparation of cells is that it may be
hard to get uniform, consistent results. This is probably because it is difficult to
control exactly the amount of water present on the specimen when it is plunged into
the liquid nitrogen slush. If too much is present, ice crystals will form and disrupt the
structure; if too little, premature dehydration may cause a weak coat to collapse.
Nevertheless, the fact that new information may be gained by using freeze-drying
emphasizes how important it is to use this technique in parallel with critical-point
drying for the SEM examination of biological material (Boyde, 1978).

This work was supported in part by a Cancer Research Campaign grant to W. H. McB. We thank
Elizabeth Peffers for technical assistance.

REFERENCES

Bard, J. B. L. (1979). Epithelial-fibroblastic organization in cultures grown from human em¬
bryonic kidney: its significance for morphogenesis in vivo. 7. Cell Sci. 39, 1291-1298.

Boyde, A. (1978). Pros and cons of critical point drying and freeze drying for SEM. Scanning
Electron Microscopy (SEM Inc., AMF O'Hare) 2, 303-314.

Clarris, B. J. & Fraser, J. R. E. (1967). Barrier around synovial cells in vitro. Nature, Lond. 214,
1159.

Clarris, B. J. & Fraser, J. R. E. (1968). On the pericellular zone of some mammalian cells in
vitro. Expl Cell Res. 49, 181-193.

Demsey, A., Kawka, D. & Stackpole, C. W. (1978). Cell surface membrane organisation
revealed by freeze-drying. jf. Ultrastruct. Res. 62, 13-25.

Fraser, J. R. E., Clarris, B. J. & Kont, L. A. (1970). The morphology and motility of human
svnovial cells and their pericellular gels: a time-lapse microcinematographic study. Aust.jf. biol.
Sci. 23, 1297-1303.

Kistler, J. & Kellenberger, E. (1977). Collapse phenomena in freeze drying.J. Ultrastruct. Res.
59, 70-75.

McBride, W. H. & Bard, J. B. L. (1979). Hyaluronidase-sensitive halos around tumor cells: their
role in blocking lymphocyte-mediated cytolysis. J. exp. Med. 149, 507-515.

Ohya, T. & Kaneko, Y. (1970). Novel hyaluronidase from Streptomvces. Biochim. biophvs. Acta
198, 607-609.

Suit, H. D. & Kastelan, A. (1970). Immunological status of host and response of a
methylcolanthrene-induced sarcoma to local X-irradiation. Cancer 26, 232-238.

Toole, B. P. (1976). Morphogenetic role of glvcosaminoglycans (acid mucopolysaccharides) in



SEM ofextracellular coats after freeze-drying 383
brain and other tissues. In Neuronal Recognition (ed. S. H. Barondes), pp. 275-329. New York:
Plenum.

Underhill, C. B. & Toole, B. P. (1982). Transformation-dependant loss of hyaluronate-
containing coats of cultured cells. J. cell. Physiol. 110, 123-128.

(Received 13 September 1982—Accepted, in revisedform, 17 February 1983)



EXTRACELLULAR HYALURONIDASE-SENSITIVE COATS PRODUCED BY .

TUMOR CELLS AND THEIR RELEVANCE TO METASTASIS

W.H. McBRIDE

Department of Radiation Oncology, University of California,

Los Angeles 90024

Keyword: hyaluronate, coats, metastasis, glycosaminoglycans

INTRODUCTION

The nature of the extracellular matrix a cell produces appears to reflect

its differentiation stage, its proliferative age and functional status. At

the same time it can influence these processes. For example, glycosamino¬

glycans (GAGs), which are major components of matrices, have been shown to

affect cell proliferation, differentiation, adhesion, recognition and

mobility (Toole 1981). It would be surprising therefore if GAG production

by tumor cells was not important in the processes of tumor growth and

metastasis.

The question we have asked is whether a tumor cell's ability to elaborate
a pericellular hyaluronate coat confers upon it a selective advantage when

it comes to run the gauntlet leading to metastasis formation. Many tumor

cells and normal cells elaborate translucent pericellular coats several um

thick soon after isolation from a cell mass (Glarris & Fraser 1967; McBride

& Bard 1981). They do so within a few hours of in vitro culture and

presumably do the same in vivo. On the basis of enzyme sensitivity the coat

can be said to be a hyaluronate gel although the presence of other sub¬
stances within the gel cannot be excluded. Hyaluronate is shed from the

pericellular coat into the surrounding medium and is continuously replaced.
In vitro these coats exclude particles such as red cells, bacteria and
carbon which is a convenient means of detection. They cannot be seen by
conventional microscopy but if specimens are freeze-dried they can be
detected by scanning electron microscopy (Bard et al. 1983). The coats

have been shown to protect cells against the attentions of cytotoxic lympho¬

cytes (McBride & Bard 1981) and viruses (Clarris et al. 1976). In addition,
others have shown that hyaluronate can be important in cell aggregation

(Underhill & Toole 1981), movement, proliferation and differentiation

351
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(Toole 1981), processes which are relevant in tumor growth and metastasis,

and differences between normal cells and cancer cells with respect to

hyaluronate metabolism (Nigam et al. 1982) may account for differences in

their behavior.

For these reasons, we investigated the contribution coat formation makes

to a cell's ability to metastasise. In our previous studies we were struck

by the heterogeneity in coat production within tumor cell populations. In

this report, by cloning tumor cells, we show that this heterogeneity is not

genetically imposed but that cells lacking the ability to produce coats are

inefficient in forming artificial metastases suggesting that the phenotypic

production of hyaluronate by a tumor cell may protect it during the trauma

of the metastatic process.

MATERIALS AND METHODS

Tumor cells and cloning

Tumor cells were obtained from a methylcholanthrene-induced fibrosarcoma

(Fsa) maintained in vivo (McBride & Bard 1981). Cells were plated in RPMI

1640 with 10% fetal calf serum (Gibco) and after 7 days were cloned in 0.3%
semi-solid agar. Uncloned cells were maintained in bulk culture. The

ability of single cells to elaborate coats was tested by adding sheep red
cells to tumor cells previously incubated for 16 hr in 96 well plates

(McBride & Bard 1981). After 10 min the presence of a translucent halo

excluding red cells around the tumor cell was taken as demonstrating coat

production. Some uncloned 24 hr old cultures were mutagenised with 0.3
ul/ml ethylmethane sulfonate (Sigma) for 18 hr at 37°C. These cells were

also cloned after 7 days growth.

Scanning electron microscopy (SEM)

The procedures used have been described (Bard et al. 1983).

RESULTS AND DISCUSSION

Hyaluronidase-sensitive coats around cells can be visualised by adding

particles such as red cells which are excluded from entering a translucent
zone around cells. Alternatively, they can be seen by SEM provided the
cells are fixed carefully, frozen rapidly and freeze-dried. Alcohol causes

them to collapse. Fig 1 shows the size of these coats as obtained by SEM.
Fsa cells plated 24 hr previously are approximately 12 um in diameter if

they are processed by critical point drying. If freeze-dried they are

22 um including extracellular material-. This is removed by hyaluronidase
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diam( ji rn)

Fig 1. Histograms showing cell diameter of critical point dried and freeze-
dried Fsa cells with and without prior hyaluronidase treatment (1 iu/ml).

treatment to give cells averaging 13.5 um. A 4-5 um coat extending beyond
the cell surface agrees with previous estimates (McBride & Bard 1981).

Not all cells in a culture produce coats. The percentage varies but

rarely goes above 75%. To establish whether this heterogeneity was genetic,

98 Fsa clones were established. All of these contained a percentage of

positive cells showing that the variability observed in coat production is

not genetically determined. Attempts were made to establish cell lines
that were unable to form coats by cloning of mutagenised cells. Four were

found out of 130 clones. To investigate whether coat production could

protect cells during the metastatic process 10^ cells from each of these 4

negative clones and 31 others were injected iv into syngeneic mice. The

"clones gave rise to a wide spread of tumor colony numbers in the lung

(0-136), far greater than the uncloned population (28-50), suggesting hetero

geneity in the original population. Of the 4 negative clones, 3 gave no

lung colonies, one gave 22, suggesting that inability to elaborate coats

left cells more vulnerable to hazards inherent in the metastatic process.

-»*Fhe clone that gave rise to 22 colonies reverted to coat production before
it could be retested. The 3 negative clones gave no colonies in a sub¬

sequent experiment but then reverted to coat production showing that they
were unstable. These reverted clones formed colonies on reinjection.
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Fig 2. Lung colony forming efficiency of Fsa clones. Clones unable to form
coats are in black. The bar is the range of colonies from uncloned, bulk-
cultured Fsa. 6 mice minimum per group.

The process of metastasis is a complex series of steps and to success¬

fully complete the series, cells must have many attributes and utilize many

different functions. The experiments reported here suggest that the ability

to secrete hyaluronate might protect a cell during the metastatic process.

It could do this by forming an insulating layer around the cell which could

protect against potentially lethal attack by host cells or fluids as can

happen in vitro (McBride & Bard 1981). Alternatively it could aid cell
movement and invasion enabling the tumor cell to more readily establish
itself.
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APPENDIX 1

Statistical aspects of planning
and design of immunological experiments

R. A. ELTON & W. H. McBRIDE

Allocation of treatments A1.2 Special topics A1.4
Sample size A1.3

In immunology, as in other branches of experimental
science, the statistician is usually called in after the
completion of an experiment to try to disentangle an
effect caused by a treatment from the random variation
inherent in the results. To do this, he uses a repertoire of
analytical techniques, some of which are outlined in
Appendix 2. Sophisticated though many of these methods
are. their value is nexertheless strictly limited by the
quality of the data to which they are applied and an
inefficiently designed experiment cannot always be
'rescued' by statistical expertise. Conversely, proper
design of an experiment will enable the research worker
to use the minimum amount of time and resources in
reaching a useful conclusion. Thus statistical considera¬
tions have a part to play in planning an experiment as
well as in the subsequent evaluation of the results. The
aim of this chapter is to introduce some of the guidelines
that have become established in this field. These are

mostly of quite general applicability, and involve more
common sense than mathematical skill.

As a basis for subsequent discussion, it is helpful to
consider the nature of scientific experimentation in
broad terms: experimental units are allocated and then
subjected to given treatments, observations are made, and
conclusions are drawn on the basis of the observations.
Statistical methods are usually required at the last stage
because random variation is present in the observations—
that is, experimental units receiving apparently identical
treatments do not give the same observational value.
Variation in value from one observation to another can

conveniently be ascribed to three causes:
(1) Variation resulting from the deliberate differences

in treatment or conditions being investigated by the
experiment.

(2) Random variation, caused by measurement error,
differences in the nature of the experimental units or
unknown variation in conditions.

(3) Bias, when the various groups differ in conditions
which may affect the outcome but which are not directly
related to the treatment. Statistical analyses aim at the
isolation and characterization of (1) in relation to (2)
and (3). The objective of statistical design is to minimize
(2) and, if possible, to eliminate (3) completely.

With these concepts in mind, suppose that we are
about to undertake an experimental investigation and
let us consider some of the questions that we might ask
at the planning stage.

(1) Is the experiment comparative? Experiments are
normally comparative, although we might, in rare cases,
want to measure directly the value of some characteristic
without comparison to any other values. We shall assume
in subsequent discussion that we are dealing with com¬
parative experiments, the commonest form of which is
the comparison of 'treatment' and 'control' values.

(2) How should treatments be allocated? In comparative
experiments some experimental units are allocated to one
treatment and some to another. To avoid bias (see earlier)
we must ensure that no unnecessary differences exist
between the groups. One way to do this is to allocate the
experimental units to the groups at random. The next
section outlines practical ways of doing this, and also
indicates the circumstances where a completely random
allocation may be unsatisfactory (for example, when it
results in a loss of efficiency).

(3) What sample size should be used? Statistical tests
may yield a non-significant result when in fact a real
difference exists between groups. For maximum statistical
power (that is, the certainty with which true differences in
treatment effects may be detected), the scale of the
experiment should be as large as possible. This naturally
conflicts with practical limitations on resources; the
guidelines set out below for the relationship of sample
size to power can help the planner to reconcile the conflict.

(4) How should the sample be divided among the treat-

Al.l



mcnts? In genera!, il makes good statistical sense to
divide the sample equally among the different treat¬
ments; you need less observations because the statistical
test is more efficient. Analysis is also often easier.
However, this rule does not hold if the variability of the
observations differs between treatment groups; then the
units should be allocated to give sample sizes proportional
to the standard deviations. The temptation to use all the
resources for the 'treatment' and rely on previous
experiments or the literature for control values should
be avoided, since unknown differences of conditions can
introduce bias. Allocation of several units to each
treatment (replication) is useful; it permits estimation of
the extent of random variation and ensures that precise
comparisons can be made between treatments.

Allocation of treatments

The dangers inherent in a non-random allocation of
treatments can be illustrated by the following simple
examples.

(1) Rats receiving experimental and control treatments
come from different litters.

(2) Petri dishes of lymphocyte cultures are stacked so
that those receiving one treatment are in a different area
of the incubator from those receiving another.

(3) In an experiment that takes a considerable time
period to complete, a suspension of cells is injected into
all the experimental mice before starting the controls.

(4) The cytotoxic action of lymphoid cells on target
cells is assessed on a subjective scale (such as 0, +, + +,
+ + + ), and different treatments are assessed by different
technicians.

Clearly in each of these examples, the treatment effect
is mixed up with some other potential source of variation,
and a significant difference between groups could be due
either to treatment or to differences in (1) genetic back¬
ground, (2) temperature, (3) condition of the cells and
(4) subjective standards. The examples also make the
point that, if possible, randomization should be retained
throughout an experiment and not abandoned after the
allocation stage.

