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Abstract
Waterborne parasitic diseases plague tropical regions of the world with the development of water
resources often increasing transmission. Skin-penetrating cercariae (infectious stages of
schistosome parasites) mature within their mammalian host, form sexual pairs and produce several
hundred eggs per day. Many eggs are swept within the circulation and in the case of Schistosoma
mansoni and S. japonicum, become lodged within hepatic sinusoids, invoking a fibrotic
granulomatous response. Animal studies have identified a moderate type 1 helper (Th1) response
to parasite antigens; however, a robust Th2 response to egg-derived antigens dominates and
propagates fibrogenesis within the liver. Elegant T helper cell polarization studies have
highlighted that critical control of Th1, Th2 and interleukin (IL)-17-secreting lymphocytes is
necessary to prevent severe liver pathology. Alternatively activated macrophages develop in the
Th2 milieu and upregulate Fizz1, Ym-1 and Arg-1. The possible contribution of macrophages to
fibrogenesis and their role in immune regulation are discussed. Within the liver, natural
(CD4+CD25+ Forkhead box protein 3 (Foxp3)+) and inducible (CD4+Foxp3−) Treg’s are
recruited, providing an essential regulatory arm to stabilize the immune response and limit
immunopathology. This review ties together current thinking of how the granulomatous response
develops, causing much of the associated immunopathology, with extensive discussions on how
regulatory cells and cytokine decoy receptors serve to limit the extent of immune-mediated
pathology during schistosomiasis.

Keywords
schistosomiasis; inflammation; pathology; immune regulation; Treg; decoy receptor

‘THE GOOD AND THE BAD’ FEATURES OF GRANULOMAS
Of the 19 species of Schistosoma, some are predominantly human parasites (Schistosoma
mansoni and S. haematobium), some are zoonoses, infecting man, wild animals and
domestic stock (e.g. S. japonicum) and some are primarily veterinary pathogens (S. bovis
and S. curassoni). As mice are highly susceptible and the parasites are relatively easy to
maintain in the lab, the host immune response to S. mansoni infection has been the most
widely studied of the major schistosome species. Upon infection, adult parasites of S.
mansoni migrate to the mesenteric veins where they live up to 10 years or more, laying
hundreds of eggs per day. Some of the eggs are trapped in the microvasculature of the liver
and once there, they induce a vigorous granulomatous response.1 Subsequently, fibrosis,
portal hypertension and collateral vessels may develop, which are the primary causes of
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morbidity in infected individuals and in some cases will ultimately be lethal. Consequently,
much of the symptomatology of schistosomiasis is attributed to the egg-induced
granulomatous inflammatory response and associated fibrosis.2

Although egg-induced granulomas are detrimental to the infected host, it is clear that the
lesions also serve an important host-protective function, particularly during S. mansoni
infection.1 Schistosome eggs and their secreted products provide a continuous antigenic
stimulus for the immune response. If these antigens are not sequestered or neutralized
effectively, they can damage the affected tissues, with hepatocytes being particularly
sensitive to toxins secreted by the eggs.3 Indeed, T-cell-deprived, nude, severe combined
immunodeficiency disease or egg-tolerized mice all die earlier than comparably infected
immunologically intact mice because they are unable to mount a protective granulomatous
response. Widespread hepatic damage induced by toxic egg products contributes to the
decreased survival of infected immunocompromised mice. Granuloma formation therefore
seems to be a compromise, which allows the host to live with the infection for many years.
Presumably, the chronic detrimental effects associated with granulomas (fibrosis, portal
hypertension) represents a better alternative, for host and parasite, than that of the host dying
soon after parasite egg production.

