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Helminths are complex eukaryotic organisms with large
genomes, endowing some species with the ability to live
for decades in the human host1. Parasitic helminths
infect more than two billion people in the world today,
and cause marked morbidity and disability. In many
infected individuals, parasitism leads to severe immuno-
pathological complications such as granulomatous 
disease and organ failure. However, it is more common
for the host–parasite interplay to seem harmonious, and
clinically asymptomatic carriers act as long-term reser-
voirs for transmission (BOX 1). Although these infections
might seem clinically to go unnoticed by the immune
system, it is unlikely that the host remains ignorant 
of the parasite. Rather, highly effective mechanisms of
immune subversion are clearly at play. In this review, we
focus on new insights into immune regulation by
helminths, and the growing number of new immuno-
modulatory molecules that are produced by parasites
to exert their marked downregulatory effects.

Immunomodulation by helminths
The immunomodulatory effects of helminths are
marked (FIG. 1). Both parasite-antigen-specific and more
generalized levels of immune suppression are well doc-
umented in human studies. For example, patients with
tissue helminth infections, such as schistosomiasis and
filariasis, have diminished responsiveness to antigens

from the infecting parasite2–4. More broadly, helminth
infections are associated with downmodulated respon-
siveness in general, in some cases with measurable
attenuation of responses to bystander antigens5, routine
vaccinations6,7 or allogeneic tissue transplants8. Such
‘spillover suppression’ is related to the intensity of infec-
tion9, and extends to polyclonal responses to mitogens.
Helminth infection can even have beneficial outcomes
in reducing inflammatory disease caused by infection
with Helicobacter pylori10 and Plasmodium falciparum11.

A similar interplay between helminth-mediated
downmodulation of the immune system and potential
immune-mediated pathologies is now emerging with
respect to diminished allergic manifestations in individ-
uals with helminth infections. Schistosome-infected
children have been shown to have lower levels of skin
reactivity to allergens than uninfected classmates, indi-
cating that the immune system might be influenced by
the presence of parasites12. These findings have led to a
major shift in the hygiene hypothesis, the founding
tenet of which was that T HELPER 2 (T

H
2)-CELL mediated

allergies would be counteracted by microorganisms
that induce T

H
1 cells. Because T

H
2-inducing helminths

(see later) are associated with the inhibition of T
H

2-
mediated inflammatory disease, mechanisms involving
non-T

H
1-cell populations, such as regulatory T (T

Reg
)

cells, are now being considered13,14.
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Immunology was founded by studying the body’s response to infectious microorganisms, and
yet microbial prokaryotes only tell half the story of the immune system. Eukaryotic pathogens —
protozoa, helminths, fungi and ectoparasites — have all been powerful selective forces for
immune evolution. Often, as with lethal protozoal parasites, the focus has been on acute
infections and the inflammatory responses they evoke. Long-lived parasites such as the
helminths, however, are more remarkable for their ability to downregulate host immunity,
protecting themselves from elimination and minimizing severe pathology in the host.
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T HELPER 1/T HELPER 2 CELL

(T
H
1/T

H
2). A classification of

CD4+ T cells on the basis of the
patterns of cytokines that they
secrete. T

H
1 cells secrete large

amounts of interferon-γ and
associated pro-inflammatory
cytokines. T

H
2 cells secrete large

amounts of interleukin-4 and
associated cytokines that
promote antibody production
by B cells. T

H
1/T

H
2 cytokines can

cross-regulate each other’s
responses. An imbalance of
T

H
1/T

H
2-cell responses is

thought to contribute to the
pathogenesis of various
infections, allergic responses 
and autoimmune diseases.
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adult female worms, which release microfilariae 
in vivo, promote T

H
2-cell differentiation23. Third, the

gut nematode Trichuris muris (FIG. 2) induces T
H

1- or
T

H
2-cell responses in mice of different strains24. These

will be fascinating subjects to study in terms of not
only T-cell phenotype induction, but also maintaining
subset dominance.

Additional crucial issues have yet to be resolved.
What mediators or ligands from helminth parasites
stimulate the immediate T

H
2-cell response? Which

host-cell receptors and subpopulations are involved in
generating and maintaining the T

H
2-cell phenotype?

And, does the parasite or host benefit from the sus-
tained T

H
2-cell bias that accompanies chronic infection

with helminths?

T
H

2-cell inflammation — a case for regulation? A com-
mon over-generalization is that T

H
2-cell responses

protect against helminth infection. Although human
studies on schistosomiasis25 and other helminths often
have associated T

H
2-cell responses with protection

from re-infection, there is also evidence that naturally
immune individuals that are resistant to infection have

Marked polarization towards T
H

2 cells. Helminths are
the main examples of T

H
2-cell inducers in both

humans and experimental models: high-level tissue
eosinophilia, mucosal mastocytosis and, above all, the
production of immunoglobulin E are observed15–18.
Generally, infectious-stage organisms induce the pro-
duction of immediate type-2 cytokine responses, from
both CD4+ T cells and other sources, within 24 hours of
entry into the host19. The drive towards T

H
2-cell polar-

ization is so potent in many helminth infections that
bystander proteins become targets for T

H
2-cell responses,

including IgE antibodies20,21, and naive T cells that express
receptors for unrelated antigens differentiate to the
T

H
2-cell phenotype22.
There are several interesting exceptions to the canon-

ical rule of T
H
2-cell skewing by helminths. First, the ini-

tial infective stages of schistosomes (cercariae) stimulate
T

H
1-cell responses in the mouse model. Only as infec-

tion progresses and eggs are released by fecund adults in
the vasculature does the response switch to a T

H
2-cell

response, driven by the schistosome-egg antigens18.
Second, the newborn microfilarial stage of Brugia
malayi promotes T

H
1-cell responses in mice, although
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Box 1 | Immunology of human infections with Schistosoma mansoni and Brugia malayi

The exposure to these parasites can result in three broad outcomes that are associated with specific immune responses.
One group of individuals are susceptible to infection and have immunological responses described as ‘modified T helper 2
(T

H
2)-cell responses’. They have T

H
2-cell responses, with low levels of T

H
1 cells, and express high levels of interleukin-10

(IL-10), which might indicate a strong regulatory T (T
Reg

)-cell activity. The T
H

2-type antibody profiles are dominated by
the IgG4 isotype with relatively little IgE. These individuals often have clinically silent infections and are the main reservoir
for onward transmission.At the other extreme, some individuals develop uncontrolled inflammatory (T

H
1) disease.