If it is decided that a randomized experiment is to be
performed the practical question of allocating the
experimental units to the treatment groups then arises.
The most straightforward procedure is when each unit
is assigned at random to any of the treatments. The
mechanics of this are achieved easily by loss of coin or the
use of random number tables (131, n. 131). The latter are
constructed so that all digits have an equal chance of
occurring. An example of 100 random numbers is:

7213 7738 5032 7333 5321
0425 4600 9950 5841 0961
4808 3507 3181 2505 7995
1660 2267 7289 6939 2558
2991 0554 8047 1847 9775

Suppose, for example, that we wish to allocate
mice to two different treatment groups. The following
procedure could be used.

(1) Number the mice from 1 to 20 in any convenient
way. We then propose to select ten of the numbers at
random to determine the mice for one of the treatment

groups.
(2) Since there are more than ten mice, we must use

two-digit random numbers—that is, consider each
consecutive pair of digits in the table as a number
between 00 and 99.

(3) Assign a group of two-digit numbers to each mouse.
Since there are 20 mice and 100 numbers, each group can
contain five numbers for maximum efficiency. For ex¬
ample, mouse ! = 00-04, mouse 2 = 05-09,
mouse 20 = 95-99.

(4) Write down the sequence of two-digit numbers from
the table starting at any point, e.g. the first line:
72, 13, 77, 38, 50, 32, 73, 33, 53, 21, 04, 25, 46,

(5) Write down the corresponding mouse numbers,
ignoring any that have already occurred, until ten
different numbers have been obtained:
15, 3, 16, 8, 11, 7, (15), (7), (11), 5. I, 6, 10.

(6) The mice corresponding to these numbers receive
one treatment.

Many variations on this theme are possible and further
discussion can be found in [2], Chapter 5. While this pro¬
cedure requires some degree of organization it is easy to
perform in practice and does remove possible sources of
bias. A less formal compromise would be to allocate the
mice as they are taken out of the stock cage, alternately
to the two groups. To allocate the first 10 mice to group
1 and the rest to group 2 would be open to criticism.

This form of randomization fails to take account of
identifiable sources of variation in the population of
experimental units. An experimenter may decide that it
would be better to match the groups as to covariates
like animal weight, sex, batch of chemical or successive
days of an experiment. Naturally the important covariates
in any experiment can be best recognized by the research
workers themselves; the statistician can only emphasize
the importance of identifying them. An extension of this
concept is the use of an experimental (randomized block)
design which allows statistical analysis to distinguish the
variation due to treatment from that due to the covariates.
The experimental units are divided into groups or blocks
according to the relevant covariate, and equal numbers of
units within each block are allocated to each treatment.

Thus, for example, in investigating the effect of a drug
on the immune response to sheep red blood cells we could
simultaneously see if the sex of the mice was a relevant
factor. The treatment and control groups would be
subdivided into males and females and the data analysed
for a treatment effect and a sex effect. The statistical
power of this form of analysis results in a more efficient
experiment allowing fewer resources to be used in in¬
vestigating factors that may influence the results.

Another efficient form of experimental design is when
the units are divided into pairs which are as similar as
possible. Each pair then receives one control and one
treatment allocation at random. In some circumstances it
is possible to give both treatments to the same experi¬
mental unit sequentially, in which case the order in which
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the two treatments are given is decided at random.
While this form of design brings in the possibility of
carry-over effects (which can be assessed in the statistical
analysis), it can result in major improvements in efficiency,
if the experimental material shows great natural variation
from unit to unit.

The problem of subjective assessment and observer
variation is not usually very serious in most laboratory
experiments, but it is another possible source of bias
that one should be aware of. The recommendation in
any situation in which this type of effect may arise is that
assessment be carried out blind—that is, without know¬
ledge of which treatment has been applied.

The final judgement as to randomization must rest
with the scientist involved in the experiment; if he is
confident that the major sources of bias are accounted for,
then he may be prepared to take the risk of not using
randomization. It should be remembered that whatever
choice is made an investigator can never be absolutely
sure that the treatment groups do not differ in some
influential factor which has been ignored in the allocation
process.

Sample size

In general terms the larger the sample size the more
likely one is to achieve a statistically significant result.
However, it must be remembered that unless the groups
are strictly comparable the result may have little scientific
validity, and that as the sample size is increased the
greater this risk becomes. In practice, we want our sample
size to be large enough to ensure detection of differences
of scientific importance, but not so large as to detect
trivial ones. The methods in this section are aimed at

achieving the appropriate balance.
Most conventional methods of statistical analysis are

based on the concept of fixed sample size : the number of
observations to be taken is decided before the experiment
starts, and this decision is adhered to regardless of the
outcome of the experiment. Most research workers
will have experienced on occasion the temptation to
'take just a few more observations' if the pre-planned
sample does not quite give the result that was expected or
desired. It should be stressed that if this is done the
statistical conclusions drawn from the data will be biased
towards the desired result, and probability levels quoted
for significance tests will be erroneous. A less common
problem is that the sample size is found to be too large;
where a clear-cut result is seen at an early stage in the
planned course of an experiment the experiment may be
prematurely terminated, whereas it would have been
continued to its full length had a clear result not shown
up early on.

Statisticians have evolved rational schemes for decision
making in situations where a fixed sample size is not
appropriate [I], but the extra theoretical and practical
complexity of these procedures has generally deterred
laboratory workers from using them. In this chapter we
shall deal mainly with fixed sample size experiments.

The question then arises: if a fixed sample size is to be
used, what should it be?

The choice of the size or scale of an experiment can be
influenced by a variety of factors; among the commonest
are availability of time, money and resources, previous
convention or an intuitive idea of the Sort of size needed
to give a good chance of identifying a clear-cut result.
It is the last criterion that can be formalized by statistical
design theory to enable the research worker to put his
choice of sample size on a more rational basis.

It is necessary to have two concepts clear in one's
mind before attempting to estimate the sample size
required for a comparative experiment.

(1) Hovr large a difference are we hoping to detect?
A statistically significant difference between two groups
implies that the observed result would have been unlikely
to occur if the true means of the two sets of observations
had been the same. It does not in itself tell us whether the
difference in true means is sufficiently large to be of
scientific interest or relevance. If the sample size is
large enough, significant results can often be obtained
when the true difference in means is so small as to be
trivial. Thus a prerequisite for discussing sample size is
some idea of the sort of difference that is of practical
importance.

(2) How certain do we wish to be that our conclusion is
correct i' This question can be quantified in two ways.
There is a risk we may conclude that a significant differ-
erence exists between two groups when in fact it does not.
This risk is measured by the significance level, which is
conventionally set at 5 per cent or 1 per cent, and (other
things being equal) a lower level requires a larger sample
size. The converse risk is that we fail to achieve a signif¬
icant result even though a true difference exists between
the groups. This is measured by the power of the test.
To choose the best sample size we must balance these
two opposing forces and the methods described below
enable us to do this with chosen values for the significance
level and power at which we want to operate.

Comparison of two proportions: equal sample sizes

Suppose that a particular antigen has a frequency in the
population of about 25 per cent, and that we are interested
in whether a certain disease is associated with a higher
frequency of the antigen. We propose to select equal
numbers of diseased patients and normal control subjects
and observe the frequency of the antigen in each group.
How many subjects should be looked at ?

This example is representative of a variety of practical
situations in which the frequency of presence or absence
of a property is compared in two groups. The results are
generally analysed by a chi-squared test on the 2x2
table of frequencies, or by Fisher's exact method.

In order to estimate sample size, we must specify both
the likely proportion pt of positive responses in the
control group (in this case, 0-25) and the proportion p2
in the treatment group that would be of medical or
biological significance. Clearly in the present example,
an excess frequency of 1 per cent would be of no interest.
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whereas an excess of 25 per cent might well be considered
important. Thus we can safely take p2 — 0-50, to cor¬
respond to the latter case.

The approximate number of subjects required in each
group is then given by

n = 10[/),(l />,) + pi(l —/»i)]/(p, —Pi)1-
If the true proportions are in fact p, and p2, this number
of subjects will give roughly a 50 per cent chance of
achieving a significant result at the 01 pef cent level,
or a 90 per cent chance of a result at the 5 per cent level.
Those who feel that these criteria are not sufficiently
clear-cut may increase the sample size by altering the
factor 10 in the formula. For example, increasing this
factor to 15 gives a 70 per cent chance of 01 per cent
significance and a 97 per cent chance of 5 per cent
significance.

Returning to the antigen example, and using p, =
0 25. pi = 0-50, we find that n = 70 subjects would be
needed for each group. For the more stringent criteria,
about 100 subjects would be required.

Comparison of two proportions: one sample size restricted

In the example considered above, the disease in question
might be a rare one, with the number of available patients
restricted to some maximum value n2. In this case, how
many controls should be examined? The approximate
number is given by

"i = Pid -Pi)l[(p,-Pi)2ll0-Pi(\ -Pi)ln2],
where, as before, the factor 10 can be increased for added
stringency. This formula only applies if the denominator is
positive—otherwise no value of n,, however large, satisfies
the criteria, since the basic variability caused by the
restricted value of n2 is too great.

In our numerical example, we would require 150
controls if only 50 patients were available, and could not
satisfy the criteria at all with only 40 patients. These
figures serve to illustrate the fact that the greatest
efficiency, in terms of total sample, is achieved when
n i = n2.

Comparison of two means

When the observations consist of measurements, as

opposed to frequencies, the mean values for the groups
are normally compared by t-tests or non-parametric
methods. As before, we need to specify that the true
means should differ by a specific amount (a) ana we must
also know (or have an estimate of) the standard deviation
(s) of the measurements within a treatment category.
Strictly speaking, it is necessary that the data should be
roughly normally distributed (or have been transformed
to ensure this). Then, assuming equal sample sizes n
for two treatments, the formula is

20s2

d'

For added stringency 20 would be replaced by 30 An
example is provided in Appendix 2. Table A2.18 where
two groups of mice are compared as to their hacmag-
glutination inhibition titres following immunization with
influenza virus in walcr-in-oit or in multiple emulsion.
The log mean titres (± 1 S.D.) were for group A 2 00 +
0 36 and for group B 1-50± 0-25. Suppose that we wanted
to set up an experiment to compare treatment B with
a new emulsion C. We might consider that, if attained,
a titre of 100 (log = 2 0) would be a biologically signif¬
icant effect. Using the formula with d = 0-5 and s = 0-31
(combined S.D. of A and B, from t-test) then n = 8 for
each group, or, with the more stringent criteria n = 12.

If the standard deviation is known to be widely different
in the two groups, then the t-test is not applicable, and
the method described here breaks down. In this case the
units should be allocated to give sample sices proportional
to the standard deviations. Thus if the treatment group is
expected to have a standard deviation about three times
that of the control group, allocate only 25 per cent of the
units to the latter.

These examples illustrate the fact that there are certain
desirable but incompatible statistical properties that
have to be considered in these calculations (small
sample size, low significance level, high power and ability
to detect small true differences), and generally some
compromise solution is necessary. The formulae given
above, while not providing any magic reconciliation of
the conflict, at least enable the research worker to
understand the consequences of a decision on sample
size. It is important to have clear in one's mind the
distinction between statistical significance (which can
probably be achieved in almost any comparative experi¬
ment if the sample size is large enough) and scientific
significance (the degree of true difference that is scientif¬
ically important or relevant, as represented by the
quantities p>—p2 or d). Further discussion on sample
size can be found in [2], Chapter 9.

Special topics

Not all immunological investigations can be considered
in the context of the discussion so far, and in this section
we look briefly at some specialized experimental design
problems that may arise.

Factorial experiments

The principles discussed earlier for the simple comparison
of treatments extend readily to situations where more
than one treatment classification is to be studied in a

single experiment. Suppose, for example, that the effect
of three types of drug on metabolic rate is to be tested
on experimental animals receiving four different dietary
regimes. In this case, there are two factors (drug and
diet), and we may be interested in whether either or both
have any effect on the metabolic rates, and also in
whether interaction is present—that is, if one factor in¬
fluences the effect of the other.
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The basic idea of factorial designs in such silualions is
thai each possible combination of treatments (twelve in
the example above) should be given to the same number of
experimental units. This allows easy analysis of quite
complex experiments involving more than two factors,
and is much more efficient than carrying out separate
experiments to investigate the different factors inde¬
pendently. The same recommendations on randomization
and blocking apply to these designs as to the simple
comparisons, and the same pitfalls await those who fail to
guard against possible sources of bias.'

Cox [2] gives a thorough coverage of factorial designs,
and also serves as an introduction to more sophisticated
designs such as Latin squares, where even greater
efficiency is obtained at the expense of information about
interaction.

Regression and assays

While the majority of laboratory experiments involve the
straightforward comparison of groups as discussed
earlier, an important special category of investigation is
concerned with the interrelationships of variables. One
of the most familiar examples is biological assay, where
interest is concentrated on the way in which one variable
(response) varies when another variable (dose) takes on
different values. More generally, regression methods are
used for a wide variety of problems involving the estima¬
tion of the relationship of a dependent variable (usually
denoted by >) on an independent variable (jc). From the
design point of view, the problem is to decide on
the values of the variable x at which observations on the
variable y should be made. This is a field in which the
optimum design depends very largely on the exact
focus of interest in the study, and we can do no more than
give a few simple, commonsense recommendations:

(1) Guard against bias by randomization as far as

possible. For example, when the "jr* variable is time, try
to make sure that covariate conditions such as reagent
batch are not confused with this variable. l>

(2) Use a range of x values that includes the likely
regions needed for prediction (i.e. avoid the necessity for
extrapolation).