HUMAN SCHISTOSOMIASIS
Alarming statistics of the global burden of Schistosomiasis, presented by the WHO in
19734, estimated 600 million people at risk of infection with 200 million infected.
Unfortunately, recent estimates suggest 700 million at risk with almost 200 million infected
in Africa alone,5 despite effective and inexpensive chemotherapy.6,7

Schistosomes cause varying clinical symptoms and organ complications due to the specific
tropisms of different species. For example, S. mansoni resides in the mesenteric veins of the
intestinal tract with disease symptoms including anemia, malnourishment and stunted
growth, progressive liver fibrosis, portal hypertension and hematemesis in later life. S.
haematobium, however, resides in vessels of the bladder causing urinary schistosomiasis
manifested by hematuria, bladder calcification, kidney damage and increased risk of bladder
cancer. The immunology of schistosomiasis has progressed through the use of murine and
non-human primate animal models, corroborating in many cases with human data.8 This
review will focus primarily on murine models of schistosomiasis, which have helped clarify
the pathological consequences that results from dysregulated immune responses. For a
detailed analysis of human immunology to schistosomiasis see several recent comprehensive
reviews by Dessein et al.8, Secor9, Vennervald and Dunne10 and Abath et al.11

ORIGINS OF IMMUNOPATHOLOGY: CD4+ T HELPER CELLS
Chronic morbidity during infection with S. mansoni develops as a result of schistosome eggs
that lodge in the liver, gut and other organs causing extensive tissue damage. An
immunocompetent host mounts a vast immunological rebuttal to parasite eggs with the
development of a vigorous collagen-rich granulomatous response around the eggs. This
response eventually sequesters egg products but can also lead to severe hepatic fibrosis and
portal hypertension.

It has long been appreciated that immune competency is necessary for effective
granulomatous reactions to develop. T-cell-deficient mice, in particular CD4 helper T-cell-
deficient mice fail to mount an effective granulomatous response.12–14 In immunocompetent
wild-type (Wt) mice, immune responses to schistosome antigens manifest a striking shift
from a moderate Th1 to a robust Th2-dominated response with the onset of egg laying
around 5–6 weeks.1 Whereas the relative contribution of interferon (IFN)-γ-producing Th1
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cells and IL-4, IL-5 and IL-13 producing Th2 cells in the granulomatous response has long
been debated, fibrosis and much of the pathology is primarily mediated by Th2
cytokines15,16 and not by transforming growth factor (TGF)-β.17 Vaccination of mice with
parasite eggs and IL-12 (a potent Th1 inducing cytokine) inhibits the Th1 to Th2 shift and
results in amelioration of hepatosplenic pathology following infection,18 suggesting that a
chronic Th2 response may be detrimental. Studies addressing the role of Th2 responses
using mice deficient in IL-4Rα19 or its downstream signaling molecule signal transducer
and activator of transcription (STAT)620 confirmed that the IL-4/IL-1-mediated STAT6
pathway plays a critical role in the development of the granulomatous response and resulting
fibrosis observed in schistosomiasis. However, mice deficient in IFN-γ signaling also
display a reduction in granuloma size and seem to transition into the chronic phase of the
response more rapidly,21 suggesting that IFN-γ also contributes to granuloma formation.
Whereas IFN-γ has been shown to have strong antifibrotic activities in other experimental
models,22 excessive IFN-γ can also cause severe liver pathology in schistosomiasis.23 Thus,
extreme immune polarization towards either Th1 or Th2 during schistosomiasis is in fact
detrimental if not lethal and any attempts to implement an immune deviation strategy should
be executed with caution. This was illustrated by seminal studies with mice that lack both
IL-10 and IL-4, which upon schistosome infection, develop an unchecked Th1 response and
manifest 100% mortality by 9 weeks post-infection. Similarly, mice lacking IL-10 and IL-12
develop a vigorous Th2 response that is detrimental during the chronic phase of infection
and display significant mortality by 12–15 weeks post-infection.23 If this model is
applicable to other Th2-dominated diseases, such as allergy and asthma, then similar
precaution must be taken. Importantly, maintaining a balanced and controlled Th1 or Th2
response is critical – in the case of schistosomiasis for protective granuloma formation
without excessive pathology.

Recent studies have uncovered a potentially new T-cell lineage characterized by IL-17
secretion.24,25 Similar to the Th1–Th2 paradigm, antagonism extends to IL-17-secreting
cells, with both IFN-γ26 and IL-427 suppressing their development. Given the elevated
levels of both IFN-γ and IL-4 at different times during infection with S. mansoni, IL-17
production is likely tightly controlled, with a role during schistosome infection only recently
suggested. Similar to IL-10/IL-4 double knockout (KO) mice, which polarize towards a Th1
response, immunization with soluble egg antigens (SEA) in complete Freunds adjuvant
(CFA) also skews the T-cell response in the Th1 direction following infection, resulting in
increased inflammation and larger granulomas, extensive pathology and accelerated
mortality.28 This immunization protocol, however, also revealed a role for IL-17 in S.
mansoni induced pathology, with severe morbidity correlating with high levels of IL-17.
Furthermore, CBA mice display a vigorous IL-17 response following infection with S.
mansoni, leading to severe liver pathology. Neutralization with anti-IL-17 mAb restored
granuloma size in CBA mice to that of control mice,29 supporting the notion that 17-
secreting cells play an inflammatory role during acute S. mansoni infection if left
unregulated.