In schistosomiasis, strong immune responses can be mounted against eggs that are trapped in tissues, such as the liver 
or the bladder wall, leading to the formation of granulomas. Uncontrolled inflammatory responses, often characterized
by type-1 responses in peripheral blood, are associated with hepatosplenic disease. There are only low levels of IgG4 but
IgE responses are evident. In filariasis, strong type-1 immune responses are associated with lymphatic inflammation.
This leads to pathological outcomes, such as elephantiasis, which is caused by the failure of lymphatic drainage and
opportunistic secondary infection. In such cases, it would be expected that a low activity of regulatory T cells occured.
A third group of individuals seem to be resistant to infections. In this group, well-balanced immune responses would 
be characterized by the presence of measured T

H
1- and T

H
2-cell responses that are controlled due to the presence of

T
Reg

-cell activity. It is envisaged that the balanced T
H

1- and T
H

2-cell responses are of sufficient magnitude to kill the invading
helminths. This is also reflected in a less skewed distribution of IgG4 and IgE isotypes in the T

H
2-type antibody profile.
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The argument has perhaps dwelled too long on an
assumed pivotal balance between T

H
1- and T

H
2-cell

responses39. Several considerations now require a more
sophisticated model. First, individual cytokines can have
crucial effects in both type-1 and type-2 responses. For
example, although tumour-necrosis factor (TNF) is
regarded as a type-1 cytokine, it is required at an early
stage in infection to synergize with the T

H
2-effector

mechanism that expels the gut worm T. muris40, and it
also acts downstream of IL-4 to cause gut enteropathy
in the T

H
2-type environment41. Second, although a

combination of T
H
1- and T

H
2-cell responses is required

for healthy resolution of infection42, an exaggerated
response of either type is damaging to the host43,44. And
third, T-cell subsets can be further subdivided not only
into variants of T

H
1 and T

H
2 cells, but also more

broadly into T
Reg

cells that can dampen both T
H
1- and

T
H
2-cell activation45,46.
However, although the T

H
2-cell response might have

limited effects on parasite burden, it exerts an enormous
influence on the survival of the host. T

H
2 cytokines

modulate excessive inflammatory reactions, preventing a
runaway pathology44. After 8 weeks of S. mansoni infec-
tion, wild-type (C57BL/6) mice enter a chronic phase of
eggs accumulating in the liver, whereas IL-4-deficient
mice die of inflammatory reactions to parasites47. By
autopsy, both groups were shown to have similar num-
bers of adult worms and eggs, but the IL-4-deficient ani-
mals had uncontrolled TNF production to which their
demise is attributed. In this context, the T

H
2-cell

response protects the host not from infection per se, but
from the potential pathogenic damage caused by unre-
stricted T

H
1-cell-mediated inflammation18,48. However,

there are also circumstances in which the T
H

2-cell
response itself causes pathology, as in the severe IL-4-
dependent villous atrophy and crypt hyperplasia that
accompanies T. muris infection41. Most markedly, the
formation of granulomas in schistosomiasis, which trig-
gers a lethal cascade in IL-4-deficient mice, is mediated
by IL-13 (REFS 49,50) and can be blocked with soluble 
IL-13 receptor. So, the T

H
2-cell response itself has both

pro- and anti-inflammatory functions in helminth
infections, as is known for other important pathologies,
such as asthma and autoimmunity.

When the host immune response is of the T
H
2 type,

the host must also ensure that only a regulated response
is generated. Maintaining a limit on T

H
2-cell reactivity

might be achieved through a homeostatic mechanism
(the modified T

H
2-cell response) or by a more directed

evolution of T
Reg

cells. We suggest that if either of these
mechanisms is deficient, pathology might be the result.

The modified TH2-cell response
A restrained form of the T

H
2-cell response can be envis-

aged with a less aggressive action. Such a phenotype has
been classified as a ‘modified T

H
2-cell response’ in indi-

viduals who do not develop allergic disease despite high
levels of exposure to allergen51. The main feature of the
modified T

H
2-cell response is the uncoupling of specific

IgG4 and IgE responses, with downregulation of the
latter isotype. Both IgG4 and IgE class switching are

T
H

1-cell-dominated responses26. A similar ambiguity
exists in animal models, in which a clear protective
role for the T

H
2-cell arm of immunity has been shown

only for gastrointestinal nematode infections in
mice24,27,28 (FIG. 2). In the gut environment, type 2
cytokines, including interleukin-3 (IL-3), IL-4, IL-9
and IL-13 act on mast cells, non-lymphoid epithelial
cells and goblet cells to induce the expulsion of para-
sites through physiological reactions, such as mucus
production and muscle hypercontractivity29,30. Each
parasite species is susceptible to different pathways of
expulsion. So, mucosal mast cells underpin resistance
to T. muris31 and goblet cells mediate resistance to
Nippostrongylus brasiliensis28, with both cell types
dependent on the IL-4 receptor−STAT6 (signal trans-
ducer and activator of transcription 6) pathway for
their activation32.

