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Chronic helminth infections modulate allergen-specific immune
responses: Protection against development of allergic disorders?

HERMELIJN H. SMITS!? & MARIA YAZDANBAKHSH!

! Department of Parasitology, Leiden University Medical Center, Leiden, the Netherlands, and *Department of Pulmonary
Care Medicine, Erasmus Medical Center, Rotterdam, the Netherlands

Abstract

Inflammatory diseases are on the rise in westernized countries, but also in urbanized areas of developing countries. A
number of studies have now demonstrated a negative association between helminth infections and inflammatory diseases,
such as allergy, suggesting a potential role for helminth-induced immune responses. However, this is not the case for all
studies. In this review both supporting and opposing literature on the role of helminth infections, particularly in allergy,
are discussed. Furthermore, the concept is put forward that chronic helminth infections, but not acute infections, may be
associated with the expression of regulatory networks necessary for downmodulating allergic immune responses to
harmless antigens. Lastly, different components of helminth-induced regulatory networks are detailed, such as the role of
regulatory T and B cells, modulation of dendritic cells, the presence of suppressory alternatively activated macrophages,
and their individual contributions to protection against allergic diseases. Advantage should be taken from this knowledge
to identify and select individual helminth-derived molecules that may harbor therapeutic potential against inflammatory

diseases.
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Introduction

During the course of evolution man has constantly
been exposed to a wide variety of microorganisms,
ranging from harmless to life-threatening ones. Our
immune system has evolved to fiercely battle
dangerous infectious agents but tolerate or ignore
the innocent ones. In parallel with economic
development, we are confronted with unexpected
changes in disease patterns: an alarming rise in
diverse chronic inflammatory disorders is observed.
Countries with highly developed economies have
more allergic disorders, more autoimmune diseases
(e.g. type 1 diabetes or multiple sclerosis (MS)),
and more inflammatory bowel disease (IBD)
(ulcerative colitis and Crohn’s disease) (1). It is
proposed that education of the immune system by
certain microbes and parasites can prevent the
development of inflammatory diseases (2,3).
Reduced infections due to improved health care
and personal hygiene, as well as decreased exposure

to microorganisms and their products in our
immediate environment as a result of urbanization,
may lead to insufficient stimulation of the immune
system. This would result in an altered program-
ming of the immune system, allowing uncontrolled
expression of inflammatory molecules, and there-
fore explaining the rise of inflammatory diseases
in westernized countries. Indeed, a large body of
epidemiological data indicates that some infectious
agents tend to control inflammatory diseases, in
which parasitic worms form an important group. In
particular, the interplay between helminth infec-
tions and allergic disorders has been studied in
great detail. In the current review we will focus on
this interaction and highlight the importance of the
infection dynamics and the regulatory network.
Helminth-induced mechanisms not only regulate
host immunity, resulting in a mutually beneficial
environment for survival of both the parasite and
the host, but also control the development of
allergic diseases.
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Do helminths protect against allergy: evidence
from epidemiological studies

One approach to determine the relationship between
helminths and allergy is to study children who are
living in endemic areas and are naturally infected with
helminths, and analyze their allergic status and
immune responses to parasite antigens and allergens.
In most of these population studies general para-
meters for allergic reactions, such as allergen skin
prick provocation tests and questionnaires (clinician-
assessed or self-reported) were analyzed. A recent
meta-analysis on published data for studies involving
intestinal helminth infections (Ascaris, Trichuris, and
hookworms) did not show a consensus on the role of
nematode infections in preventing allergic asthma,
although hookworm infections did show some bene-
ficial effects (4). In this report all published studies
were included that reported parasite infection in at
least 1% of the available study population. This led to
an enormous variation in helminth intensities, in
species of parasitic helminths involved, and in the
populations studied in terms of genetics and environ-
mental exposures. It is known that in some endemic
areas close to 100% of the inhabitants can be infected,
representing intense and chronic helminth infections,
while in others helminth infections can occur occa-
sionally and in a few percent of the population with
intensities that are often mild. In areas with at least
moderate endemicity for different species of helminth
parasites, a considerable number of studies have
demonstrated an inverse association between hel-
minth infections and allergic disorders. For example,
chronic infection with intestinal helminths (Ascaris,
Trichuris, and hookworms) in Venezuela (5,6),
Gambia (7), Ethiopia (8), Taiwan (9), and Ecuador
(10) was reported to protect from allergic reactivity.
But also in areas endemic for other helminths, such as
for schistosomes or filaria, the presence of infections
appear to be associated with lower prevalences of
allergies, as shown in studies in Gabon (11), Brazil
(12,13), Ghana (Hartgers et al., unpublished) or
Indonesia (Djuardi et al., unpublished). However,
population studies in areas where helminth infection
intensities are low, occur only sporadically (14,15), or
are more transient in nature (e.g. when humans are
not the definitive host and therefore chronic infection
is not established) (16,17), then helminth infections
appear to potentiate atopic disorders. In addition, a
proportion of travelers to endemic areas who become
infected with schistosomes during a brief encounter
develop acute schistosomiasis and can suffer from
fever, lung eosinophilia, and pulmonary symptoms
like cough and shortness of breath (18-20).
Short-term application of anti-helminth drugs (12
months) in Ecuador (21) did not change the
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Key messages