(3) For accurate inference about slope parameters,
use as wide a spread as possible in the values of x.

(4) It is normally best to include replicate observations
at the same value of x.

. Clinical trials

The distinguishing feature of a clinical trial is of course
that the experimental units are human beings. While the
broad principles of good experimental design remain
true in the clinical trial context, the freedom to apply
them is considerably restricted by ethical and practical
considerations. Extensive discussion of these problems
may be found in textbooks on medical statistics, such as

(IJ: here wc will merely indicate the principal ways in
which clinical trials differ from laboratory experiments.

The principle that patient welfare is paramount
introduces a number of restrictions. Comparative studies
arc only possible when there is genuine doubt as to w hich
treatment is more beneficial, and trials should be term¬
inated as soon as this doubt has been removed by the
outcome of the trial (hence the widespread use of sequent¬
ial methods). Also, the medical staff can always reserve
the right to remove any individual patient from the trial
if their judgement is that his health is being harmed by
his assigned regime, regardless of the consequent upset to
the statistical neatness of the study. Finally, on the
practical side, patients tend to vary much more than
experimental animals or laboratory material, and the
effect of covariates such as sex, age and severity of
disease assumes major importance in the design and
analysis.

Pilot studies

At several points in the earlier discussion we have
assumed some preliminary knowledge of the expected
outcome of an experiment, particularly in the prediction
of sample size. Such knowledge is normally gained from
the results of small-scale pilot experiments. While most
research workers are quite familiar with the principle of
conducting such studies before embarking on a full-scale,
definitive experiment, we feel that it is worthwhile
stressing here the potential value of doing so. For a
comparatively small expenditure of time and resources,
substantial gains can be achieved in understanding of the
problems and the potential of the final experiment.

Further reading

A chapter of this size can only indicate the most ele¬
mentary broad principles of experimental design, and
those wishing for a deeper or more specialized coverage
should refer to textbooks such as [2], In addition to this
general text on all aspects of design, reference may be
made to [1] for sequential designs in clinical trials and to
(4] for assay techniques.
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GROUPING OF 0-HAEMOLYTIC STREPTOCOCCI
BY ENZYME-LINKED IMMUNOSORBENT ASSAY

C. G. Cumming*, P. W. Ross, I. R. Poxton and W. H. McBride

Department of Bacteriology, University of Edinburgh Medical School. Teviot Place, Edinburgh
EH8 9AG

Identification of /i-haemolytic streptococci (BHS) in the diagnostic laboratory has depended
traditionally on the use of presumptive tests in the first instance (Wilkinson, 1979). Definitive
group identification rests on extraction of group-specific carbohydrate antigens and their
reaction with specific antisera in capillary tubes or agar gel; counterimmunoelectrophoresis may
also be used (Hill el at., 1975). Other methods of identification include slide agglutination tests
(Christensen et al., 1973) and fluorescence staining (Moody, Ellis and Updyke, 1958).

The present study was undertaken to determine whether an enzyme-linked immunosorbent
assay (ELISA) could be adapted to provide a reliable system for grouping BHS. Although this
type of assay has been employed for detection of protein antigens and antibodies (Engvall and
Perlmann, 1972; Russell, Facklam and Edwards, 1976), many workers have been unable to
apply it to polysaccharide antigens, which have an overall negative charge that interferes with
adsorption to polystyrene surfaces (Dr B. M. Gray, Dept of Pediatrics and Microbiology,
University of Alabama in Birmingham, USA). In this paper we report that this difficulty can be
overcome by adsorbing whole cells to polystyrene plates. Results of a trial of the ELISA
procedure compared with a double-diffusion method in agar gel are presented.

Materials and methods

Streptococci were isolated from patients attending the Royal Infirmary, Edinburgh, or were
stock strains held in the laboratory. The 100 strains tested were: 20 group A, 35 group B, 15
group C, 15 group D, and 15 group G. Initially, strains were identified by the following
presumptive tests: gram-stained film, haemolysis on blood agar (Brown, 1919), bacitracin
sensitivity for group A (Maxted, 1953), the CAMP test for group B (Christie, Atkins and
Munch-Petersen, 1944) and the bile-aesculin test for group D (Facklam and Moody, 1970).

Preparation of extracts. The group-specific carbohydrates were extracted as described by
Lancefield (1933). Each strain was grown in 50 ml of Todd-Hewitt broth for 18 h at 37°C and
the culture was centrifuged at 1000 g for 15 min. The packed cells were extracted with 0-4 ml of
0 067m HC1 for 10 min. at 100°C, cooled, and neutralised with 0-5m NaOH. After centrifuga-
tion, the supernate was stored at 4°C.

Gel-diffusion test. Double diffusion in agar gel was performed by a modification of the
Ouchterlony method (Freimer, 1963).

Antisera. Grouping sera for groups A, C, D and G were obtained from Wellcome Reagents
Ltd, Hither Green, London SE13 6TL, and used for the ELISA and for the agar double-diffu¬
sion tests. Group-B antiserum was raised in rabbits in our own laboratory. Strain O90R
(Streptococcus Reference Laboratory, Colindale, London NW9 5HT) was grown in 250 ml of
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Todd-Hewitt broth for 18 h at 37°C, washed twice in 0-9% (w/v) NaCl, killed by suspending in
2% (v/v) formalin for 3 h, and then resuspended in 25 ml of 0-9% NaCl.

An initial intravenous dose of 0-5 ml of vaccine was given and then 1 ml of vaccine was given
intravenously twice weekly for 1 month; test bleeds then showed that there had been a strong
homologous response by each animal. The rabbits were exsanguinated and the sera, divided
into 5-ml amounts, were stored at —20°C until use. Merthiolate (1 in 10 000) was used as a

preservative.
Cross-reacting antibodies were absorbed from each of the grouping sera by adding sequen¬

tially 10 ml of a 1 in 10 dilution of serum in PBS (0 05m sodium phosphate buffer containing
0-1 5m sodium chloride, pH 7-4) to packed PBS-washed bacteria from 100 ml ofovernight culture
of the prototypes representing the heterologous groups (group A strain NCTC8198, group B
NCTC9993, group C NCTC8543, group D Colindale strain and group G NCTC9603) and
incubating for 30 min. at room temperature.

Preparation of ELISA plates. Each strain was grown in 5 ml of Todd-Hewitt broth
incubated aerobically overnight at 37°C. After the cells had been washed once in saline, 0 5 ml
of005m sodium carbonate buffer at pH 9-6, containing 002% (w/v) ofsodium azide (NaN3) was
added, and 50 pi of this suspension was dispensed into wells of a disposable flat-bottomed
polystyrene microtitration plate (Sterilin Ltd, 43-45 Broad Street, Teddington, Middlesex).
The plate was left open and placed in a drying cabinet at 60°C for 1 h to allow cells to adhere to
the polystyrene surface.

The ELISA technique was similar to that described by Voller, Bidwell and Bartlett (1976).
Each well was washed three times with phosphate-buffered saline containing 0 05% (v/v) Tween
20 (PBST), and shaken dry at the end ofeach wash; 50 p\ of a 1 in 400 dilution of the test serum in
PBST with 0 02% (w/v) Naty was then dispensed into the wells and allowed to incubate at 37"C
for 1 h. To prevent evaporation, each plate was sealed in aluminium foil. Washing with PBST
was repeated three times and the plate was shaken dry. Ten p\ of anti-rabbit antibody
conjugated with alkaline phosphatase (Miles Laboratories Ltd, Slough, Berks) was added to
5 ml of PBST containing 0 02% NaNj; 50 p\ of this mixture was dispensed into each well.

The plate was covered with aluminium foil and incubated for 1 h at 37°C. Again, wells were
washed three times with PBST, shaken dry, and 50 pi ofalkaline phosphatase substrate solution,
containing p-nitrophenylphosphate (Sigma Chemical Co., St Louis, Missouri, USA) 1 mg/ml of
0 05m carbonate buffer, pH 9 8 with 0 001 m MgCl2, was added to each well. The plate was then
left uncovered at room temperature.

Interpretation ofresults. Plates were read by eye within 45 min. of the addition of substrate;
a colour change from colourless to yellow was read as a positive result. Control wells containing
cells-(-substrate, and substrate alone were always included in the test.

Results

The following observations emerged from this study. (1) There was complete agreement
between the results obtained in agar precipitation tests and in the ELISA for the strains tested.
(2) The relative specificity ofeach of the grouping sera in the ELISA was assessed against known
prototype strains and only when complete specificity was obtained with these prototypes were
the unknown strains tested. It was necessary to do 5-9 absorptions on each of the sera before
this degree of specificity was achieved. (3) The commercial antisera could be used at a maximum
dilution of only 1 in 8 in the agar double-diffusion technique, whereas a dilution of 1 in 400
produced strong positive results in the ELISA. (4) An increase in incubation times for the
separate stages would permit the use of even higher dilutions of serum in the ELISA procedure.
However, plates should be read within the specified time to reduce the possibility of residual
cross-reacting antibodies affecting the results.

Discussion

Serological grouping of /J-haemolytic streptococci in service laboratories is commonly
performed by Lancefield's extraction of the carbohydrate antigen followed either by double
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diffusion in agar gel or capillary precipitation tests. These methods are not only time consuming
but, if tests are not performed with care, false-positive and false-negative results may occur. In
recent times, grouping kits have become available commercially; although these are rapid and
easily handled, they are without exception expensive, possibly precluding their use in some
laboratories.

The ELISA procedure described in this paper is simple, sensitive and quick to perform. It
has the same degree of reliability as gel-diffusion methods for grouping /i-haemolytic strepto¬
cocci, and is economical because antisera can be used in high dilutions. However, the fact that
there is a certain degree of complexity in the initial standardisation of the assay may make it
unattractive to laboratories dealing with only a few samples daily. The role of ELISA for the
serological grouping of streptococci may therefore be limited to laboratories dealing with large
numbers of specimens, and reference laboratories where quality control of sera may not be so
difficult.

Summary

A method of grouping /I-haemolytic streptococci serologically by enzyme-linked immuno¬
sorbent assay is described. A comparison of this method with double diffusion in agar gel
showed complete correlation of results when highly absorbed grouping sera were used.
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I. Introduction

|
2 The view that rheumatoid arthritis may have an infective aetiology dates
£ from the 1930s at least and enjoys a fluctuating popularity. It is based on
W some similarities between rheumatoid arthritis and diseases known to be
CO

caused by infective agents [10] although the nature of the infective agent has
not been ascertained. Many attempts have been made to isolate mycoplas¬

mas mas from synovial fluids or synovial membranes from patients with rheuma-
;8 toid arthritis using a variety of methods. The results have been variable both
£ in the isolation rates reported and the strains identified [19], 'Diphtheroid

% bacilli' were isolated from lymph nodes of patients with rheumatoid arthritis
m as far back as 1932 [4], but further work was not reported until the 1960s.
§ Although various attempts have been made to obtain serological evidence of

an infective agent in rheumatoid arthritis, few positive results have been
g reported [5, 9, 21].
*§ The present work deals with attempts carried out over an 8-year period
t§ from 1964 to 1972 to establish the role of mycoplasmas and of'diphtheroid'

organisms in this condition.

« II. Materials
PQ

Specimens of synovial fluid and/or synovial membrane were examined from patients
with rheumatoid arthritis, as defined by the American Rheumatism Association [1]. Con-

Pi trol material was obtained from patients with non-rheumatoid conditions; the majority of
<
w
C/3

1 This work was supported by grants from the British Medical Research Council, the
Arthritis and Rheumatism Council, the Nuffield Foundation and the Cancer Research
Campaign.
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the synovial membranes in this group were obtained at meniscectomy and of the fluids
from patients with osteo-arthritis. Patients with 'probable rheumatoid arthritis' according
to the American Rheumatism Association criteria have been excluded. The sera used in
the agglutination tests were not necessarily from the same patients from whom specimens
for isolation were obtained.

III. Methods

A. Culture of Synovial Fluid and Synovial Membrane

The synovial fluids were generally added to the medium undiluted; in some of the
experiments dilutions of the fluids were also used. The synovial membranes were minced
finely with sterile instruments before being cultured. The technique consisted in inoculating
the specimens into various liquid or semi-solid media, with or without inhibitors, and then
sub-culturing onto supplemented PPLO agar. Cultures on the solid media were made
aerobically, anaerobically or in 10% CO, in air.

The media used in attempts to isolate mycoplasmas were: (a) Eagle-Hanks tryptose
phosphate broth [12]; (b) supplemented semi-solid PPLO agar [17]; (c) supplemented
PPLO broth at twice normal concentration to allow the addition of an equal quantity of
synovial fluid [18]; (d) as (c) but with the addition of 2% (w/v) NaCl to detect possible
L-forms [18] or 0.5% Tween 80; (e) heated blood broth [18]; (0 bullock heart broth, based
on Williams [20], with supplements as for (c) but at half concentrations; (g) diphasic
medium prepared from single strength PPLO broth/agar supplemented as for (c) but at
half strength and with the addition of 20% (v/v) of a pancreatic digest of bovine lung
[Stewart et al., unpublished]; (h) bovine heart infusion broth and agar which included 1 %
(v/v) pasteurised egg yolk [8].