Many helminth parasites migrate through epithelial
tissues, muscle and the lungs and here, few protective
mechanisms depend on type-2-mediated effects33.
Exceptions do occur: for example, IL-5-overexpressing
mice have large numbers of eosinophils and rapidly
kill the larvae of N. brasiliensis34 and Strongyloides
stercoralis35. However, eosinophils, in general, do not
have a role in the expulsion of adult worms36. So, distinct
mechanisms are invoked not only to eliminate different
species of helminth, but also to kill different life-cycle
stages of the same species.Vaccination of mice can elicit
protective responses to challenge with Schistosoma
mansoni, and these are equally effective whether they
are dominated by T

H
1- or T

H
2-cell responses37. The

strongest protective effect is observed in IL-10-deficient
mice, in which both T

H
1- and T

H
2-cell responses develop

to the highest level38.
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Figure 1 | System-wide effects of helminth immunomodulation. A generic time course is
postulated for the establishment of regulation over the course of an infection. During acute
infection, antigen-specific T-cell responses are initially stimulated and cells proliferate in response
to parasite antigens. With increasing exposure of the immune system to parasite antigens that 
are released from metabolically active worms, the immune system becomes increasingly
hyporesponsive, first to specific parasite antigens and subsequently, when high worm burdens
occur, to bystander antigens. Curative chemotherapy restores antigen-specific responses. 
The treatment of T-cell cultures with antibodies specific for interleukin-10 (IL-10) or transforming
growth factor-β (TGF-β) can also rescue antigen-specific proliferation. The increased production
of IL-10 and TGF- β that is responsible for inhibiting T-cell proliferation might be released either
from antigen-presenting cells or T cells, and is postulated to be the result of downmodulatory
molecules that are released from the worms to enhance their survival.
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that another mode of the immune system (such as
T

Reg
cells) is intervening to prevent expulsion. A simi-

lar situation occurs during infection with the tissue
filarial nematode Litomosoides sigmodontis, in which
C57BL/6 mice mount an IL-4-dependent protective
T

H
2-cell response, yet the T

H
2-cell response of BALB/c

mice cannot kill the parasites58.

Regulatory T cells
Longitudinal analyses in experimental infections, as well
as immunoepidemiological studies in human popula-
tions, point to a scenario in which early immune reactiv-
ity undergoes gradual attrition in terms of parameters
such as T-cell proliferation and inflammatory-cytokine
production55,59(FIG. 1). Most strongly associated with this
loss of responsiveness, both antigen-specific and poly-
clonal, are the cytokines IL-10 and transforming growth
factor-β (TGF-β), indicating that regulatory populations
are activated during infection. In S. mansoni infection of
mice, for example, initial T

H
0/T

H
1-cell responses give

way first to pro-inflammatory T
H

2-cell responses, fol-
lowed by a decline in parasite-specific T-cell responses in
a more regulated environment.

The prominence of IL-10 as a crucial mediator of
regulation in parasite infections has long been recog-
nized60, particularly for its role in attenuating pathogen-
esis. Studies with IL-10-deficient mice show a failure to
control pathological reactions, with fatal results in
infections with T. muris 61, and increased mortality 
in infections with S. mansoni 62. In one study, IL-10-
deficient animals fail to enter the late downmodulating
phase in which the size of liver granulomas decreases63.

In human filariasis, heavily infected individuals have
constitutively high IL-10 levels64 and IL-10 messenger
RNA production, which is inversely correlated with 
T-cell proliferation. Filarial-specific T-cell proliferation
can be restored in vitro by antibodies specific for IL-10
and/or TGF-β2,65. In onchocerciasis55,66 and schistoso-
miasis, similar reversals are observed67,68. Similarly,
IL-10-specific antibody rescues interferon-γ (IFN-γ)
responses to schistosome antigens68,69. These studies did
not, however, address whether the IL-10 response is
antigen specific.

Do T
Reg

cells participate in the host response to
helminths? Preliminary evidence to support this idea is
now emerging. In onchocerciasis, parasite-antigen-
specific T-cell clones that secrete IL-10 and TGF-β, but
not IL-2, were isolated from a patient whose peripheral 
T cells were hyporesponsive66. Similar T-cell clones
could also be recovered from the onchocercoma — the
capsule around the local site of Onchocerca adult
worms — which were cytotoxic T lymphocyte antigen
4 (CTLA4) positive and functioned to inhibit the pro-
liferation of bystander T cells70. Flow cytometric
analysis of peripheral T cells in lymphatic filariasis has
indicated the expansion of CTLA4+ T-cell populations
in individuals with suppressed T-cell function, and
showed that CTLA4-specific antibodies increased the
production of IL-5 by T cells in response to antigen 
in vitro71. In our own work on mouse filariasis, high
numbers of CTLA4+CD4+ T cells, also expressing the

known to be promoted by IL-4. However, it has been
shown that IL-10 inhibits B-cell switching to IgE, while
inducing the production of IgG4 by the same cells52.
IL-10 is a downmodulatory factor in allergic disease,
and might be produced by the modified T

H
2 cells

themselves or by other populations, such as antigen-
presenting cells (APCs), that function to induce the
modified T

H
2-cell phenotype.

The literature on helminth infections provides many
examples that are consistent with T

H
2-cell modification.

In human cases of filariasis pathology (such as elephan-
tiasis), parasite-specific responses comprise both IgE
and IgG4 antibodies. By contrast, the more common
asymptomatic, but highly infected microfilaraemic car-
riers have high levels of specific IgG4, but lower levels of
IgE53. So, in both allergy and helminth infection, high
antigen loads are associated with the modified T

H
2-cell

phenotype. A further modification of the T
H

2 type
involves downregulated IL-5 responses to antigen,
which would reduce the involvement of eosinophils in
type-2-mediated inflammation4,54,55.