In humans, the regulation of liver fibrosis during schistosomiasis may be even more
complex with multiple mediators regulating the progression of disease. Patients presenting
with severe fibrosis have been associated with elevated tumor necrosis factor (TNF)-α,30,31

IL-5, IL-1032 and IL-13,33 whereas low fibrosis patients present high levels of IFN-γ.30

These data corroborate the current hypothesis from animal studies that Th2 cytokines like
IL-13 are responsible for the majority of immunopathology and fibrosis during infection.
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MACROPHAGES AND FIBROSIS
Macrophages (MΦ), similar to Th1 and Th2 CD4+ T cells, can be polarized into two major
subsets, designated ‘classically’ or ‘alternatively’ activated. Classically activated
macrophages (cMΦ) are induced upon stimulation with inflammatory cytokines such as
IFN-γ, IL-12, TNF-α or IL-1β34 inducing the expression of inducible nitric oxide synthase
(iNOS), which generates nitric oxide (NO). In contrast, alternatively activated macrophages
(aaMΦ) are the product of IL-4, IL-13 and IL-21 signaling35 inducing the expression of
Arginase-1 (Arg-1), Ym-1 and Fizz1 (also known as RELMα).34,36–38

Egg deposition in the liver promotes the development of Th2 responses, which in turn
increases the number of aaMΦ in granulomas.39 Using several Th1 polarized mice (e.g.
IL-10/IL-4 double KO, IL-13/IL-4 double KO or IL-12 and egg immunized38) or mice
conditionally deficient in macrophage specific IL-4 signaling,40 infection with S. mansoni
failed to induce the expression of Arg-1, suggesting a requirement for Th2 cytokines in the
development of Arg-1-expressing aaMΦ’s. Furthermore, Th1-skewed mice displayed
enhanced iNOS responses,38 which were associated with the formation of smaller
granulomas and accelerated mortality,40 suggesting the compartmentalization of cMΦ with
Th1 responses and Arg-1-expressing aaMΦ with Th2 responses and fibrosis during
infection.

L-Arginine, which is transported into macrophages via cationic amino-acid transporters
(CAT), is a common substrate for both cMΦ-associated iNOS and aaMΦ-associated Arg-1.
As a common denominator, L-arginine has the ability to govern the magnitude of
macrophage activity, plasticity of macrophage phenotype and macrophage effector
function.41 During alternative activation of macrophages, L-arginine is hydrolyzed by Arg
and promotes the synthesis of collagen, providing a working model translating Th2
responses into fibrosis during schistosome infections. This view is supported from studies
using iNOS-deficient mice, where L-arginine solely drives the differentiation of aaMΦs,
resulting in significantly increased liver fibrosis and granuloma volume.39 Collectively, the
differentiation of CD4+ T cells into Th2 effector T cells and the subsequent downstream
polarization of macrophages into an alternatively activated phenotype build a Th2-mediated
model of immunopathology during schistosomiasis.