All the media, excluding (a) and (e), contained yeast extract prepared according to
the method of Hers [15]. Media (a-f) were sub-cultured onto PPLO agar supplemented as
for liquid medium (f). The solid medium used for cultures from medium (g) also contained
20% (v/v) pancreatic digest of bovine lung; that from (h) was equivalent to the broth with
the exclusion of the egg yolk.

Media (a), (d) and (e) were used for the isolation of 'diphtheroid' organisms from
synovial membranes and (c), (d) and (e) for isolations from synovial fluids. None of these
media contained inhibitors.

Care was taken to minimise possible contamination of the specimens from the air or
skin. Details of methods used are given in published work [18, 19]. Further details of the
actual media used may be obtained from SMS.

B. Other Tests for Mycoplasmas on Specimens from Patients with
Rheumatoid Arthritis

59 synovial fluids were inoculated directly onto supplemented PPLO agar; 15 were
frozen and thawed before inoculation into liquid medium. Cell cultures of 9 synovial fluids
and of 7 synovial membranes were also examined.
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C. Control Medium

One bottle of uninoculated medium was included with each batch of membranes and
fluids and was incubated and sub-cultured in the same way and using the same batches of
media as those for the specimens.

D. Serological Methods

Sera were tested for their ability to agglutinate C. acnes, serotype 1, a 'diphtheroid'
(SF16) isolated from a culture of synovial fluid from a patient with rheumatoid arthritis
and a second diphtheroid (M26) isolated from a synovial membrane from a patient with
rheumatoid arthritis. The SF16 culture was bacteriologically typical of 60% of the isolates
in a previously published series [18]; the M26 differed in various characteristics from SF16
and was included as an atypical isolate. The agglutination technique used has been de¬
scribed elsewhere [23]. Rose-Waaler tests were carried out on the sera used for the aggluti¬
nation tests.

IV. Results

A. Mycoplasmas

Tables I and II show the number of specimens of synovial membrane
and synovial fluid, respectively, examined in the various media. Only one
strain of a mycoplasma was isolated; this was a strain of M. hyorhinis from a
culture of synovial membrane in medium containing swine serum, which was

probably the source of the organism.
No mycoplasmas were isolated from specimens inoculated direct onto

supplemented solid medium, nor from fluids previously frozen and thawed.
None of the tissue cultures of cells yielded mycoplasmas on sub-culture.

B. 'Diphtheroids'

1. Isolation

'Diphtheroid' organisms were isolated from 27 (28%) of 98 synovial
membranes from 91 patients with rheumatoid arthritis. This percentage was
constant over the various periods of the investigation. 'Diphtheroid' orga¬
nisms were isolated from 12 (10%) of the 126 specimens of synovial fluid
from 108 patients with rheumatoid arthritis and from 3 (20%) of 15 fluids
from 12 patients with Reiter's syndrome. No 'diphtheroids' were isolated
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Table I. Details of media and numbers of synovial membranes tested for myco¬

plasmas

Liquid or Serum in Atmosphere Number of synovial
semi-solid medium of membranes
medium sub-culture RA1 Non-RA1

Semi-solid agar swine aerobic 9 0

Eagle-Hanks swine, horse aerobic or 76 20

or human 10% COj/air
PPLO broth x 2 +

NaCl or Tween 80 human 10% CO,/air 24 3

Heated blood
broth horse 10% CO,/air 20 3

Bullock heart horse 10% CO,/air 4 2

Total number of examinations 133 28

Total number of specimens examined 88 19

1 RA = Rheumatoid arthritis; Non-RA = conditions other than rheumatoid ar¬

thritis or juvenile rheumatoid arthritis.

Table II. Details of media and numbers of synovial fluids tested for mycoplasmas

Liquid or Serum in Atmosphere Number of synovial fluids
diphasic medium of
medium sub-culture RA1 Reiter's Non-RA1

PPLO broth x 2

(with or without NaCl) human 10% CO,/air 76 13 26

Heated blood broth horse 10% COJair 26 2 8

Bullock heart horse 10% CO,/air 10 0 1

Semi-solid agar human 10% CO,/air 8 2 4

'Diphasic' PPLO horse aerobic and 12 1 4

anaerobic
Brain heart infusion
+ egg yolk human anaerobic 7 0 1

Total number of examinations 139 18 44

Total number of specimens examined 119 15 34

1 RA = Rheumatoid arthritis; Non-RA = conditions other than rheumatoid
arthritis or juvenile rheumatoid arthritis.
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from 20 synovial membranes nor from 36 synovial fluids from 54 patients
with non-rheumatoid conditions.

28 of 92 specimens of membrane or fluid from sero-positive patients
yielded 'diphtheroids' as compared with 3 of 57 specimens from patients who
were sero-negative. The difference in these results is statistically significant
(X2 = 12.06; p <0.001). There were no differences regarding age, sex or
duration or severity of the diseases between the patients with rheumatoid
arthritis from whose specimens 'diphtheroids' were isolated and those from
whom no isolations were made.

Approximately 60% of the organisms showed similar biological prop¬
erties, of which SF16 was an example. The remainder showed some
variations. So far it has not been possible to identify the organism, but three
strains examined by Prof. W.E.C. Moore, USA, including both SF16 and
M26, did not behave like C. acnes [16].

Staphylococci and/or coliforms, regarded as contaminants, were isolated
with the same frequency from rheumatoid and non-rheumatoid specimens.

Table III. Results of agglutination tests on sera from patients with sero-positive and
sero-negative rheumatoid arthritis and from controls

Test organism Serum

group

Number of
sera tested

Number of sera with
raised titres1

C. acnes, type 1 sero +ve 40 23 (58%)'
sero —ve 28 9 (32%)'
control 85 2 (2.5%)

SF16 (typical sero + ve 40 11 (27%)'
'diphtheroid') sero — ve 28 2 (7%)

control 36 1 (2.8%)

M26 (atypical sero +ve 26 2 (9%)
'diphtheroid') sero — ve 11 0

control 36 1 (2.8%)

Staph, albus sero +ve 9 0
sero — ve 6 0
control 16 0

1 Raised titre = greater than 95% confidence limits of control population.
2 p<0.001 by x* test with control.
3 p<0.01 by x' test with control.
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2. Serological Results
The results of the agglutination tests are shown in table III. When tested

against C. acnes, serotype 1, 58% of rheumatoid factor (RF)-positive and
32% of RF-negative sera from patients with rheumatoid arthritis gave titres
that were significantly higher than those of the control population (p <0.001
and <0.01, respectively). 27% of sera from patients with sero-positive
rheumatoid arthritis were found to have significantly elevated titres to
SF16 as compared to the controls (p<0.01). Tests using M26 or Staph,
albus showed no significant differences between the rheumatoid and control
sera.

There was little relationship between the results of the Rose-Waaler
tests and the agglutination titres. Experiments to remove rheumatoid factor
only altered the agglutination titre by less than 1 log2 antibody unit.

V. Discussion

In claiming an aetiological role for an organism in a disease, one should
ideally be able to fulfil Koch's postulates, namely that the organism should
be present in the tissues of the naturally infected host, that it can be grown in
pure culture and that after sub-culture it will reproduce the specific disease in
susceptible animals. Since these postulates were laid down in 1884, it has
been accepted that in practice they cannot always be fulfilled, especially that
relating to disease in animals. However, to these criteria can now be added
the demonstration of circulating antibody in the host's blood.

When one considers the present position regarding infective agents in
rheumatoid arthritis, no single agent fulfils all criteria. Mycoplasma have
rarely been consistently isolated from specimens (see Stewart et al. [19] for
main reported series) except for the reports of Williams [20] and Jansson
et al. [9]. Williams isolated M. fermentans from 40% of specimens from
patients with rheumatoid arthritis compared with 27% from other arthritides
and 19% from control material. Williams et al. [21] demonstrated inhibition
of leucocyte migration by M. fermentans in 67% of 43 patients with rheuma¬
toid arthritis. Other workers have failed to isolate these organisms from
rheumatoid specimens [14, 22] or to demonstrate antibodies [5, 13, 19]. The
only other report of a high incidence of mycoplasmas in specimens from
patients with rheumatoid arthritis is that of Jansson et al. [9] who cultured a

'small-colony' mycoplasma from 45% of specimens and showed a sero¬

logical relationship between some of their isolates and M. arthritidis. These
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organisms appear atypical in many ways, and further experience with these
cultures would be needed before the results could be fully evaluated.

The isolation of a 'diphtheroid' type of organism in specimens from
rheumatoid arthritis was an incidental finding in our early mycoplasma work.
Diphtheroids are present as commensals in the air and on the skin and these
isolations were considered as contaminants by some workers [6, 7]. However,
in our series our isolation rate from synovial membranes was constant at
about 27-30%, and this rate was similar to that reported by Clasener and
Biersteker [6] in one of their series, in spite of strict antiseptic precautions,
and also by Bartholomew and Nelson [2]. We concluded that the organisms
did originate in the joint, but their pathogenic role remained not proven.

There was no evidence for the presence of circulating antibodies to the
'diphtheroid' isolates using complement fixation tests [2, 18] or using the
peripheral leucocyte migration test [13]. Bartholomew and Nelson [3]
reported a high incidence of complement fixing antigen to C. acnes in
methanol extracts from synovial cells of patients with rheumatoid arthritis,
but none in those from patients with non-rheumatoid conditions. The latex
agglutination test reported in the present paper showed increased antibody
titres to C. acnes and to a typical 'diphtheroid' isolated from synovial fluid
(SF16) in sera from patients with rheumatoid arthritis as compared with
those with non-rheumatoid conditions or controls. No such correlation
existed when an atypical 'diphtheroid' or Staph, albus was used. The titres
were highest in patients with rheumatoid factor (RF) in their serum, but
removal of the RF dropped the titre by less than 1 loga antibody unit
suggesting that the antibody response was not due to RF. These results look
promising, but ideally one would wish to demonstrate raised titres in the
serum from the patient from whose specimens the organism was cultured.
This has so far been impracticable. The strain SF16 is not a strain of C. acnes

[16] but there may be a slight antigenic relationship between the two.
In conclusion, there seems little evidence at the moment to support the

active role of conventional mycoplasmas in rheumatoid arthritis. The posi¬
tion of the 'diphtheroid' organisms is less clear. The fairly constant isolation
rate and the demonstration of raised serum antibodies to the organisms in
patients with rheumatoid arthritis suggest that they are not merely present as
commensals. It is known that these organisms can produce general immuno¬
logical effects; in particular they can stimulate anti-red cell activity in mice
[11]. It is therefore possible that they modify the host's immune mechanisms
without actually initiating the disease. Further work remains to be done in
this field.
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Summary

The failure to isolate conventional mycoplasmas from 88 synovial membranes and
119 synovial fluids from patients with proven rheumatoid arthritis using a variety of cul¬
ture media and techniques agrees with the results of recent workers and suggests that these
organisms are unlikely to play a role in the aetiology of the disease. In contrast, 'diph¬
theroid* organisms were isolated from 27 to 30% of rheumatoid specimens, but not from
cultures of non-rheumatoid material. A significantly higher incidence of raised agglutina¬
tion litres to C. acnes and to a 'diphtheroid' isolated from a patient with rheumatoid
arthritis in sera from patients with rheumatoid arthritis supports the conclusion that these
organisms are present in the joints in such patients, though their role in this disease has
yet to be established.
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Do diphtheroids cause rheumatoid arthritis?
J. J. R. DUTHIE; SHEILA M. STEWART & W. H. McBRIDE

Introduction
Since 1906 when Schuelier [17] reported the recovery
of Gram-positive organisms from the joints of
patients with 'chronic villous polyarthritis' claims
have been made by numerous workers to have cul¬
tured a variety of agents, but no consistent pattern
has emerged and enthusiasm has waned. The theory
that rheumatoid arthritis might be due to toxins
derived from foci of infection in other parts of the
body became popular, but the results of surgical
excision, drainage and the use of antibiotics were not
encouraging and had no obvious effect on the pro¬

gress of the arthritis. The most popular theory in
recent years has been that rheumatoid arthritis
belongs among the so-called autoimmune diseases,
this being largely due to the demonstration of the
rheumatoid factor in serum. This antibody to
altered y-globulin is by no means unique to rheuma¬
toid arthritis and can be demonstrated in many
diseases of infective aetiology [1].

During the 1960s interest in a possible infective
aetiology was again aroused by Arai & his co¬
workers [4], Bartholomew & Himes [5] and others
who claimed to have recovered mycoplasmas from a
number of specimens from patients with rheumatoid
arthritis. Controversy has continued since then but
others have failed to confirm these findings [9, 14,
20]. During attempts to do so, we noted what at first
seemed to be a high incidence of contamination with
diphtheroids when inhibitors were left out of con¬
ventional mycoplasma media [10]. It was decided to
investigate the possible role of these organisms in

patients with rheumatoid arthritis designated clinic¬
ally according to the criteria of the American
Rheumatism Association [3].

This paper discusses our experience obtained in
examining ninety-eight specimens of synovial mem¬
brane and 126 aspirates of synovial fluid from 199
such patients with rheumatoid arthritis. Control
material consisted of four membranes and twenty-
three fluids from twenty-five patients with osteo¬
arthrosis and sixteen membranes and thirteen fluids
from twenty-nine patients with non-inflammatory
and traumatic joint involvement. Fifteen fluids were
also examined from twelve patients with Reiter's
disease. For antibody studies, sera were obtained
from patients with rheumatoid arthritis, from those
with non-rheumatoid joint disease and from persons
with no joint involvement.