® Chronic, but not acute, helminth infection
protects against allergic disease.

® During chronic  helminth  infections
regulatory mechanisms are induced that
dampen immune responses to bystander
antigens, such as allergens.

¢ Different cell types are involved in
immunoregulation during chronic helminth
infection, i.e. regulatory T and B cells,
alternatively activated macrophages, and
possibly more.

prevalence or atopy, nor clinical signs of allergy
(wheeze) in comparison to the untreated group.
However, long-term anti-helminth treatment in
Venezuelan (>22 months) or Gabonese children
(>30 months) resulted in increased skin prick test
reactivity to house dust mite (22,23), supporting a
direct link between chronic and intense helminth
exposure and protection from allergy.

Therefore, it is likely that the different outcomes
of helminth infection on allergic diseases are due
to differences in acute versus chronic stages of
infection or due to differences in intensity of
infection (Figure 1). To dissect the mechanisms
that lead to protection against inflammatory dis-
eases, including allergies, immune responses during
helminth infections need to be evaluated in detail.

Immunity during helminth infections

In developing countries, over one billion people are
infected by different species of intestinal helminths
(Ascaris, Trichuris, and hookworm) and/or tissue
helminths (such as schistosomes, filarial worms, and
tapeworms). Males show a higher susceptibility to
helminth infections (24,25). Direct mortality is low,
as the majority of individuals chronically infected
with helminths appears relatively asymptomatic
(90%-95%), and a minority suffers from severe
immunopathological disorders (5%—10%), often
paralleled by enhanced cellular reactivity (26-28).
Most of these helminths are long-lived multicellular
parasites that are masters in establishing chronic
infections. For example, adult schistosome worms
do not multiply but can lay millions of eggs that are
deposited in mucosal tissues of the gastrointestinal
tract or urinary bladder and result in granuloma
formation and local pathological reactions. In the
host, helminths induce polarized immune responses
with complex characteristics.
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The overall immune response in helminth-
infected individuals is characterized by polarized
Th2 cells with increased production of interleukin
(IL-) 4, IL-5, and IL-13, eosinophilia and increased
total serum immunoglobulin (Ig) E levels (29). Yet,
Th2 responses are accompanied by a regulatory
component, which seems to lead to immune
hyperresponsiveness against parasite antigens and
increased IL-10 and transforming growth factor
(TGF-) p levels, often found in helminth-infected
individuals (11,30). Immune suppression by regula-
tory networks is likely to play a major role in parasite
survival strategies but can simultaneously benefit the
host by minimizing pathologic responses in tissues
involved. It has been argued that the observed
immunosuppression may at least in part be
accounted for by helminth-induced regulatory T
(Treg) cells. Indeed, in patients suffering from
onchocerciasis, such antigen-specific Treg cells
could be cloned. These cells were characterized by
the secretion of high levels of IL.-10 and/or TGF-p§
and the inhibition of the proliferation of other T cells
(31,32). Likewise in patients infected with Brugia
malayi increased expression of FoxP3 (specific
transcription factor of natural Treg cells) was
demonstrated, and the involvement of the regulatory
molecules such as TGF-f and cytotoxic T lympho-
cyte antigen 4 (CTLA-4) in suppressory activity was
demonstrated (33). Several observations indicate
that this suppression is not strictly antigen-specific
and can extend to third party antigens, other
pathogens, or vaccine antigens. Early studies indi-
cated that Schistosoma mansoni infections resulted in
reduced cytokine production and T cell proliferation
to non-related sperm whale myoglobin in an IL-10-
dependent manner (34). With respect to influencing
responses to coinfections, several studies have
described an interaction between helminths and
malarial parasites. Although the findings on malaria-
parasite loads are controversial, data on malaria
pathology seem more uniform, showing that helminth
infection protects from renal failure and cerebral
malaria (35,36). This protective effect has been
described for Ascaris (37,38), S. haemarobium
(39,40), and for Brugia pahangt (41) infections. In
addition, in S. mansoni-infected mice the clearance
of vaccinia virus infections was impaired (42). The
effect of helminth infections on responses to vaccines
has been explored, and in several studies impaired
Thl responses were reported to tetanus toxoid
(TT) immunization in Schistosoma- and Onchocerca-
infected patients (43,44). Likewise, experimental
schistosome infections reduced the protective efficacy
of bacille Calmette Guerin (BCG) vaccination against
Mycobacterium tuberculosis (45).