In most other helminth infections, evidence of
modulated T

H
2-cell responses can also be found. For

example, studies of granuloma formation in mouse
schistosomiasis show a regression in the intensity and
size in later infection, a downmodulatory process that
can be transferred by T cells to a more-recently infected
animal56. In the schistosome-infected liver, expression
of the decoy receptor IL-13Rα2 is induced, which
blocks IL-13-dependent fibrotic reactions57. As IL-13
itself is an inducer of IL-13Rα2, a feedback loop seems
to act entirely within the T

H
2-cell response to limit

potential damage. Although the IL-13 regulatory circuit
has not been linked directly to later downmodulation
of granuloma size, it is a good example of modification
and, possibly, maturation of the T

H
2-cell response.

Can modified T
H
2-cell responses alter the outcome

of infection in rodent model systems? Some apparent
paradoxes indicate so. For example, a strong T

H
2-cell

response occurs in all strains of mice that are infected
with Heligmosomoides polygyrus (FIG. 2). Many strains,
however, fail to expel the parasite, indicating either that
the T

H
2-cell response is adopting a modified form, or

Rapid TH2-cell response (IL-13)
expels gut worms in 6–10 days 

TH2-cell response but no worm
expulsion; exogenous IL-4 is
required for expulsion

TH2-cell response expels
worms within ~20 days

Nippostrongylus
brasiliensis

Trichuris
muris

Heligmosomoides
polygyrus

BALB/c or C57BL/6 

BALB.K

AKR

BALB/c or C57BL/6 

TH1-cell response,
chronic infection

Figure 2 | Rodent models of infection with intestinal nematodes. For each of the three
helminth species, different patterns of susceptibility are found, depending on the mouse strain and
on the particular cytokines and T-cell responses that are induced. IL, interleukin; TH, T helper.
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steady-state basis. Suppressive adherent cells were
identified 20 years ago in long-term infected humans78

and animals79, and subsequent studies have shown that
the production of IL-10 by macrophages is one path-
way by which this suppression can take place80–82.
Although accessory cells, such as macrophages, express
no antigen-specific receptors, their modulatory effects
can often be imposed on the antigen-specific response by
co-localization in a microenvironment that is occupied
by responding lymphocytes.

An important advance has been the discovery of a
new form of macrophage that arises in nematode infec-
tions, which operates through an IL-10-independent
pathway82,83 as summarized in FIG. 3. First found in the
peritoneum of mice infected with B. malayi, similar cells
occur in animals that are exposed to other nematodes
and their secreted products84. Nematode-elicited
macrophages (NeMacs) are larger and more multivac-
uolar in morphology than other macrophages, and have
a markedly different profile of gene expression. In place
of inflammatory nitric-oxide production, these cells
upregulate the expression of arginase (which competes
for the substrate of nitric-oxide synthase) and two new
proteins YM1 and FIZZ1 (REFS 85,86). Because YM1 has
also been identified as eosinophil chemotactic factor,
this might explain why the recruitment of NeMacs is
accompanied by a localized infiltration of eosinophils.
These macrophages are markedly cytostatic, preventing
the proliferation of non-lymphoid cells, as well as 
T cells, and they act through a contact-dependent
mechanism that is independent of known inhibitors
such as nitric oxide, prostaglandins or the cytokines IL-10
and TGF-β87. Moreover, NeMacs induce the differentia-
tion of naive mouse T cells into T

H
2 cells88 and can per-

haps be considered as type-2 macrophages. Overall, the
suppressive NeMacs are an important in vivo example
of alternatively activated macrophages89.

In their first encounter with DCs, helminths seem to
take a more stealthy approach. Mouse bone-marrow-
derived DCs stimulated by helminths show limited
upregulation of CD80, CD86 and MHC class II expres-
sion in comparison to expression induced by bacterial
stimulants90,91. Data from experiments using microarray
technology indicate that few of the lipopolysaccharide
(LPS)-inducible genes are switched on by DCs that are
exposed to N. brasiliensis-derived T

H
2-cell-stimulating

antigens (A. Balic and R. M. M., unpublished observa-
tions). It is possible that these immature DCs might bias
responses towards the T

H
2-cell response. However, in

human DCs that are matured in the presence of LPS,
schistosome-egg antigens do not inhibit the upregula-
tion of expression of these markers and yet the DCs
have potent T

H
2-cell-promoting capacity, and so are

referred to as DC2s (REF. 92). One noteable feature of
DC2s is the expression of OX40 ligand, which is poten-
tially relevant as ligation of OX40 amplifies T

H
2-cell dif-

ferentiation93. Because DCs are not an essential source
of either IL-4 or IL-10 in the induction of helminth-
skewed T

H
2-cell responses94, the search is still under way

for intermediary molecules. One candidate is CCL19
(macrophage inflammatory protein 3β, MIP3β), the

T
Reg

-cell-associated marker GITR (glucocorticoid-
induced TNF receptor-related protein)45, accumulate
around the site of infection, whereas neutralization of
T

Reg
cells with GITR-specific or CD25-specific anti-

bodies renders mice more resistant to infection with 
L. sigmodontis (M. Taylor, L. Le Goff, E. Malone,A. Harris,
J. E. Allen and R. M. M., unpublished observations).