Morphological and cultural investigations
Impression smears from synovial membranes were
stained by Giemsa and by Gram stain and examined
for the presence of bacterial and other bodies. No
organisms resembling diphtheroids were seen, al¬
though in cells from rheumatoid membranes small
basophilic granules were seen after staining with
Giemsa; however, the incidence of the granules bore
no relationship to the ultimate isolation of diph¬
theroids. In model experiments designed to study the
persistence of diphtheroids in synovial cells, we
artificially infected rheumatoid synovial cell cultures
with diphtheroid organisms previously isolated
from specimens from patients with rheumatoid

171
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arthritis. They were examined at regular intervals by
electron microscopy [2] and by immunofluorescence
using a pool of hyperimmune sera prepared in
rabbits against nine diphtheroid strains isolated from
rheumatoid tissue [12]. After only a few days, the
organisms were seen to be rapidly ingested by
macrophages and to subsequently lose their bacterial
walls; but no cytopathic effects were observed on the
cell cultures. Likewise immunofluorescence occurred
for only a few days after inoculation. Later cells were

negative and no residual Gram-positive material
could then be seen within the cultured cells [12].
Such a rapid loss of bacterial form might explain the

inability to demonstrate Gram-positive (diph¬
theroid) material in synovial membrane impression
smears.

Cultural investigations on synovial membranes
were undertaken by inoculating various quantities of
finely minced issue into various enriched liquid
media (Eagle 'anks; heated blood broth; 2%
NaCl-supp erne. ted PPLO broth). Likewise, syno¬
vial fluids \ ere cultured in double strength supple¬
mented PM.O broth; broth supplemented with
heated bio d: td supplemented sodium chloride
PPLO bro S bcultures were carried out weekly
onto suppl cr. cd solid media. None of the media

Table 22.1. Isolation rate of diphtheroid bacilli fro -ynovial membranes

No. of membranes t m which:

Diagnosis
No. of
patients

Diphtheroids
isolated

D

Rheumatoid arthritis
Other conditions

91
20

111

27 (28%)*
0

27

htheroids
is slated

Total No.
of membranes

examined

. 1
20

91

98
20

118

» P< 0 05 by x2 test

Table 22.2. Isolation rate of diphtheroid bacilli from synovial fluid

No. of fluids from which:

Diagnosis
No. of

patients
Diphtheroids

isolated
Diphtheroids
not isolated

Rheumatoid arthritis 108 12(10%) 114
Reiter's disease 12 3 (20%) 12
Other conditions 34 0 36

total 154 15 162

Total No.
of fluids

examined

126
15
36

177

Table 22.3. Correlation of the results of the sensitized sheep cell test and
isolation of diphtheroid bacilli in patients with rheumatoid arthritis

Isolations from membranes or fluids
Sensitized sheep Total No.

cell test of patients Diphtheroids No diphtheroids

Positive 92 28* 64

Negative 57 3 54
total 149 31 118

* P< 0 001 by x2 test
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contained inhibitors; and great care was taken to
minimize the risk of contamination. When diph¬
theroid isolation was apparent (sec below), a range
of biochemical and serological tests were used in an

attempt to identify the strains concerned (for full
details see [18]).

The rates of isolation of diphtheroid bacilli from
synovial membranes and fluids are shown in Tables
22.1 and 22.2. Twenty-eight per cent of membranes
and 10% of fluids from patients with rheumatoid
disease yielded diphtheroids. Similar organisms were
recovered from three of the fifteen fluids from twelve

patients with Reiter's disease. When the group of
rheumatoid patients was divided into those who
were rheumatoid factor (RF)-positive and those who
were RF-negative, the isolation of diphtheroids from
specimens in the seropositive group was significantly
higher than from those in the seronegative group
(Table 22.3).

In all such isolation experiments, contamination is
a constant hazard; and a few isolations of staphylo¬
cocci and coliforms became evident. All our culture
work was done 'blind', the bacteriological laboratory
having no knowledge of patient diagnosis (rheuma¬
toid or non-rheumatoid). In contrast to the associa¬
tion of diphtheroid isolations with rheumatoid
arthritis (and possible Reiter's disease) no difference
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was noted in the low frequency (18"0) with which
(contaminating) staphylococci and coliforms were
isolated from rheumatoid or non-rheumatoid

specimens.

Serological investigations
Evidence of an immunological response by the host
against diphtheroid antigens was sought by ag¬

glutination and complement fixation tests. Agglu¬
tination tests [21] were done with four antigen
preparations: (1) Corynebaclerium acnes, serotype 1,
(2) a 'diphtheroid' (SF16) isolated from a culture of
synovial fluid from a patient with rheumatoid
arthritis, (3) a second diphtheroid (M26) isolated
from a synovial membrane from a patient with
rheumatoid arthritis and (4) Staphylococcus albus.
The SF16 culture was chosen as being baCteriologi-
cally typical of the majority of the isolates in a

previously published series (Stewart et ah [18]); the
M26, which differed in various characteristics from
the SF16 strain, was included as an 'atypical' isolate
considered as a contaminant. Complement fixation
tests were done with SF36 antigen by the method of
Bradstreet & Taylor [7]. All serological tests were
undertaken in parallel with 'control' normal sera
from subjects matched for age, sex and time of
collection.

Table 22.4. Results of agglutination tests on sera from patients with seropositive
and seronegative rheumatoid arthritis and from controls

Sera with
Test Serum No. of sera raised titres*

organism group tested No. (%)

C. acnes, type 1 Sero +ve 40 23 (58)t
Sero —ve 28 9 (32)}
Control 85 2 (2-5)

SF16 (typical 'diphtheroid') Sero +ve 40 11 (27)}
Sero —ve 28 2 (7)
Control 36 1 (2-8)

M26 (atypical 'diphtheroid') Sero +ve 26 2(9)
Sero —ve 11 0
Control 36 1 (2-8)

Staph, albus Sero +ve 9 0
Sero — ve 6 0
Control 16 0

* Raised litre = >95% confidence limits of control population,
t P< 0 001 by y1 test with control.
J P<001 by z* test with control.
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The results (Table 22.4) revealed a significant
percentage of raised agglutination litres to C. acnes
among both RF-positive and RF-negative rheuma¬
toid sera; when M26 or Staph, albus were used, there
was no such difference.With SF16, sera from patients
with positive sheep cell tests showed significantly
higher agglutination titres than the controls, but this
was not evident when the sheep cell test was negative.
Of twenty-one rheumatoid sera tested against SF16
by complement fixation, the majority gave titres of
1:10 or less, a similar distribution to that found in
twenty controls with no joint disease.

Do diphtheroids cause rheumatoid arthritis?
Diphtheroids are widely distributed in nature and it
has been suggested that the organisms isolated from
cultures of synovial tissue or fluid are contaminants
[8, 12], The heterogeneity of two reported series
might support this view [8, 18]. However, the fact
that similar isolation rates were obtained in three
different series by the present workers [10, 18, 19]
and were also reported by three other groups of
workers [6, 8, 12] and that in the current series no
such organisms were isolated from non-rheumatoid
specimens suggests that the organisms probably
originate in the joints. In contrast, staphylococci
and/or coliforms, considered contaminants, were
recovered with the same frequency from both rheu¬
matoid and non-rheumatoid material. Throughout
this work the diagnosis of the source of the specimen
was not known until after the cultural report had
been made.

The coryneform bacteria are notoriously difficult
to identify using conventional tests [11] and the
name given to the strain may depend on the set of
tests used. Accepting that the isolates are hetero¬
geneous, it is not possible to state unequivocally
which came from the rheumatoid joints. Results of
work by Clasener & Biersteker [8] suggest that the
organisms are Only present in small numbers, and in
our own series no growth occurred at dilutions of the
specimens of 1 in 100 or above and only once at 1 in
10. The failure to demonstrate Gram-positive
material in impression smears from synovial mem¬
brane may be due to the loss of the bacterial cell
wall. It has been shown that, in synovial cell cultures
inoculated in vitro with diphtheroids, the organisms
enter the cells and soon lose both their bacterial
form and their Gram-positive reaction [2], Clearly,
even if the organisms are present in diseased joints,

this does not necessarily mean that they play any

part in the aetiology of the disease; for macrophages
in rheumatoid synovial tissue may ingest them and
retain them in situ more readily than macrophages in
normal synovium.

Early attempts to demonstrate circulating anti¬
bodies using the complement fixation test failed [6,
18], The more recent use of a latex agglutination test
has shown significantly raised titres against C. acnes

in both RF-positive and RF-negative sera. Similar
tests using a diphtheroid (SF16) isolated from a
rheumatoid synovial fluid and bacteriologically
typical of the majority of such isolates showed sig¬
nificantly raised titres in RF-positive sera but not in
RF-negative sera. No difference in titres was shown
between RF-positive or RF-negative sera and con¬
trols when an 'atypical' diphtheroid (considered as a

contaminant) or Staph, albus were used as antigens.
There was only poor correlation between the C.
acnes titres and those of the Rose-Waaler tests on the
same sera. Removal of the rheumatoid factor from
the sera resulted in only a marginal fall in the C.
acnes agglutination titres indicating that the raised
titres in patients with rheumatoid arthritis were not
due to the presence of rheumatoid factor.

The suggestion, that the presence of humoral anti¬
bodies to diphtheroids in sera from patients with
rheumatoid arthritis supports the theory that these
organisms may be involved in the pathogenesis of
the disease, must be treated with caution. The
antigen involved is probably a carbohydrate and
may therefore be non-specific. This would correlate
with the fact that while both RF-positive and RF-
negative sera gave significantly raised titres with C.
acnes, the RF-positive sera also had raised titres
using the SF16 diphtheroid, a strain known not to be
C. acnes [15].

It is tempting to suggest that coryneform bacteria
might play a role in the disease by affecting the
immune mechanisms of the host. C. acnes and SF16
are known to cause splenomegaly, transient anaemia
and the production of autoantibodies; and C.
rubrum can induce adjuvant arthritis in experimental
animals [13, 16], However, it is dangerous to assume
that organisms of this group would give similar
reactions in humans. It should be remembered that
the number of organisms in the joints appear small,
probably far smaller than the number used to
induce the effects referred to in animals [13].

Rheumatoid arthritis may be initiated by some



Do diphtheroids cause rheumatoid arthritis ? 175

other agent, but in those cases where diphtheroids
arc present in the joint, even in such a secondary role,
it seems possible that they may contribute to the final
pathology of the condition which the clinician calls
rheumatoid arthritis.

The question might be better phrased as: 'what is
the role of diphtheroids in rheumatoid arthritis?'
The verdict at this stage is non-proven.
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AMNIOTIC FLUID MACROPHAGES
FROM NORMAL AND MALFORMED FETUSES
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Amniotic fluid cells from normal and abnormal fetuses (neural tube defects and abdominal
wall lesions) were examined uncultured and after short-term culture for macrophages. Mor¬
phology, adherence, phagocytosis, presence of Fc receptors and non-specific esterase were
studied. The existence of macrophages in normal and abnormal fluids was confirmed,
although the percentage and the absolute numbers varied greatly from specimen to specimen.
The most marked increases in total macrophages were in cases of ancncephaly. The signifi¬
cance of these macrophages and their value in prenatal diagnosis are discussed.
key wokds Amniotic fluid cells Macrophages Rapidly-adherent cells

Although macrophages have been described in amniotic fluid (Hoyes, 1968;
Casadei el al., 1973; Cutz and Conen, 1978) they only acquired importance in
prenatal diagnosis when Sutherland et al. (1973, 1975) reported an increased num¬
ber in 24-h cultures of amniotic fluids from fetuses with a neural tube defect (NTD).
Later, Gosden and Brock (1978a, b) found 'rapidly adherent cells' examined after
24 h in culture to be a useful aid in the differential diagnosis of NTD and as an
indicator of pregnancies where there was a risk of eclampsia, abortion or low birth-
weight infants. They did not identify macrophages as such but classified cells
according to morphology into neural, peritoneal, placental, squamous and fetal
distress cells.

More recently Papp and Bell (1979) and Chapman et al. (1981; Chapman, 1982)
studied macrophages in uncultured amniotic fluids from normal and NTD fetuses.
They found high numbers of macrophages in amniotic fluids from fetuses with
anencephaly and anencephaly with spina bifida, but in five cases where the fetus
had spina bifida, only one had increased numbers of macrophage-like cells.

In previous studies cytology and ultrastructure have been used to identify
macrophages in amniotic cell populations. In this paper we describe further evi¬
dence for their presence using a variety of methods, and confirm their value as
an aid in the prenatal diagnosis of anencephaly.

•Present address: Dcparlamento de Gcnetica, Institulo Nacional de Perinatologia Monies Uralcs
800, 11 000 Mexico, D P., Mexico.
t Present address: Department of Radiation —Oncology, University of California, Los Angeles, Cali¬
fornia 90024, U.S.A.
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MATERIALS AND METHODS

Materials

Amniotic fluids. Amniotic fluids were obtained between 16 and 22 weeks of ges¬
tation, during amniocentesis or prior to termination of pregnancy. The amniotic
fluids have been classified as normal and abnormal according to alpha fetoprotein
(AFP) .values (Brock, 1981a). For abnormal amniotic fluids the fetal defect was
confirmed after termination of pregnancy. The abnormal amniotic fluids have been
divided into four main groups according to the main fetal abnormality: (1) NTD:
(a) ancncephaly and anencephaly with spina bifida; (b) spina bifida; (c) encephalo-
cele; (2) omphalocele and gastroschisis (3) NTD with omphalocele or gastroschisis;
(4) other congenital malformations.