Antigen-specific
T cell responses

Regulatory network _ ,  spill-over
suppression (allergens,

Chronic infection vaccines, pathogens)

Type 2 |
(eosinophilia, I
IgE)

Worm burden/time after infection

Figure 1. Schematic overview of the forming of a regulatory
network during chronic but not acute helminth infections. It is
proposed that these regulatory networks are instrumental in the
suppression of immune responses to bystander antigens, such as
allergens.

It is hypothesized that bystander immunoregula-
tion by helminth infection can also control allergen-
specific inflammatory responses and thereby lead to
lower prevalence of allergies in helminth-infected
subjects (Figure 1). Yet control of bystander T cell
responses may depend on particular life cycle stages
of an infection. Therefore, to understand how
helminths can affect inflammatory diseases, we must
first analyze how distinct life stages of helminths
affect the host immune system.

Changes in the immune response during
helminth infection: lessons from the mouse
models

To appreciate the effect of distinct stages of
helminth infections on the immune system, experi-
mental models are needed as humans living in
endemic areas are exposed early in life and con-
tinuously become reinfected and therefore simulta-
neously would carry different developmental stages
of the parasite. In this respect, schistosome infec-
tions in mice have been studied in some detail,
showing a higher susceptibility to infection in
females (46). The subsequent usage of gene-
deficient mice, cell transfer experiments, and assess-
ment of immune reactivity in different tissues or
different lymphoid organs permit the dissection of
immune events that may be extrapolated to the
human situation.

In the first 4-5 weeks following skin penetration of
cercariae, the prepatent period, immune responses
to larval worm antigens are primarily Thl in nature.
A dramatic transition in the progression of schisto-
some life cycle occurs at week 5-6 of infection, when
female parasites living in the portal vasculature
mature, pair with males, and begin to produce eggs



(47). At this time the immune response takes on an
entirely different character, becoming strongly Th2-
polarized by week 8 post-infection. This Th2
response is dependent on egg production, and its
development is accompanied by the loss of worm
antigen-specific Thl response (48,49). Coincident
with the development of Th2 responses, increases in
serum IgE and circulating eosinophil numbers are
found, reflecting the production of signature Th2
cytokines, IL.-4 and IL-5, that help B cells in IgE
class switching and act as growth and survival factor
for eosinophils (50). After about 12-16 weeks of
infection, Th2 and T cell proliferative responses
decrease gradually (48). This state of comparative
hyporesponsiveness persists for the remainder of the
infection and is one of the hallmarks of the chronic
stage of infection.

In parallel to humans, mice chronically infected
with schistosomes exhibit dichotomy in symptoms
(51): an asymptomatic intestinal form and a severe
hepatosplenic form. Importantly, the proportion of
mice and time by which the animals develop severe
hepatosplenic disease and die, varies greatly between
different mouse strains. For example, Balb/C mice
develop very strong Th2 granulomas around the
eggs compared to C57/Bl6 or CBA/] mice (52).
Furthermore, portal hypertension and organomegaly
(characteristics of severe hepatosplenic syndrome)
during progression into chronic stage of infection are
frequently observed in Balb/C and CBA/] mice, but
less so in C57/Bl6 mice (53). Indeed, we have
unpublished observations that schistosome-infected
Balb/C mice developed severe hepatosplenic disease
already at low infection intensities compared to C57/
B16 mice and thereafter died rapidly, resulting in a
complete loss of a colony before week 16 (chronic
stage). These findings have great implications for
inflammatory disease models in which the interac-
tion with chronic helminth infection in mice is
studied. Since C57/Bl6 mice rarely display severe
hepatosplenic disease at high infection intensities
and readily develop asymptomatic chronic infec-
tions, this mouse strain would seem to be highly
suitable for studying chronic asymptomatic schisto-
somiasis and its interaction with other diseases in an
experimental model.