The general concept for T
Reg 

cells has been that they
are autoreactive thymic emigrants, otherwise known as
‘natural’ T

Reg
cells72. However, the need to control

responses to external antigens such as commensal flora73

begs the question of whether naive T cells can selectively
mature into T

Reg
cells in the periphery. The existence of

T
Reg 

cells that recognize bacterial74,75 and protozoal76 anti-
gens underscores this question. Can helminths activate
pre-existing (natural) T

Reg
cells, as indicated by evidence

of a role for T
Reg

cells immediately after infection?
Parasites could also convert naive T cells into either
antigen-specific or antigen non-specific T

Reg
cells

through unknown pathways.With increasing knowledge
of the molecular products of helminths (as described
later), and advances in the characterization of T

Reg
cells,

these questions will be answered in the near future.

Regulatory accessory cells? Antigen-presenting dendritic
cells (DCs) make the first encounter with a parasite,
reacting either to specific or generic signals to polarize
T-cell responses77. Arguably more important in the con-
text of chronic helminth infection is that accessory-cell
populations can mediate modulatory functions on a

T cell
Blocks T-cell proliferation
independent of cytokines
and nitric oxide

NeMac

Arginase ↑
FIZZ1 ↑
YM1 ↑

Induces
eosinophilia

TH2

TH0 → TH2
differentiation

MIF1?

Eosinophil

B. malayi,
N. brasiliensis or
T. canis

Figure 3 | Alternatively activated macrophages. Helminth infections in the peritoneal cavity — 
for example with Brugia malayi, Nippostrongylus brasiliensis and Toxocara canis — elicit a new
phenotype of macrophage, nematode-elicited macrophages (NeMacs), which are similar to
alternatively activated or type-2 macrophages82,86. Among their features are: marked suppression of
target cell proliferation through a contact-dependent mechanism that does not require interleukin-4
(IL-4), IL-10, prostaglandins or nitric oxide; induction of T helper 2 (TH2)-cell differentiation of naive 
T-cell receptor-transgenic T cells; attraction of eosinophils; and a unique profile of gene expression
that includes arginase and two new genes, YM1 and FIZZ1. One recombinant protein from
B. malayi, the cytokine mimic macrophage-migration inhibition factor 1 (Bm-MIF1), induces the
expression of YM1, as well as eosinophilia. This effect is lost in a Bm-MIF1 mutant in which a single
amino acid has been altered (proline to glycine)122. So, Bm-MIF1 might be a necessary, but not
sufficient, stimulus for macrophages to adopt the alternatively activated phenotype.
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parasites have evolved to direct regulation for their own
ends. Our emphasis is largely, but not entirely, on prod-
ucts that are secreted by parasites or otherwise made
available to the host immune system by living worms
(FIG. 5). This focus helps select from the large genomes of
helminths (~20,000 protein-coding genes97) those pro-
teins with maximum impact on host biology that are
likely to have evolved, in a controlled manner, precisely
to modulate and regulate the host immune system.

Interference with antigen processing. Antigens from extra-
cellular helminth parasites are, it is presumed, presented
to the immune system through the MHC class II path-
way, with crucial processing steps controlled by intracel-
lular proteases. The filarial nematode B. malayi secretes
a cysteine proteinase inhibitor (cystatin, Bm-CPI2),
which interferes with two classes of protease in the
MHC class II pathway, the papain-like cathepsins B, L
and S and the legumain-type asparagine endopeptidase.
In an experimental model, these properties enable CPI2
to block the presentation of peptides that are derived
from exogenous tetanus toxoid by human B cells98.
Similar inhibitors have been described from Onchocerca
volvulus99 and N. brasiliensis100. Interestingly, nematode
cystatins are homologues of mammalian cystatin C,
which is highly expressed by immature DCs, then down-
regulated during DC maturation to allow the transport
of mature MHC class II complexes to the cell surface101.
Parasite cystatins could, therefore, maintain DCs in an
immature state in which their antigen-presentation
capacity is compromised. Consistent with this hypothesis,
the O. volvulus-derived cystatin (onchocystatin) reduces
the expression of HLA-DR by human monocytes after
72 hours of co-culture99.

Eukaryotic cystatins share a conserved papain-
inhibiting loop that blocks cathepsins B, L and S. Only
certain mammalian cystatins (including cystatin C
expressed by DCs) have a second inhibitory site on the
opposite face of the molecule,which inactivates asparagine
endopeptidase. Notably, this motif is present in the filar-
ial cystatins, and inhibition of asparagine endopeptidase
is abolished by site-directed mutagenesis of this motif
(J. Murray, B. Manoury, C. Watts and R. M. M., unpub-
lished observations). Because Caenorhabditis elegans-
derived cystatins inhibit cathepsins, but not asparagine
endopeptidase, the filarial homologues might have
acquired, through convergent evolution, a new inhibitory
property that imitates that of the host and markedly
increases the potency of the inhibitor by allowing it to
block simultaneously two different classes of protease
that are essential for antigen processing.

Modulation of antigen-presenting cells. The effects of
cystatins extend beyond the direct inhibition of process-
ing enzymes, as, in the case of onchocystatin at least,
they can modulate T-cell proliferation and elicit the
upregulation of IL-10 expression99,102. So, the cystatins
might have an important role in directing and main-
taining the altered T-cell phenotype in onchocerciasis.
Other modulators from helminths, such as the prostag-
landins and other derivatives of membrane arachidonic

expression of which is induced in DCs by the mos-
quito-borne infective L3 stage of B. malayi, but not by
microparasites95, and has been reported to promote the
synthesis of IL-10 by human leukocytes.

DCs can, under certain conditions, differentiate into
strong inducers of T

Reg
cells75. For example, if lipid frac-

tions from S. mansoni are present during the maturation
of human DCs, the DCs become conditioned to induce
regulatory activity (such as IL-10 production) by naive
T-cell populations96. So, regulatory accessory cells can
develop under the influence of defined parasite mole-
cules, and it seems that helminths might induce T

Reg
cells

through specific APC subsets. FIG. 4 illustrates how the
regulatory environment that surrounds helminth
infections might be envisaged.