Fetal cells. Fibroblasts were cultured from explants of fetal lung from fetuses
spontaneously aborted. Neural cells were obtained from fetal brain of fetuses
aborted for social reasons. Other fetal neural cells such as encephalocele cells, spinal
cord and cerebro-spinal-fluid (CSF) were obtained from fetuses aborted as a result
of prenatal diagnosis of fetal malformation.

Methods

Cytospin preparations. Amniotic fluid or fetal cell suspension (0-25 ml) was cyto-
centrifuged at 700 rpm for 5 min. The slides were allowed to dry and then fixed
for 10-15 min one with cold methanol for Giemsa stain and the other with cold
acetone for detection of non-specific acid esterase (NSAE) stain.

Cell culture. Amniotic fluid cells (AFC) were studied as adherent cells after
20-24 h in culture as described by Gosden and Brock (1978a, b).

Fetal cells were cultured by mechanically suspending fetal brain or spinal cord
in culture medium and then passing through a 19 gauge needle several times. The
suspension was plated and cultured in the same way as amniotic fluids.

Adherence and phagocytosis. To test the phagocytic properties of rapidly-
adherent cells three types of latex particles (Sigma) of different size were used with
average diameter 5-7 pm, 0 806 pm and 0 234 pm. After the amniotic fluid cells
had been cultured for 20 to 24 h, 01 ml of a 1 in 300 latex suspension was added.
Duplicates were set up when possible, with two coverslips as controls and two to
which latex particles were added. After 20 h of incubation with latex particles
coverslips were thoroughly rinsed with saline solution to get rid of unphagocytosed
latex particles. They were fixed with 10 per cent formalin and stained with Leish-
man's stain.

To find the minimum time for phagocytic amniotic fluid cells to adhere, three
amniotic fluids from fetuses with anencephaly were studied. Every 10 min over a
period of 2 h-non-adherent cells were removed and transferred to the next wells,
fresh medium being added to the previous wells. After the transfer the cells were
incubated for 20 to 24 h and tested for their ability to phagocytose latex particles.
Two other wells were set up as controls where the non-adherent cells were not
transferred.

Fc receptors. Fc receptors were measured following the method of Moore and
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McBride (1980) using calf red blood cells sensitized by rabbit anti-calf red cell anti¬
body. 5 x 104 adherent viable cells were plated and cultured in 24-well tissue culture
plates. The cells were in culture for 24 h before wells were washed and the Fc
receptors of the adherent cells measured. Since routine amniocentesis yields approx¬
imately 15-20 ml of amniotic fluid containing 103—105 cell/ml of which an average
of 3-45 give rise to detectable colonies (Hoehn et al., 1984), the measurement of
Fc receptor positive cells in normal amniotic fluids was attempted in suspensions
of amniotic fluid cells from only 10 pregnancies.

Non-specific acid esterase (NSAE) stain. According to the amount of amniotic
fluid available, AFC were tested uncultured, following culture, or both. Cytospin
preparations of uncultured cells were fixed with cold acetone and cultured cells
were fixed with cold methanol, dried and stored at room temperature for varying
periods of time, on average one week (range 1 day to 3 months). NSAE activity
was detected using alpha naphthyl acetate as substrate following the method of
Mueller el al. (1975) but staining for 3 h only.

RESULTS

Uncultured amnioticfluid cells
Uncultured amniotic fluids showed squamous cells and rounded (non-squamous)

cells which varied in size. Normal amniotic fluids contained mainly squamous cells
and very few non-squamous cells.

Squamous cells were negative for NSAE stain (Figure la). Nineteen normal
amniotic fluids were studied and compared to 28 abnormal amniotic fluids. Amni¬
otic fluid was obtained on two separate occasions from a fetus which at termination
of pregnancy had no NTD or structural malformations, but extensive skin damage.
The latter two amniotic fluids had abnormal AFP values (Brock, 1981a). Of the
19 normal amniotic fluids, 17 had NSAE positive cells ranging from 0 to 100 (Table
1). Only two had more than 100 NSAE positive cells. Both these pregnancies ended
in normal newborns, while two amniotic fluids with less than 25 NSAE positive
cells resulted in a missed abortion and a severe pre-eclampsia with birth at 34 weeks.

In amniotic fluids from fetuses with omphalocele there were both NSAE positive
and negative cells, either isolated, or in association with the amorphous collagenous
material (Figure 1 b) which on electron microscopic examination showed fibres with
the periodicity of collagen (Gosden and Ross, unpublished results). In amniotic
fluids from fetuses with NTD the clusters of neural cells described by Chapman
et al. (1981; Chapman, 1982) were negative for NSAE but were associated with
NSAE positive cells (Figure lc). The number of NSAE positive and negative cells
were statistically analyzed using the Mann-Whitney U non-parametric test (Siegel,
1956) the results are summarized in Table 1.

A dherent amnioticfluid cells
Adherence and phagocytosis. Cells from 26 amniotic fluids were studied, 21 from

normal fetuses and five from fetuses with NTD. The number of 24-h adherent cells
and the phagocytic index was significantly higher in the amniotic fluids from NTD
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Figure I. Uncultured amniotic fluid and fetal cells, (a) Normal amniotic fluid, squamous cells are nega¬
tive for NSAE. (b) Amniotic fluid from a fetus with omphalocele, negative and positive cells (darker)
for NSAE. (c) Amniotic fluid from a fetus with NTD, cluster of small neural cells negative for NSAE
associated with positive cells showing variation in the intensity of the NSAE stain, (d) Spinal cord from
a fetus with ancncephaly, small neural cells negative for NSAE (arrows) and large cells with varying
degrees of positivity. Cerebro-spinal fluid from a fetus with spina bifida and Arnold Chiari syndrome,
(f) Gicmsa stain shows the activated appearance of the macrophages, (e) NSAE the intense staining

of their lysosomes

than in the controls (Table 2). The rate of adherence and phagocytosis was tested
in three amniotic fluids from fetuses with anencephaly. After only 10 min in culture
38 to 68 per cent of the cells that were going to adhere in 44 h had already done
so. The phagocytic index of the adherent cells at this time ranged from 56 to 73
per cent. By 20 min adherence was almost complete.

In 21 amniotic fluids from normal fetuses and two with NTD, the cells were
incubated for 24 h and the adherent cells were classified according to Gosden and



TableI.Non-specificesterase(NSAE)inunculturedamnioticfluidcells
'GestationNon-squamouscellsNSAEpositivecells%NSAEpositivecellsNSAEnegativecells weeks(cells/ml)(cells/ml)(cells/ml)

M

S.E.

logM

LogS.E.

logM

logS.E.

M

S.E.

logM

logS.E.

Controls(19)

18*7

0-39

190

016

1-45

0-22

41-7

6-24

1-60

013

Anencephaly(9)

17-8

0-53

3-90*

0-15

3-51*

018

43-4

5-33

3-64*

016

Spinabifida(7)

17.8

0-45

2-32

0-47

216

0-47

60-1

13-38

1-71

0-40

Encephalocele(7)
19.8

0-94

2-85f

0-29

2-50

038

62-6

14-10

213

0-34

Omphalocele(3)

20

207

2-91%

0-27

261

0-36

48-7

15-59

2-62J

0-29

FetuswithnoNTDor
19-20

1-22

0-52

151

061

50-0

997

1-51

0-43

structuralmalforma¬ tionbutextensive Skindamage(+) Numberofamnioticfluidsstudiedinbrackets;M=mean,S.E.=standarderror,(+)twoindividualvaluesfromthesamefetus. */><0-002;t/>^002;J/>^0-05ofadifferencefromcontrolgroup(foratwo-tailedtestusingtheMann-Whitneytest).
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Table 2. Cell adherence and phagocytic indices in normal and abnormal amniotic fluids

Number of adherent cells Phagocytic index (%)
Cells/ml Amniotic fluid

log M log S.E. M S.E.

Controls (21) 211 0 14 32 8 6-6
NTD

Anencephaly (4) 3-32* 012 64 0* 7-6
Acranium + Enccphalocele (1) 2-87 — 870 —

Number of amniotic fluids studied in brackets; M = mean, S.E. = standard error.

Phagocytic index

*/>< 0 02 of a difference from control group (for a two-tailed test using the Klann-Whitney Test).

Brock (1978a, b) as squamous, placental, neural-like and fetal distress cells. The
classification of fetal distress II (FDII) cells was modified by subdividing this group
into three categories according to size and morphology. Neural-like cells were iden¬
tified only if they had several branching processes (Figure 2). Phagocytic cells within

fb

20pm 20pm
Figure 2. Phagocytic properties of rapidly-adherent amniotic fluid cells. Non-phagocytic cells:
(a) squamous cell, (b) fetal distress cell type I. Phagocytic cells: (c) fetal distress cell type 11-a (arrow),

(d) fetal distress cell type II-b, (e) fetal distress cell type 11-c, (f) neural cell type
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these cell populations were examined for their ability to ingest large latex particles
(5 7 //m), small latex particles (0-234-0-806 /im) or both. The cells which were classi¬
fied as FDIi had the highest phagocytic activity. These cells were present both in
amniotic fluids from normal fetuses and those with NTD (Table 3). Neural cells
were identified only on a morphological basis, they ingested mainly small latex
particles which could be explained by the properties of pinocytosis attributed to
neural cells (Mulligan and Curncs, 1979). The alternative possibility is that these
cells with branching processes were microglia, (Oehmichen, 1978; Medina-Gomez
and Bard, 1983).

Non-specific acid esterase (NSAE) stain. NSAE stain was performed on 24-h
adherent cells from 15 abnormal amniotic fluids: anencephaly (8), spina bifida (3),
encephalocelc (3) and omphalocele (1). The number of NSAE positive or negative
cells was extremely variable. The highest number of both NSAE positive (mean +
standard error cells/ml was 500 + 54) and negative (4676 + 783) cells was found in
the amniotic fluids from the fetuses with anencephaly. Most of the adherent cells
from fetuses with spina bifida were NSAE positive (284+ 12) and fewer negative
cells (216 + 45) were found compared to the anencephalics. Few cells (less than
25) adhered after 24 h in culture from the amniotic fluids of the fetuses with
encephalocele. The only amniotic fluid from a fetus with omphalocele showed in
the uncultured amniotic fluid an amorphous collagenous material associated with
positive and negative NSAE cells (Figure lb) however the cells migrating from
the amorphous material after 24 hours in culture were all NSAE negative.

Fc receptor studies
In ten normal amniotic fluids, uncultured cells were examined for expression

of Fc receptors (EARFC). The errors involved in measuring EARFC were large
because of the small number of non-squamous cells and the large amount of debris.
However, rosettes were easily identified and almost all were large and showed
multiple layers of red cells, characteristic of macrophages. On average EARFC
constituted 60 per cent of non-squamous cells. The absolute number of EARFC
was 3-2 x 103/ml fluid (geometric mean; 95 percent confidence limits l-4-6-4x 103).
These numbers are higher than those for NSAE positive cells. Although these are
two different scoring systems and two different scorers there is also a possibility
that the cells are lost by not being cytocentrifuged on the slide.

Twenty-four-hour adherent cells from two fetuses with anencephaly were
studied. In both, 95 per cent of the cells were strongly Fc receptor positive, could
be induced to phagocytose and morphologically were macrophages. Fc receptor
negative cells were either fibroblastoid or had branched processes. Cell clusters were
composed either of large basophilic cells which had macrophages associated with
them or cells with acidophilic cytoplasm that were not macrophage-associated. The
former were also seen in uncultured AFC from fetuses with anencephaly stained
by NSAE (see earlier).

Fetal cells

Uncultured cells from fetal brain, spinal cord or cerebro-spinal fluid (CSF) con¬
tained neural cells with the same size and morphology as the neural cells present
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in amniotic fluids from fetuses with a NTD. The main difference was that normal
brain contained only small rounded neural cells, while the spinal cord from the
fetus with anencephaly and the CSF from a fetus with spina bifida and an Arnold
Chiari malformation contained other cell types. Duplicate cytospin preparations
were stained for NSAE and the proportion of positive cells scored, finding 0 per
cent NSAE cells in normal fetal brain and two cases of encephalocele. The spinal
cord cells from the fetus with anencephaly showed that the small neural cells were
NSAE negative but the larger cells were positive (1-6 per cent) (Figure Id). The
CSF from the fetus with spina bifida and an Arnold Chiari malformation contained
not only a large number of macrophages but apparently also of activated
macrophages. The macrophages contained many phagocytosed RBC and
numerous granules which stained for NSAE (Figure le, f). CSF had the highest
proportion of NSAE positive cells (21 percent).

DISCUSSION

The finding of rapidly adherent, phagocytic, esterase and Fc receptor positive cells
in amniotic fluids from normal and malformed fetuses shows that macrophages
represent a variable but often very substantial percentage of amniotic fluid cells.
Fluids from fetuses with anencephaly were found to have significantly higher num¬
bers of macrophages and other non-squamous cells. In amniotic fluids from fetuses
with spina bifida, encephalocele or omphalocele the variability was large and the
overall increases were non-significant. The cases of encephalocele presented the
highest variation, that could depend on the size of the lesion, the amount of tissue
covering it and the probability of puncturing the encephalocele during the
amniocentesis.

In cases of omphalocele, peritoneal macrophages could leak into the amniotic
fluid. In cases of NTD it has been suggested that macrophages might originate
from the central nervous system (Oehmichen, 1978), from the fibrovascular mem¬
brane covering the lesion (Papp and Bell 1979; Champan et al., 1981; Chapman,
1982) and from the spinal meninges in fetuses with anencephaly (Bell el al., 1981).
In the present study, macrophages were found in a suspension of spinal cord of
a fetus with anencephaly and activated macrophages were also found in CSF of
a fetus with spina bifida and an Arnold-Chiari malformation. Furthermore, macro¬
phages were found in anencephalic specimens associated with clusters of neural
cells. It therefore seems likely that at least some of the macrophages are
lesion-derived.