Additional properties of aaMΦs, such as the function of Fizz1-expression, are slowly being
revealed. It is tempting to speculate from the data so far that this molecule may actually
contribute to fibrogenesis. Liu et al.42 recently demonstrated that Fizz 1 induces fibroblast
differentiation and increases expression of α-smooth muscle actin and type I collagen. Using
a model of bleomycin-induced lung fibrosis, in situ hybridization revealed significantly
elevated Fizz 1 in fibrotic tissue. Furthermore, Fizz 1 also has antiapoptotic properties and is
found in developing tissues43 supporting our hypothesis that Fizz 1 in aaMΦ’s may promote
liver fibrosis during infection. However, similar aaMΦ observed in other helminth
infections37,44,45 display anti-inflammatory properties, suppressing antigen-specific T-cell
proliferation in vitro.46,47 Macrophages with suppressive properties have been observed in
human48 and murine49 schistosome infections, where they may also play an
immunoregulatory role. As mentioned above, L-arginine is a critical substrate for
macrophages and is rapidly consumed by aaMΦ. Starvation of other cells, which also
require L-arginine, including T and B cells,50 may be a mechanism adopted by aaMΦ to
indirectly regulate the activity of other immune cells and reduce inflammation. Macrophages
may therefore play a dual role; as an initial inflammatory cell, assisting in sequestering egg
products and the development of granulomas; and later adopting an anti-inflammatory role
during chronic infection, indirectly suppressing the function of other cells and decreasing the
granuloma volume.
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REGULATION OF IL-13-DRIVEN FIBROSIS BY IL-13Rα2
IL-13 is bound by two distinct receptors; IL-13Rα1 (which forms a complex with the
signaling IL-4Rα chain) and IL-13Rα2. Characteristics of the two receptors, their
expression, function and the regulation of IL-13 activity are currently being defined with
several recent studies yielding exciting data. IL-13Rα2 was first described as a soluble, high
affinity binding protein that inhibits IL-13.51 In S. mansoni infected mice we have observed
a significant increase in IL-13Rα2 in the serum and liver,52,53 mirroring the Th2 response
against parasite eggs, suggesting that IL-13Rα2 is driven by Th2 responses. This hypothesis
is supported by data showing the STAT6 dependence of IL-13Rα252,53 and from recent in
vitro observations with fibroblasts, which secrete IL-13Rα2 following STAT6 activation.

The upregulation of IL-13Rα2 is critical for controlling IL-13-mediated liver pathology as
mice with a targeted deletion of IL-13Rα2 (IL-13Rα2−/−) develop exacerbated fibrosis
compared to infected controls.52,53 Furthermore, a soluble IL-13Rα2-Fc construct used to
neutralize IL-13 was shown to reverse the excessive liver fibrosis observed in infected
IL-13Rα2−/− mice, demonstrating that IL-13Rα2 is functioning as a potent decoy receptor
for IL-13 in schistosomiasis. The inhibition of IL-13 by IL-13Rα2 is not complete; however,
as infected Wt mice develop IL-13-dependent liver fibrosis even in the presence of
endogenous IL-13Rα2.

Several studies have shown that newly formed liver granulomas surrounding entrapped eggs
decrease in size as the infection progresses to the chronic stage.54 This ‘endogenous
desensitization’ is a hallmark of the granulomatous response during infection and is thought
to be critical for host survival in cases of persistent disease. In addition to controlling IL-13-
mediated fibrosis; IL-13Rα2 is required for granuloma downmodulation. S. mansoni
infected Wt mice develop large granulomas at 8 weeks post-infection, which begin to
decrease in size by week 12. However, infected IL-13Rα2−/− mice fail to undergo
downmodulation. In fact, their granulomas continue to increase in size as the infection
becomes chronic.53 This defect in granuloma modulation was associated with markedly
increased mortality, suggesting that tight control of IL-13 is required for survival during
chronic infections with S. mansoni. Understanding how the various IL-13 receptors (positive
signaling via IL-4Rα/IL-13Rα1, inhibition by the IL-13Rα2) are regulated will be of great
importance for many Th2-associated diseases including asthma55,56 ulcerative colitis57 and
schistosomiasis.

CONTROL OF IMMUNOPATHOLOGY BY REGULATORY LYMPHOCYTES
So far this review of immunopathology of schistosomiasis has focused on the effector
mechanisms that develop during infection with schistosomes. However, from initial
exposure to infective cercariae through Th1 and Th2 cell differentiation and ultimately
fibrogenesis, every process is tightly controlled and paralleled with an equal regulatory
response, constantly recalibrating immune homeostasis. Thus, an efficient and regulated
immune response to infectious pathogens must be receptive to external signals, beyond the
immune system, to maintain physiological stability. To this end, extraimmunological
mechanisms controlling the magnitude of the immune response, such as HPA-axis mediators
and hormones,58 as well as signals from structural tissue cells, such as kupfer cells and
hepatocytes59 ‘talk’ to the immune system and alter the magnitude of the response. Whereas
this understudied area of extraimmunological regulation serves an important function,
maintaining homeostasis, this section will focus on interimmunological control by
professional regulatory cells of the immune system.