Parasite immunomodulators
In this section, we examine individual helminth com-
ponents, in the context of particular roles in immune
evasion. We then discuss more generally whether the
regulatory mechanisms in the immune system are react-
ing to selected molecular patterns of helminths, or if
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Figure 4 | The regulatory environment that we propose might develop during helminth
infection. a | The entry of a parasitic helminth leads to the activation of dendritic cells (DCs) in the
peripheral tissues; these cells will express co-stimulatory molecules and react to polarizing signals
from helminths. It is known that they initially activate naive T cells to become T helper 2 (TH2) cells.
It is also possible that crossreactive helminth antigens might stimulate the involvement of natural
regulatory T (TReg) cells. The early involvement of TReg cells (natural and/or adaptive) is thought to
impede TH2-cell responses, such as interleukin-5 (IL-5)-dependent eosinophil activation, and
safeguard against excessive TH2-cell responses. b | With increasing levels of parasite antigens,
we postulate that a stronger regulatory network might be established through antigen-specific
(adaptive) TReg cells. At this chronic stage of infection, macrophages are known to acquire an
alternatively activated phenotype (AAM) that can suppress T-cell proliferation and promote 
the development of modified TH2 cells. The interactions of DCs and newly differentiating
macrophages with T cells in chronic infection are less clear, but the effector arms of the immune
system remain in a modified state with, for example, the reduced production of IL-5, and high
levels of IL-10 (produced by adaptive TReg cells), which switches B-cell responses to IgG4 and not
IgE, and transforming growth factor-β (TGF-β), which mediates cellular hyporesponsiveness.
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IL-12, thereby skewing against a T
H

1-cell response108.
Two of the main glycans of schistosome eggs, lacto-
N-fucopentaose III and lacto-N-neotetraose, are also
highly active in inducing macrophages to produce IL-10
and adopt a suppressive phenotype that can block T-cell
proliferation109,110. Interestingly, both glycans are shared
with the mammalian host as they are present in human
milk, raising the as-yet-untested possibility that the par-
asite is engaging in molecular mimicry for the purposes
of immune downregulation.

The abundant larval transcript (ALT) proteins are
parasite-specific products of B. malayi, which are repre-
sented by 5% of the complementary DNA of the invad-
ing larva and have no similarity with host proteins. To
test whether these are immune-evasion products, we
transfected ALT-encoding transcripts into the proto-
zoan parasite Leishmania mexicana, and showed that
expression of ALT proteins conferred greater infectivity
of bone-marrow-derived macrophages in vitro and
accelerated disease in mice in vivo (N. Gomez-Escobar,
C. Bennett, L. Prieto-Lafuente, T. Aebischer, C. C.
Blackburn and R. M. M., unpublished observations).
It, therefore, seems that the ALT proteins are produced
by the mosquito-stage parasite and are poised to com-
promise cell-mediated immunity in a manner that is
advantageous to parasite survival.

DCs have been shown to react with defined
helminth molecules in two systems. In one, filarial ES62
induces mouse DCs to differentiate towards the DC2
subset, as judged by the cytokine profile of co-cultured
naive T cells111. As with the studies using schistosome
antigens discussed earlier, this functional property was
acquired without notable changes in the cell-surface
phenotype of the DCs.

In the second model, the lipid fractions from 
S. mansoni adult worms and eggs were tested on
human DCs. Interestingly, material from either life-
cycle stage that contained phosphatidylserine resulted
not only in DC skewing towards T

H
2-cell induction

(in a manner similar to PGE
2
), but also stimulated the

development of IL-10-producing T
Reg

cells96. In this
fraction, it was the lysophosphatidylserine family of
molecules (lyso-PS) with acyl chains that are not
found in mammalian lyso-PS that were responsible for
the induction of T

Reg
cells. This lipid species (lyso-PS)

activates DCs through Toll-like receptor 2 (TLR2),
providing the first clear evidence that TLRs are
involved in the recognition of helminths. In addition
to the lyso-PS−TLR2 interaction, many other ligand−
receptor pairs are likely to exist between helminths
and the immune system. For example, binding
between S. mansoni-derived Lewis x and DC-SIGN
(DC-specific intercellular adhesion molecule-grabbing
nonintegrin) — a member of the C-type lectin family
that is expressed by DCs — has recently been
reported112. As innate immune cells express a wide
variety of C-type lectins, and some helminths that
reside in the tissues secrete functional lectins of
the same family, there might be a complex interplay
between host receptors, parasite glycans and parasite
competitor or decoy molecules113.

acid, might have similar roles. For example, the 
5-lipoxygenase-dependent production of lipoxin A4
(LXA4) has recently been identified as a crucial step in
blocking the production of IL-12 by DCs103. Prostag-
landins — products of an alternative metabolic pathway
from arachidonic acid through cyclo-oxygenases — also
influence DCs and macrophages. Prostaglandin E

2

(PGE
2
), and more recently PGD

2
, are known to inhibit

the production of IL-12 by DCs and so act as T
H
2-cell-

promoting factors104, although PGD
2
, in particular,

also inhibits the efferent migration of skin Langerhans
cells after exposure to schistosomes105. So, the fact 
that helminths, such as Taenia taeniaeformis106 and 
B. malayi107, synthesize and release PGE

2
(other metabo-

lites have yet to be assayed) provides a direct route for
immunomodulation of APCs in these parasitic infec-
tions. Interestingly, the schistosome vaccine candidate,
known as glutathione-S-transferase, is now understood
to be a PGD

2
synthase, produced by skin-invading schis-

tosome larvae. As noted earlier, PGD
2

would have the
effect of blocking the migration of Langerhans cells to
the draining lymph nodes, thereby inhibiting a crucial
step in the initiation of immunity105.