A second possible source of macrophages in amniotic fluids from fetuses with
anenccphaly might be fetal lung. Emery (1974) observed that human lungs are free
of lymphoreticular aggregates at birth and they appear only later in life as a
response to environmental factors. In perinatal deaths, these types of aggregates
occurred in only two conditions: intrauterine infection and infants with meningo¬
cele or anencephaly.

A third possible source of amniotic fluid macrophages could be placenta.
Macrophages in normal uncultured amniotic fluids (Hoyes, 1968; Casadei et al.,
1973; Cutz and Conen, 1978; Papp and Bell, 1979; Chapman et al., 1981; Chap¬
man, 1982; Schrage el al., 1982) seem to appear at the stage in gestation when
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placental marcophages become more numerous (Fox, 1978), possibly responding
to stimuli such as oestrogens (Nicol and Bilbey, 1958). Papp and Bell (1979) also
found that amniotic epithelium in cases of fetal anencephaly had an increased
macrophage layer.

In amniotic lluids from fetuses with no NTD, we have shown cells described
as 'fetal distress' (FD) cells by Gosden and Brock, to be macrophages, FD cells
have been associated with spontaneous abortion, low birthweight and pre¬
eclampsia (Gosden and Brock, 1978b) and have a possible origin in the placenta.

This study has confirmed that the presence of macrophages in uncultured amni¬
otic fluid cells could be used as an initial diagnostic test in cases of anencephaly
but diagnosis should always be checked by ultrasound and amniotic fluid AFP.
In amniotic fluids from fetuses with spina bifida amniotic fluid AFP and acetyl¬
cholinesterase will remain the best tests for differential diagnosis between false and
true positives (Brock, 1981b).
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Summary
Macrophages from murine bone marrow (strain C3Hf Bu/Kam) were

cultured in vitro in L-cell conditioned medium. After 0, 2, 4, 6, 8 and 10 days,
they were infected with a clinical strain of herpes simplex virus type 1 and
the outcome followed morphologically, by phagocytic index, infectious virus
yields, immunofluorescence, expression of Fc receptors and major histo¬
compatibility complex (MHC) Class II antigens. At a multiplicity of infection
of 1—5, little morphological difference was apparent between infected and
uninfected cultures at early stages in vitro but marked changes occurred
later with reduction in cell numbers in the infected cultures. Indirect
immunofluorescence failed to detect cells expressing early viral antigens,
and yields of infectious virus indicated that permissive infection was not
taking place. While phagocytic index and Fc receptor expression did not
change 24 hours post-infection, MHC Class II antigen expression was
increased. Thus, although the bone marrow macrophages seem predominantly7
resistant to infection with HSV-1, they may be modified by the presence of
the virus. Since macrophages may act as antigen presenting cells for the
immune system, this type of mechanism may be important in the generation
of local immune responses.

Introduction

Macrophages play a crucial role in the generation of both humoral and
cell-mediated immune responses acting as antigen presenting cells, and are

* Present address: Department of Radiation Oncology, UCLA Centre for Health
Sciences, Los Angeles.
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recognised to be of primary importance in resistance to viral infections.
Several studies have indicated that they are necessary for resistance to
herpes simplex virus (HSV) infections in mice; if macrophages are depleted
or immature, then resistance to HSV is dimished and, conversely, agents
which stimulate macrophages increase resistance (3, 5, 19). Most work on
the function of macrophages in viral infection has involved peritoneal cells
and this subject has been reviewed recently by Morahan (12).

It was reported in 1971 that peritoneal macrophages can be abortively
infected with HSV type 1 (HSV-1) with a possible block at the stage of
virion assembly (17). While peritoneal macrophages are generally considered
non-permissive for HSV replication unless stimulated in vivo by agents such
as thioglycollate, they can be made permissive by pre-culture in vitro for
3 to 4 days before infection (9). Recently, several strains of HSV-1 were
found to replicate to different extents in peritoneal macrophages after they
had been aged in vitro or thioglycollate stimulated. This ability could not
be correlated with pathogenicity in mice (2). Different results were reported
by Brccher et al. (1) who showed an association between the permissive¬
ness of peritoneal macrophages to HSV-1 and in vivo susceptibility to
infection. Macrophages from resistant strains of mice produced more inter¬
feron post-infection than macrophages from more sensitive strains, suggesting
a possible mechanism of selective resistance.

Macrophages are morphologically and functionally diverse. They are
thought to originate from precursor monoblasts and promonocytes in the
bone marrow. If bone marrow cells are cultured in vitro, in the presence
of L-cell conditioned medium which contains "macrophage colony stimu¬
lating factor", they are stimulated to differentiate and divide, and have
been shown by morphology, esterase staining and phagocytosis to provide
a culture of virtually pure macrophages (6). Thus these cells provide a
convenient model system for studying the association of HSV with macro¬
phages of different maturation states. This may help to clarify the types of
immune responses generated by antigen presenting cells during the course
of a viral infection.

Bone marrow macrophages were obtained from mice and infected with
HSV-1 after various periods in culture. The outcome of the infection was
followed morphologically, by phagocytic index, infectious virus yields,
immunofluorescence, and by expression of Fc receptors and major histo¬
compatibility complex (MHC) Class II antigens.

Materials and Methods

Bone Marrow Cultures

Femurs from 6—8 week old female mice (C3Hf Bu/Kam strain, bred and main¬
tained in the Departmental Animal House) were collected and bone marrow cells
prepared by cutting off the ends and flushing aseptically with medium, the yield
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being about 107 cells per femur. The cells were washed and cultured at various
densities as described below. The medium used throughout was RPMI 1640 (Imperial
Laboratories) supplemented with 10 to 30 per cent L-cell conditioned medium
(depending on the batch used), 5 per cent foetal calf serum, 2 mM L-glutamine,
5x10-5m 2-mercaptoethanol, 100 IU/ml penicillin, 200 pg/rnl streptomycin and
100 pg/ml gentamicin. The conditioned medium was prepared from pooled 24-hour
supernatants from confluent L-cell cultures which were filter sterilized, titrated to
find the optimal concentration for growth of bone marrow macrophages and stored
at —70° C until use.

During the culture period, the percentage of adherent macrophages present was
determined by a non-specific esterase strain (18) and by phagocytosis of sensitized
calf red blood cells.

Virus and Viral Injections
HSV-1 was isolated from a clinical case and was plaque-purilied in Vero cells.

These cells were cultured in Eagle's minimal essential medium (Northumbria Bio-
logicals Ltd.) supplemented with 2 to 5 per cent new born calf serum, 2 mM L-
glutamine and antibiotics as above. Plaque assays for infectious virus were performed
using Vero cells in microtitre plates with 0.25 per cent Seaplaque agarose (FMC
Corporation) in the overlay. After incubation for 3 days, the cells were fixed in formyl
saline and stained with Giemsa before counting the plaques using a low power micro¬
scope. The same batch of virus stock was used throughout, and it contained 1010
plaque forming units (PFU) per ml.

On day 0, for all the tests, bone marrow cells were infected as monolayers with
the same amount of virus. HSV-1 was allowed to adsorb for 1 hour at 37° C before

washing the cell sheets 3 times and putting on fresh medium. All incubations were
carried out at 37° C in an atmosphere of air with 5 per cent CO2 in a humidified
incubator.

Virus Yields

Bone marrow cells were seeded at a density of 106 in 1 ml volumes in 24-well
Costar plates. At 1 and 24 hours post-infection, the cells were scraped off duplicate
wells, using small rubber policemen, into the culture supernatant. All samples were
stored at —70° C, then ultra-sonicated for 1 minute before being assayed for PFU on
Vero cells in microtitre plates, in quadruplicate. The mean of the number of plaques
at suitable dilutions was taken.

In addition, on every second day, cells were scraped off 3 wells and counted to
give an average number present per well. Cell counts were also performed 24 and
72 hours post-infection.

Immunofluorescence
The bone marrow cells were seeded at a density of 2 x 106 in 1 ml volumes in

tubes containing coversiips. The coverslips were fixed at 0, ], 4, and 24 hours post¬
infection in 2 per cent paraformaldehyde in 0.28 m Na cacodylate buffer, pH 6.9, for
10 minutes at room temperature. They were treated with 0.05 per cent Triton X-100
in 0.01 m phosphate buffered saline (PBS), pH 7.2, for 5 minutes at room temperature,
then washed in the same buffer.

Two antibody preparations were employed in indirect immunofluorescence. The
first was a mouse monoclonal antibody T181 (used undiluted), directed against an
early viral nuclear antigen and kindly donated by Chan (7). It was followed by a
rabbit anti-mouse antiserum used at a dilution of 1/50 (4), then a sheep anti-rabbit
FITC conjugate at 1/20 (Wellcome). The second antibody preparation was an anti¬
serum raised in a New Zealand rabbit by 3 subcutaneous injections of 2 X 106 RK13
cells harvested 4 hours after infection with HSV-1 at a multiplicity of 5. The first

16 Arch. Virol. 87/3—4
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injection was in Freund's complete adjuvant and was followed at fortnightly intervals
by injections in Freund's incomplete adjuvant. The rabbit was bled 2 weeks later.
The scrum was used at a dilution of .1/20, followed by sheep anti-rabbit FITC conju¬
gate as before.

Fc Receptor Assays
Bone marrow cells were seeded at a density of 3 X 105 in 1 ml volumes in 24-well

Costar plates. Fc-receptor expression was measured 24 hours post-infection as de¬
scribed previously (10). Briefly 5 per cent (v/v) calf red blood cells (CRBC) in PBS
were mixed with an equal volume of a 1/32 dilution.of hyperimmune rabbit anti-
CRBC serum, incubated at 37° C for 1 hour and washed extensively with PBS.
Cultures of bone marrow cells were washed and overlaid with 0.3 ml 2.5 per cent (v/v)
suspensions of the sensitized red cells and incubated for 1 hour at room temperature.
The wells were washed very gently four times with PBS to remove non-adherent
erythrocytes. The percentage of bone marrow cells binding 3 or more erythrocytes at
the cell surface was determined using an inverted microscope and counting at least
200 cells from each of 4 wells for each time point.

MHC Class II Antigens
Bone marrow cells were seeded at a density of 2x 106 in 1 ml volumes in tubes

containing coverslips. The coverslips were fixed in 2 per cent paraformaldehyde in
0.28 m Na cacodylate buffer, pH 6.9, for 10 minutes, 24 hours post-infection with
HSY. The immunoperoxidase method of Ritchie etal. (14) was used with a mouse
anti-class II (Iak) monoclonal antibody [TIB 93 from the American Type Culture
Collection (13)]. At least 500 cells were examined on each coverslip and the number
showing positive immunoperoxidase staining was noted.

Results

Morphological Characteristics

Initially the bone marrow cultures consisted of a mixed population of
adherent and non-adherent cells (Fig. la). During in vitro culture, macro-

phage-like cells began to grow out and by the fourth day micro-colonies
were beginning to form which are illustrated in Fig. lb. The cell numbers
decreased from an initial I06 per well to 2x 105 during the first 4 days but
thereafter the number remained static. Using a non-specific esterase strain,
43 per cent adherent cells showed staining characteristic of macrophages
after 3 days in vitro, and this number rose to over 99 per cent by 6 days.
Using sensitized CRBC, 10 per cent of the bone marrow cells were phagocytic
after 1 day in vitro. This increased to 36 per cent after 3 days, and 84 per
cent after 7 days (see below and Fig. 2). Thus by these criteria, the bone
marrow cells represent a culture of relatively pure macrophages which
undergo maturation and proliferation in vitro in the presence of L-cell
conditioned medium.

After 0, 2, 4, C, 8 and 10 days in vitro, the cultures were infected with
HSY-1. Cells from the earlier times (0 and 2 days) showed little morphological
change from uninfected controls, but cells from 4 days onwards showed
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marked changes^(Fig. lc). There was a reduction in cell numbers to around
105 per well 24 hours post-infection and this dropped further to around
8 X 104 per well 72 hours post-infection. If incubated for longer than 72 hours,
the infected cultures gradually recovered with the adherent cells growing
out into micro-colonies.

"/«. phagocytic cells

j | | | l_

1 3 5 7 9

Oays of culture

Fig. 2. Percentage phagocytic cells in bone marrow cultures incubated for 0, 2, 6 and
8 days in vitro before infecting with HSV-1 and assayed 24 hours later (a -a

infected with HSV; • • mock-infected controls)

These studies were all done using the same amount of virus per well
which gave a multiplicity of infection of 1 on day 0 and about 5 at other
time points. Infection with one-tenth this quantity of virus did not result
in any morphological differences over 7 days compared to uninfected
cultures.

Phagocytosis
At 24 hours post-infection, at least 100 cells in each of 4 wells were

counted to find the percentage capable of phagocytosing sensitized ORBC.
The results are shown in Fig. 2. No difference was apparent between infected
and uninfected cultures at any time.

Virus Yields

These are illustrated in Fig. 3. There was no indication of productive
infection at any time. The experiment was repeated 3 times with the same
result. Infection at a multiplicity of 0.1 instead of 1 gave virus yields
consistently one-tenth that normally produced.