Mounting a sufficient effector response against a metabolically active parasite, to reduce
parasitic burden, while at the same time limiting collateral damage poses great difficulty for
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the host. Regulatory CD4+ T cells (Treg) maintain immunological homeostasis, suppressing
the activation of autoreactive cells,60 as well as controlling the magnitude of immune
responses to invading pathogens.61 Such endogenous Treg cells have been called ‘natural’
regulatory cells. In addition, regulatory T cells that respond in parallel with effector
mechanisms, termed ‘inducible’ regulatory cells, also develop to control the magnitude of
the immune response. Both natural and inducible Treg’s provide essential immunological
control to restrict immune-mediated pathology and stabilize the immune system.

The discovery of Forkhead box protein 3 (Foxp3)62 as a definitive transcription factor for
natural Treg cells has allowed investigators to separate natural Treg cells from inducible
Treg cells with similar regulatory properties. Foxp3+ natural regulatory T cells develop in
the thymus and serve as an essential component of the T-cell repertoire in the periphery.
Constitutive expression of the α chain of the IL-2 receptor (CD25)63 and the requirement for
IL-2 (reviewed by Thornton64) along with potent inhibitory coreceptor expression, CTLA-4,
and the glucocorticoid-inducible TNF receptor, GITR, serve as additional markers of natural
Treg’s and provide clues to their function and mechanism of suppression.

Inducible regulatory T cells often mirror the proliferation of antigen-driven effector T-cell
responses and originate from common conventional CD4+ cells. Additionally, inducible
Treg cells can be differentiated in vitro with a cocktail of cytokines or drugs.65 Current
nomenclatures for inducible Treg cells include; IL-10-secreting ‘Tr1’ cells, TGF-β-secreting
‘Th3’ cells and regulatory CD4+CD25+Foxp3− cells. Collectively, Treg cells represent a
population of professional suppressor cells, with the unique and primary function to
suppress immune responses and prevent immune-driven pathology. From the wider
immunology field,66,67 infectious disease biology61 and specifically within schistosome
infections68–73 Treg’s have received a great deal of attention as professional regulatory cells.

Early indications of Treg activity in helminth infections were observed in filarial and
schistosome infected patients presenting a hyporesponsive T-cell phenotype.
Responsiveness, however, is recoverable in vitro with antibodies to IL-10 and/or TGF-β,
two cytokines associated with Treg-mediated suppression.74,75 Recent studies have
confirmed these initial speculations of Treg activity in helminth infections (reviewed by
Wilson and Maizels76). Functional in vivo depletion studies have identified Treg
populations in murine filarial77 and intestinal nematode infections,78,79 with the suggestion
that enhanced Treg responses may dampen antihelminth effector responses, allowing the
establishment of chronic infections.

During schistosome infections, both natural and inducible Treg cells have been described,
with varying roles including the suppression of DC activation, the orchestration of the Th2
response and the regulation of Th2 effector responses, granuloma development and fibrosis.
From 4 weeks post-infection with S. mansoni a significant expansion of natural Treg cells,
CD4+CD25+Foxp3+, develop in the mesenteric lymph nodes with further expansion and
accumulation of Tregs in the liver and spleen thereafter (Wilson et al., unpublished
observation).70,72 Similarly, a single immunization with S. mansoni eggs invokes a
significant Foxp3+ Treg response71 suggesting that the highly immunogenic egg antigens
(SEA) may be the most potent inducer of both effector and Treg cells during infection.
However, lysophosphatidylserine (Lyso-PS) extracted from S. mansoni worms, and to a
lesser degree S. mansoni eggs, can actively induce IL-10-secreting Treg cells, via TLR-2
signaling on dendritic cells (DCs),80 suggesting that Tregs can be directly induced by
parasite-derived molecules. Alternatively, SEA-driven effector T-cell responses may
subsequently facilitate a Treg response by stimulating the production of T-cell-derived IL-2.
Interestingly, the ratio of Treg’s: effector T cells, either following infection or egg
immunization, does not appear to change,70,71 suggesting that the expansion of effector T
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cells are closely monitored and equaled by a regulatory T-cell response. Whether Treg cells
are directly induced by parasites or simply develop in parallel with the effector T-cell
response is not yet clear.