Prostaglandins are not the only helminth-encoded
product to affect the activity of APCs. The phosphoryl-
choline-bearing filarial secreted product ES62 also has
the effect of desensitizing mouse peritoneal macro-
phages to subsequent IFN-γ/LPS-induced production of
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Figure 5 | Immune modulators. Parasite-derived immune modulators function at several levels
on crucial immune regulatory cells. Cytokine mimics, such as macrophage-migration inhibition
factor (MIF) and transforming growth factor-β (TGF-β), that are present in helminths such as
Brugia malayi can modulate macrophage function and lead to the induction of T helper 2 (TH2)
cells and immune suppression. Non-protein signature molecules (for example, from Schistosoma
mansoni) such as phosphatidylserine (PS) and lyso-PS, phosphorylcholine and a range of glycans
(such as di-N-acetyl-difucosylated lactose, lacto-N-fucopentaose III and lacto-N-neotetraose) can
interact with dendritic cells and result in the induction of both TH2- and regulatory T (TReg)-cell
phenotypes. Helminths also produce prostaglandins PGD2 and PGE2, which can have similar
effects on accessory cells (not shown). Direct interference with antigen presentation by parasite-
derived cystatins (such as CPI2 from B. malayi and onchocystatin from Onchocerca volvulus)
prevents T-cell activation both at the level of T-cell receptor engagement by peptide–MHC
complexes (by inhibiting proteases involved in antigen presentation), and by enhancing the
production of interleukin-10 (IL-10) by accessory cells.
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anti-inflammatory phenotype of the parasite. Most
remarkably, B. malayi-encoded MIF2 was shown by
analysis of its crystal structure to be markedly similar to
human MIF, and both helminth and human MIF have
enzyme activity (dopachrome tautomerase) that is abol-
ished by mutation of a proline residue to glycine (the
MIF1G mutant)120. We hypothesized that the effect of
B. malayi-encoded MIF in vivo, where it is continuously
released, might, in fact, be anti-inflammatory, and
molecular studies of mammalian MIF show that it can
activate an anti-inflammatory pathway through the
JAB1 transactivating factor121. To support this con-
tention, we found that mice given repeated injections
of Bm-MIF1 upregulate the level of YM1 transcripts
associated with alternative activation of macrophages,
and have a mild eosinophilia; the Bm-MIF1G mutant
had no such effect122.

Additional cytokine mimics are likely to be found
only by functional assays. For example, an IFN-γ-like
protein was reported to be secreted by T. muris123. As this
parasite is expelled by T

H
2-cell-derived IL-4 (FIG. 2), such

a product is likely to prolong its survival. If there are
replica IFN-γ molecules, it would be expected that mim-
ics of functional IL-10 have yet to be discovered in
helminth genomes, albeit not recognizable at the
sequence level. Similarly, chemokine mimics might be
too difficult to identify by sequence. However, in a
functional test, a neutrophil chemoattractant with
chemokine-like binding properties has been found in
Ascaris suum124. As bioinformatic techniques, such as
structural prediction, become more sophisticated, it
might be possible to select candidate genes from the
ongoing genome sequence projects for functional assays
of this nature.

Cytokine interference and mimicry. Cytokines and
chemokines are crucially involved in both innate and
adaptive immune responses, so it is not surprising that
pathogens have evolved a myriad of strategies to inter-
fere with their function. The two clearest examples in
helminths are in gene families that are shared between
all multicellular organisms, indicating that helminth
parasites have adapted ancestral genes that are present
in free-living antecedents to evolve proteins that can
interact functionally with host cytokine receptors.

The first helminth cytokines to be found were the
homologues of TGF-β expressed by the filarial worm 
B. malayi114,115. Two TGF-β-like proteins are described,
one of which (Bm-TGH2) is maximally expressed at the
arrested microfilarial stage, is secreted by cultured para-
sites and binds to the mammalian TGF-β receptor115.
Interestingly, both filarial parasites116 and schisto-
somes117 encode members of the TGF-β receptor family,
and a TGF-β-like ligand has been noted in the cestode
Echinococcus granulosus (C. Fernandez, K. Brehm and
R. M. M., unpublished observations), so that all
helminth groups might have the potential to exploit
TGF-β-mediated immune downregulation.

The second set of helminth cytokines is comprised of
the macrophage-migration inhibition factors (MIFs),
which are now known to be produced by numerous
nematode parasites including B. malayi118–120. Mamma-
lian MIF is a small cytokine with enigmatic properties:
synthesized widely by nonhaematopoietic cells, it acts as
a pro-inflammatory cytokine in acute settings such 
as septic shock, inducing the production of TNF by
macrophages, for example. B. malayi-encoded MIFs
have the same effect on human monocytes as mam-
malian MIF120, which seems to be inconsistent with the
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Figure 6 | Blocking efferent immune mechanisms and effector cells. Helminths that reside in the tissues (such as many larval
forms and adult worms of Onchocerca) exert a strong anti-inflammatory effect. This might be explained by interference with crucial
steps of the immune response, such as extravasation (mediated by leukocyte recognition of endothelial selectins — an interaction
that might be blocked by parasite lectins and glycans), chemokine attraction (blocked by parasite protease degradation126), release
of host proteases (inhibited by helminth serpins128), and potentially lethal attack with reactive nitrogen and oxygen intermediates 
(NO and H2O2) by eosinophils and other cells (inhibited by antioxidants such as glutathione peroxidase, thioperoxidase, superoxide
dismutase and glutathione-S-transferase147).
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methylation in lower vertebrates (experimentally shown
for S. mansoni136) implies that resulting CpG motifs
could trigger pro-inflammatory responses through
TLR9 (REF. 137). Although DNA release would only be
expected following death of a parasite, attrition of a
proportion of incoming larvae always occurs, and so
there is opportunity for an interaction at this level.