Immunofluorescence
The monoclonal antibody, T181, and the polyclonal rabbit antiserum

were able to detect HSV antigens in Vero cells from 2 hours post-infection.
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The fluorescence in both cases was predominantly in the form of nuclear
granules. By 6 hours post-infection, there was overall nuclear fluorescence
and by 24 hours the whole cell was fluorescent.

The antibody preparations were used on the bone marrow cells after
they had been in culture for 0 to 8 days and had been fixed at 0, 1,4 and
24 hours post-infection. No viral antigens were detected at any time.

DAY OF CULTURE

Fig. 3. Number of plaque-forming units/cell in bone marrow cultures infected with
HSV-1 after being in culture for 0, 2, 4, 6, 8 and 10 days (• • at 1 hour post¬

infection; a a at 24 hours post-infection)

An infectious centre assay indicated that only 0.2 per cent bone marrow
cells adsorbed HSV-1 on day 0. This rose to a level of 1 per cent after the
cells had been in culture for 6 days-(data not shown).

Fc Receptor Assays
The percentage of cells with Fc receptors was assayed during 7 days

of in vitro culturing and the effect of HSV-1 measured 24 hours post¬
infection. This was repeated 3 times and the results of 1 representative
experiment are shown in Fig. 4. The standard error for each point was less
than 5 per cent of the mean, except for the first point. The cells obviously
underwent differentiation during culture; no difference was found in Fc
receptor expression between infected and uninfected cells. In one case cells
were trypsinized (0.1 per cent trypsin for 30 minutes at 37° C) immediately
before analysis to determine whether any virally induced trypsin-sensitive
Fc receptors were present, but none was found.

MHC Class 11 Antigens
The final analysis was of MHC Class II antigen expression during the

culture period and the effect of HSV-1 on this measured 24 hours post-
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infection. Tlie experiment was repeated 3 times and at least 500 cells were
examined on each coverslip. The percentage showing positive staining from
one representative experiment is shown in Fig. 5. The standard error for
each point was less than 5 per cent of the mean. Initially the bone marrow
cells had no detectable MHC Class II antigens but these were generated
during culture until 50 per cent were positive. When the cells were infected
with HSV-1, a consistently higher level of expression was seen compared
to the uninfected cultures.

'/•clossll-positive cells

13 5 7

Ooys of culture

"/<. Fc-receptor positive cells
100

13 5 7

Doys of culture

Fig. 4 Fig. 5

Fig. 4. Percentage Fc receptor-positive cells in bone marrow cultures incubated for
0, 2, 4, G and 8 days in vitro before infecting with HSV-1 and assayed 24 hours later

(a a infected with HSV; • • mock-infected controls)

Fig. 5. Percentage MHC class II-positive cells in bone marrow cultures incubated for
0, 2, 4, G and 8 days in vitro before infecting with HSV-1 and assayed 24 hours later

(a a infected with HSV; • « mock-infected controls)

Discussion

By nonspecific esterase staining, Fc receptor expression and phagocytic
ability, the bone marrow cells used here represent a culture of relatively
pure macrophages which undergo maturation and proliferation in vitro in
the presence of L-cell conditioned medium. Bone marrow derived macro¬
phages are more homogeneous than peritoneal exudate cells and recently
have been used as targets for the replication of mouse hepatitis virus type 3
(15). It was of interest to find out if HSV-1 had the same kind of interaction
with these cells as has been found for peritoneal macrophages and whether
this association changed with maturation during in vitro culturing. It has
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already been reported that bone marrow macrophages from susceptible
DBA/2 mice were able to support replication of HSV-1 after preculturing
for 7 days, but to a lesser extent (one-tenth) than peritoneal macrophages
from the same source (1). Morahan et al. (12), using DNA hybridization
techniques, recently showed that viral DNA synthesis occurred in infected
bone marrow macrophage cultures but no evidence of infectious virus
production was obtained. The cells showed marked cytopathic effects.

In this study bone marrow macrophages from C3Hf Bu/Kam mice were
cultured in vitro and infected with a clinical strain of HSV-1. This strain of
mouse is relatively resistant to infection with the HSV-1 strain used, 107 PFU
being required to induce paralysis and subsequent death in 90 per cent of
female animals (aged 6—8 weeks) injected intraperitoneally. Injections of
3 x 10® PFU killed 1 out of 10 6—8 week old mice but 5 out of 5, 16 day old
mice. Resistance to HSV-1 in various strains of mice is thought to be
immunologically mediated and is not coded for in the major histocompatibility
region (8).

The morphology of the bone marrow cells, which had been in culture
for more than 2 days altered after infection with HSV-1. However yields
of infectious virus indicated that the cells were not permissive. Indirect
immunofluorescence using antibodies capable of detecting viral antigens
induced 2 hours post-infection was negative, and an infectious centre assay
showed adsorption of virus to only a few cells in the cultures. It is possible
that these represent a small subpopulation of macrophages, below the limit
of detection by immunofluorescence, which are capable of, at least, abortive
infection. Subpopulations of peritoneal macrophages separated on the basis
of size have not shown preferential permissiveness for HSV-1 replication,
thus far (2, 11). However in the study here the majority of the bone marrow
cells were found to be resistant to infection and the morphological changes
noted may have been due to some modifying effect of the virus preparation.
The stock of virus used probably includes non-infectious virus particles as
well as infectious virus which could affect, for example, cell membranes,
especially as the macrophages become more differentiated. In support of
this, the adherent cells remaining 72 hours after infection began to grow
and divide, and secondly, infecting at a multiplicity one-tenth lower than
standard removed most of the differences noted between infected and
uninfected cultures.

Three parameters, phagocytic ability, Fc receptor expression and MHC
Class II expression were examined 24 hours post-infection. The first two
were unaltered compared to the uninfected controls, but MHC Class II
expression was increased at all time points. MHC Class II antigen expression
at the cell surface is directly implicated in antigen presentation by non-

lymphoid cells to specific T lymphocytes of the helper/inducer subsets. Thus
a cell which does not express such antigens cannot act as an antigen presenting
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cell during the immune response. It is known that MHC Class II antigen
expression on macrophages can be modulated by several factors including
activation state and interferon (16).

It is possible that the presence of HSV may induce interferon production
in the bone marrow cultures which would increase expression of MHC
Class II antigens on the cell surface. This hypothesis is currently being
tested. In vivo this may have wide implications for the generation of immune
responses to HSV, particularly at local sites of infection. Here high levels
of immunity are thought to be important for viral clearance, and these may
be induced by increasing the number of potential antigen presenting cells
at the site by increasing MHC Class II antigen expression.
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In vitro studies of ante-mortem proliferation kinetics
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Radiation causes functional impairment of tissues
largely by affecting the reproductive integrity of
proliferative cells. Following—the "reproductive
integrity of proliferative cells. Following irradiation
a dose-dependent proportion of cells retain their
reproductive integrity essentially intact. The
remainder may go through a number of cell
divisions that is dose dependent before dying
(Elkind el at., 1963). As has been pointed out by
Michalowski (1981) and Wheldon et al. (1982), in
particular for flexible tissues whose cells can
perform differentiated functions while retaining the
ability to proliferate and which express radiation
damage as a result of proliferation, the presence of
cells in an ante-mortem state would afford initial
protection against functional damage. Their death
following a dose-dependent number of cell cycles
could in turn lead to rapid precipitation of overt
damage ('avalanche' effect). As the dose to which a
flexible tissue is exposed is increased, the time of
expression of injury, which is normally slow, is
shortened, an effect not readily seen in more
rapidly responding, heirarchical type tissues. The
kinetics of proliferation of this 'doomed'
population, as well as those of the clonogenic
survivors, could therefore determine the extent and
the time to expression of functional injury in these
tissues as well as its dose dependency.

Since flexible tissues show a dose-dependent rate
of expression of functional injury, and since their
dose-response relationships are measured by
endpoints that assess function, it has been suggested
(Michalowski et al., 1984) that the greater sparing
effect of dose fractionation on late responding than
on early responding normal tissues (Withers et al.,
1982, 1983; Thames et al., 1982; Barendsen, 1982)
may reflect merely a fractionation-related pro¬
longation in the post-radiation lifetime of doomed
cells in slowly responding tissues. In other words,
the clonogenic cells in heirarchical and flexible
tissues may similar dose-survival curves but
different responses to fractionation of dose because
the rate of expression of functional injury in flexible
tissues becomes slower with reduction of dose per
fraction.

The aim of this work was to determine whether
the effect of dose fractionation on slowly
proliferating cells was to lengthen the post-radiation
survival time of doomed cells to a greater extent
than it reduced clonogenic cell lethality. If this were

the case, differences in the fractionation response
between early and late responding tissues could be
explained in terms of ante-mortem proliferation
kinetics rather than differences in the capacities of
their clonogens for repair of sublethal cellular
injury. Furthermore the conclusions that could be
drawn about the effects of fractionation in

clonogenic survival assays would have limited
validity.

Materials and Methods

K562 human erythroblastoid cells grown in RPM1
medium with 10% foetal calf serum were used.
Irradiations were performed on cells in 25 cm2
tissue culture flasks using a clinical cobalt 60
gamma ray source with a dose rate of
212.5cGy min"1. To minimize the effects of
progression through the cell cycle and cell
multiplication during irradiation, all cultures were
maintained in serum-free medium for 48 h, from 8 h
before the first irradiation to 8h after the last.

Single doses given at 8 h and 40 h over the 48 h
serum-free period gave indistinguishable results and
the data were therefore pooled. Five fractionated
doses were given at 8 h intervals over the time
period and two fractionated doses at 16 and 24 h.
Serum was added to 10% and proliferation was
initiated at 48 h. At this time, limiting-dilution
clonogenic assays were established in 96-well plates.
In addition, 200 cells/well were placed in 96-well
plates and the number of cells generated per colony
was measured daily to establish the number of cell
divisions that took place. Cell counts were
performed every 2 days on cells remaining in the
flasks.

Results and discussion

Single-dose survival curves for K562 cells gave a D0
of 1.8 Gy and a small shoulder («= 1.8). Two-dose
and five-dose survival curves were displaced
laterally by 0.75 and 1.9Gy respectively. The effects
of dose fractionation were also seen when cell
number or cells per colony were taken as the
endpoints. Examination of the data obtained from
measurements of colony size showed that by day 6
all of the 150-200 unirradiated colonies counted
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had attained a colony size of 32 cells (5 divisions)
or greater. At doses of 7Gy or greater, where no
clonogenic survival would be expected from the
number of colonies counted, none of the colonies
had reached this size. At lower doses, the colony-
size distribution was distinctly biphasic. We were
therefore able to assume that, at this time, the vast
majority of cells that had not managed more than 4
divisions were 'doomed', while those that had were
destined to be survivors. Comparison with the
results using the clonogenic assays suggests that
these calculations provide a reasonable estimate of
clonogenic survival.

The number of divisions successfully traversed by
cells destined to yield non-surviving colonies is
shown in Figure 1. For this population of 'doomed'
cells a dose of 5.7 Gy was required to reduce the
average number of cell divisions by 1 over the dose
range 2-10 Gy. The question of whether dose
fractionation had any discrepant effect upon
'doomed' colonies was assessed by comparing, at a
given level of cell survival, the number of divisions
successfully completed by 'doomed' cells that
received either single or fractionated doses (Figure
1). It can be seen that there was no obvious effect

of fractionation on the ante-mortem proliferation
kinetics of the 'doomed' population at isosurvival.

A further argument in favour of the view that
differences in the fractionation response of early
and late responding tissues does not result solely
from effects on ante-mortem proliferation is
presented in Figure 2. The assumptions made are
that for acutely responding tissues, isosurvival is the
same as isofunction and that their dose-
fractionation response can be described by an
alpha/beta ratio of lOGy. If the fractionation effect
on survival of the clonogenic cell population in late
responding tissues also was described by an
alpha/beta ratio of 10 Gy and the measured
alpha/beta ratio was 2Gy or 4Gy for a late
functional endpoint, then the cell survival necessary
to give isofunction with changing dose per fraction
would have to change dramatically with
dose/fraction as illustrated in Figure 2. For
example, if alpha/beta = 2 Gy for functional injury,
the same response would result from 30 fractions of
2Gy as from 3 fractions of 8Gy. To achieve this
same injury would require a 320-fold difference in
cell survival depending solely on change in dose per
fraction, which seems unreasonably large.
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Figure 1 Number of divisions successfully concluded
by cells destined to be nonsurvivors following different
single (#), twice fractionated (A) or 5 times
fractionated (O) doses of radiation at isosurvival.
Data from day 6 of culture

<D
o

10 ■

10

10

10

u/p = 2

S.F. = e

o/p = 4

o/p = 10

_ „-[0.2 « 2 ♦ 0.02 x 2')*

5.6 X 10

10". —x. -

1 2 3 4 5 6 7 8

Dose/fraction

Figure 2 Theoretical consideration of the change in
dose per fraction required to achieve the same level of
injury assuming the same alpha/beta ratio of lOGy for
early and late responding tissues and a measured
alpha/beta ratio of 2 or 4Gy for the late functional
endpoint (and isosurvival = isofunction for acutely
responding tissues). For example, if alpha/beta = 2 Gy,
for functional injury, 30 fractions of 2Gy would be
required to give the same response as 3 fractions of
8Gy. This would require a 320 fold difference in cell
survival.
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We conclude lhal dose fractionation has no

discrepant effect on the ante-mortem proliferation
kinetics of doomed cells as opposed to clonogenic
cell survival and that effects on ante-mortem

proliferation kinetics cannot be solely responsible
for the differences in fractionation response
between early and late responding tissues.
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