Phenotypic studies of Treg’s during schistosome infections have identified the expression of
CD103, an αE β7 T-cell integrin.70 CD103 provides essential retention properties for
lymphocytes, maintaining cell adhesion at basolateral surfaces, assisting cell-to-cell contact
and possibly identifying a cell–cell-contact-mediated Treg function.81,82 Additionally,
CD103 expression has been reported on DCs, attributed with the same function – to retain
cell contact – and provide essential assistance for Treg-mediated suppression.82 The precise
role and requirement of CD103 during S. mansoni infection, however, has not yet been
clearly elucidated, but it is tempting to speculate that targeting CD103 may dampen Treg
cell function and tilt the balance in favor of effector responses. Additionally, neuropilin-1, a
receptor involved in axon guidance, angiogenesis, and the activation of T cells, has also
been identified on natural Treg cells during S. mansoni infection. Originally identified
through global gene expression studies,83 high expression of surface neuropilin-1 correlated
with Foxp3 expression and is rapidly downregulated following T-cell antigen receptor
(TCR)-ligation. Again, the role of neuropilin-1 on Treg cells during S. mansoni infection is
still unknown.

Despite the clear identification of natural Treg cells during infection, exactly how natural
Treg cells control immunopathology is less clear. IL-10 has clear regulatory roles during S.
mansoni infection and critically regulates liver pathology;23,84 however, the majority of the
IL-10-producing T cells appear to be Foxp3− and thus constitute inducible Treg cells and/or
Th2 cells69,70 and will be addressed in detail below. To address the functional role of Tregs,
several studies have used the CD4 and CD25 surface markers. However, within the
CD4+CD25+ compartment both natural (Foxp3+) and inducible (Foxp3−) Treg cells exist,
making it hard to attribute function to either Treg population. Nevertheless, using an egg-
immunization model coupled with the depletion of CD25+ cells (‘natural Treg depleted’) to
address the role of CD25+ Treg cells, both IFN-γ and IL-4 responses were elevated
following immunization, indicating that CD25+ Tregs suppress both Th1 and Th2
generation.70,71 Furthermore, suppression of IL-470,71 and IFN-γ71 appears to be IL-10
independent. An alternative approach to address the role of Foxp3+ regulatory cells was
adopted by Singh et al.72 using retroviral Foxp3 gene transfer. Intravenous delivery of a
DNA vector for Foxp3 between week 6 and 8 of infection with S. mansoni (during the
development of granulomas in the liver) significantly reduced liver granuloma volumes from
142.88±4.97×103 to 75.79±2.84×103 µm2. However, correlating with enhanced Foxp3
expression and reduced granuloma volume was an increase in messenger (m) RNA for TGF-
β, IL-4 and IFN-γ, complicating interpretation of this strategy of artificially induced Foxp3+

Treg cells. The advent of Foxp3+ reporter mice, containing the Foxp3 green fluorescent
protein (gfp) knock-in allele,85 will now permit detailed analysis, sorting and definitive
adoptive transfer experiments to study the development, function and specificity of natural
Treg cells in S. mansoni infection.

In addition to natural Treg cells, significant populations of inducible Treg’s,
CD4+CD25+Foxp3−, develop following infection with S. mansoni.68,69,73 As mentioned
above, the majority of IL-10-producing CD4+ T cells, also coexpress CD25 and do not
upregulate the natural Treg transcription factor Foxp3. Using RAG2 KO and IL-10−/−

RAG2 KO mice reconstituted with Wt or IL-10−/− CD4+ cells, controlling the source of
IL-10, Hesse et al.68 elegantly demonstrated that CD4+ cells provide a significant proportion
of IL-10 during S. mansoni infection. Importantly, non-CD4-derived IL-10 is also an
important source of IL-10. Similarly, McKee and Pearce69 reported that IL-10 from
CD4+CD25+, and CD4+CD25− cells, is important for the control of DC-derived IL-12 and
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the generation of Th1 responses during infection, helping to mold the T-cell response into a
Th2 phenotype. Thus, it appears that both natural and inducible Treg cells have the capacity
to control both Th169 and Th270 development.