The argument against a generic helminth PAMP
might rest on the various strategies for the induction
of T

H
2 cells that are already apparent among parasitic

helminths, including the expression of unique proteins
that stimulate the production of IL-4. Although the
free-living nematode C. elegans elicits a T

H
2-cell

response if injected into mice, its related parasites
carry out this feat more potently (J. E. Allen, personal
communication). It is possible that from an inherent
tendency towards a T

H
2-cell response, parasitic species

might have amplified this capacity to its present level
in which secreted proteins from one T

H
2-driving para-

site (N. brasiliensis) can act as an adjuvant for T
H
2-cell

responses138. One of the candidate glycan motifs that
might give a molecular stamp to helminths is thought
to be the α3-fucosylation of a chitobiose (GlcNac

2
)

core139. So, DCs pulsed with fractions containing this
motif or the β2-xylosylated core sugar drive strong
T

H
2-cell responses in mice140. However, the same struc-

tures are found not only in C. elegans139, but also in host
Lewis x, implying that additional structural factors
must lend specificity and intensity to the T

H
2-cell

response to helminth glycans.
Taking S. mansoni as another example, proteins,

glycans and lipoconjugates can all induce T
H

2 cells.
One recombinant protein, IPSE, which is a prominent
secreted egg product, can stimulate the release of IL-4
by human basophils141. IPSE seems to bind IgE present
on the cell surface of basophils, irrespective of antigen
specificity, and activates cells by crosslinking. A second
recombinant protein, TCTP, also activates basophils in
terms of histamine release, although the release of IL-4
was not measured142. Notably, from the same source, are
the host-like glycans, such as the Lewis x-related carbo-
hydrate lacto-N-fucopentaose III, which when conju-
gated to human serum albumin, elicits strong T

H
2-cell

recall responses (IL-4, IL-5, IL-10 and IgE) in mice143. In
addition, the lipid fraction from the same eggs induces
T

H
2-cell differentiation, in a manner that is distinct

from the stimulation of T
Reg

cells, as only the latter
depends on TLR2 (REF. 96). Overall, the example of
S. mansoni argues strongly that helminths have evolved
directed mechanisms for the induction of T

H
2 cells,

rather than passively retained generic features from
which the host selects differentiation of this pathway.

Regulatory circuits — a balanced equilibrium? 
The survival of helminth parasites indicates their suc-
cess in outmanoeuvring the immune system, but we
should also note that they frequently succeed in achiev-
ing some form of balanced parasitism in which trans-
mission is maintained and acute morbidity avoided.
This ideal, homeostatic state almost certainly requires
an environment rich in regulatory mechanisms, be they

Blocking of effector mechanisms. Despite the measures
described earlier to downmodulate host immunity, it is
essential for a successful parasite to have ‘last-ditch’
defence mechanisms against immune attack. Several
such tactics have now been described (FIG. 6). For exam-
ple, the host chemoattractant platelet activating factor
(PAF) is targeted by a complementary enzyme, PAF
hydrolase, encoded by N. brasiliensis125, and eotaxin is
degraded by proteases from hookworms126, so inhibit-
ing the recruitment of immune cells from the blood.
The proteases encoded by the host, such as neutrophil
elastase and cathepsin G, are inhibited by the serpin
that is released from bloodstream microfilariae of
B. malayi127, and serpins from many other helminth
parasites are mainly expressed in similar circumstances128.
Antibodies are inverted by Fc-binding molecules on the
surface of schistosomes129, and the activation of comple-
ment is inhibited in infection with E. granulosus by
uptake of the host inhibitory factor H onto the hydatid
cyst wall130. Reactive oxygen intermediates are dealt
with by parasite surface enzymes such as glutathione
peroxidase and superoxide dismutase131. Now that
genetic tools, such as RNA interference, are beginning
to be applied successfully to parasitic helminths132−134,
we can begin to place these diverse products in a func-
tional hierarchy and understand the context for their
immunosuppressive roles.

Have helminths evolved to stimulate TH2 cells
The fact that T

H
2-cell responses in mice not only protect

the host from the pathological consequences of schisto-
somiasis, but also promote parasite transmission in
terms of the egress of eggs into the intestinal lumen,
indicates that the switch to T

H
2 cells can benefit both

partners in this host−parasite relationship. Extending
this argument to the human context, a study reported
that schistosome-infected individuals with low CD4+

T-cell counts owing to HIV co-infection have lower
rates of egg excretion135. Does the T

H
2-cell response sim-

ply reflect an appropriate form of host recognition of
helminth parasites or, more controversially, have para-
sites selectively evolved to stimulate T

H
2-cell responses

for their own advantage. If the former, it might be pre-
dicted that common pathogen-associated molecular
patterns (PAMPs) will exist for helminths (or at least
separately for the three principal phyla of cestodes,
nematodes and trematodes). If the latter, then the
repeated evolution of parasitism in different lineages of
helminth organisms might have resulted in specific and
unique molecular strategies for the stimulation of T

H
2

cells in different taxonomic branches.
The search for a helminth equivalent of bacterial LPS

or viral double-stranded RNA, possibly acting through a
TLR form attuned to multicellular parasites, is one of
popularity at present. However, so far, we have identified
no generic motif that specifically marks eukaryotic
pathogens. Some interesting possibilities remain to be
studied, particularly among parasite carbohydrates, and
a mechanism that recognizes, for example, the absence
of sialic acid from lower invertebrate glycans might 
also operate. Moreover, the apparent absence of DNA
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