IL-10-secreting CD4+CD25+ cells isolated from the granuloma of chronically infected
mice68,69 can suppress the proliferation of naïve CD4+ T cells. Thus, unlike natural Treg
cells in vivo70 which do not appear to regulate the proliferation of T cells, inducible Treg
cells can suppress the proliferation of effector T cells in vitro, providing an interesting
disparity between these two populations. Further work is required to clarify this observation
in parallel experiments, in vitro and in vivo.

The accumulation and suppressive properties of CD4+CD25+ cells isolated from the liver of
infected mice suggests that Treg cells actively migrate to the inflammatory site to regulate
the development of liver granulomas during infection. Studies addressing the trafficking of
Treg’s using SEA-coated sepharose beads delivered to the lungs of mice, have revealed the
elevated expression of CCR873 (a chemokine receptor initially described on Th2 cells), on
IL-10-secreting CD4+CD25+ cells, providing an essential mechanism to recruit Treg’s into
the inflammatory site.

Finally, to investigate the requirement and importance of Treg cells during schistosomiasis,
adoptive transfer of CD25-depleted CD4+ cells (‘natural and inducible Treg depleted’) into
RAG KO mice, resulted in increased weight loss, elevated hepatotoxicity and increased
mortality following infection,68 demonstrating a requirement for Tregs to control liver
pathology. In addition to the Treg-mediated suppression of T-cell function and proliferation
in schistosome infections, Treg cells may influence the function of macrophages,86 CD8+

cells,87 B cells88 and eosinophil recruitment.78 Each of these cell types contribute to liver
granuloma formation and may be controlled by regulatory T cells, although the upstream
suppression of Th2 cytokine secretion and effector function appear to be the major targets of
Tregs.

The importance of Treg cells to control immunopathology following infection with
schistosomes are clear, with recent advancements providing specific mechanistic roles for
Treg cells. However, many questions remain pertaining to the generation, function, tropism
and specificity of Treg cells and the relationship, if any, between natural and inducible
Tregs. Several scenarios could be proposed; (1) natural Treg cells give rise to inducible Treg
cells following antigen activation with the loss of Foxp3 expression within inducible Treg
populations – this could explain the relatively low frequency of natural Treg’s. This scenario
would also provide suitable antigen-specificity, appropriate tropism and paracrine cytokine
‘tutoring’. In addition, this would give natural Tregs the ability to control the frequency of
inducible Tregs; (2) natural Treg cells may expand following cues form effector T cells,
such as IL-2, with the expansion of natural (Foxp3+) and inducible Treg cells in concert with
clonally expanding Ag-specific cells; (3) inducible Treg cells may develop from mature
effector CD4+ T cells, serving as the terminus of the Th1 or Th2 lineages. Again, this
scenario would provide antigen-specificity and appropriate tropism. Alternatively, natural
and inducible regulatory T-cell populations may not evolve with any common ancestry and
simply converge to control inflammatory events. The precise mechanism of Treg-mediated
suppression during schistosome infection in vivo, beyond IL-10 secretion, remains elusive,
with current studies revealing new and exciting mechanisms and networks.

CONCLUSION
Immunopathology presented in schistosomiasis, like filariasis, is some of the worst, and
unacceptable, of any infectious pathogen. Foremost, there is sufficient knowledge to treat or
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prevent infection, which will hopefully eradicate these and other treatable waterborne
parasitic infections.7 The morbidity associated with schistosomiasis impacts multiple layers
of society, from direct individual health to local community education and economy.89 The
immunology of schistosomiasis is also faced with challenges with no current vaccine
available and insufficient knowledge of dominant antigens for future vaccine targets.
Furthermore, our current knowledge is insufficient to restrain granuloma-associated
immunopathology. Treg-associated suppression has received a lot of attention as a dominant
regulatory system and promises to be an exciting field of immunobiology over the next few
years. However, a broader view of immune regulation and an appreciation of interactive
networks within and beyond the immune system require a ‘voice’, if we are to develop
successful immunotherapies for schistosomiasis. To this end, understanding when and how
endogenous regulatory networks operate to control immunopathology could be very useful
to limit the degree of immunopathology of not only schistosomiasis, but also for other Th2-
dominated diseases such as asthma and allergic diseases.
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