Murine models for allergy and helminth
infections

To study the causal relationship between helminth
infections and the development of allergic diseases,
several groups have developed combined mouse
models of asthma and infection. For example,
studies with rodent nematodes, such as

Worms protect against allergy 431

Heligmosomoides polygyrus, have demonstrated that
infection leads to strongly reduced ovalbumin
(OVA)-driven eosinophilic airway inflammation
(54,55). In another study, immune responses to
food allergens (IgE and IL-13 production) were
downmodulated by infection with H. polygyrus (56).
This effect was reversed when animals were treated
with anti-IL-10. A similar inhibition of allergic eye
disease (57) or lung inflammation and airway
hyperresponsiveness (58,59) was demonstrated by
either Ascaris suum eggs, A. suwm extract implants,
and by infection with Nippostrongylus brasiliensis.
Importantly, infection with N. brasiliensis in IL-10-
deficient mice strongly increased allergen-induced
airway eosinophilia and the other inflammatory
parameters in comparison to control mice, support-
ing the view that immunosuppressive activities
during helminth infections can inhibit allergic
disorders (58).

However, there are also a number of studies
showing no effect or a partial effect on a few
immunological markers. For example, during infec-
tion with Strongyloides venezuelensis or S. stercoralis T
cell cytokine responses or allergen-specific IgE
production, but not eosinophilic airway inflamma-
tion, are suppressed (60,61). Some studies even find
an exacerbation of allergic disease. For example,
initiating infections with helminths like A. suum
potentiated airway inflammation (62), and infection
with Trichinella spiralis increased anaphylaxis in mice
(63). That different parasitic helminths induce
opposing effects in mouse models may suggest
variations in the immune modulating capacity of
distinct species. However, this paradox could also
very well reflect the difference between acute and
chronic stages of infection.

Infection of C57/Bl6 mice with S. mansoni is a well
defined model in which distinct phases of acute and
chronic infection have been detailed (47,64).
Indeed, by exploring acute and chronic infections
with S. mansoni, we have observed a clear dose-
dependent reduction in ovalbumin (OVA)-specific
eosinophilic airway inflammation and airway hyper-
responsiveness during chronic, but not during
acute infection (Smits HH, et al, unpublished
observations).

It has been reported in the literature that both
worms and eggs of different helminths can modulate
immune responses by affecting different types of
innate and adaptive immune cells, thereby suppres-
sing the host immune system to guarantee their own
survival. Next to polarized Th2 responses, the
development of regulatory T and B cells, possibly
via immune-modulated dendritic cells, as well as the
induction of the so-called suppressory, alternatively
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Lymph node

Figure 2. Overview of immune modulation by helminths. 1) Immature dendritic cells iDC) become activated by the exposure to either
(compounds from) eggs (brown rod-shaped symbols) or worms and will migrate through the draining lymph nodes (LLN) while acquiring a
mature phenotype. In the LN they will drive the development of polarized Th2 and regulatory T (Treg) cells, expressing IL.-4 and IL-13 or
IL-10, respectively. These Treg cells, once they have migrated to the local site of inflammation, can inhibit the proliferation and effector
function of other T cells. 2) Upon parasitic exposure together with harmless antigens, such as allergens, mature germinal centers (GC) are
formed in the lymph nodes. In the GC B cells (B) are selected that recognize specific antigens, such as allergenic antigens, and will receive
signals to develop into mature B cells. Some of these B cells have acquired the capacity to produce IL-10 and will act as regulatory B cells at
the peripheral site and will inhibit the effector function of other T cells. 3) Both the cytokines of Th2 cells and Treg cells, such as I1.-4, IL-
13 and IL-10, as well as compounds from eggs or worms, can change the activation state of macrophages (M®), resulting in alternatively
activated M@ (aaM®). aaM® produce high levels of IL-10 and TGF-f instrumental in inhibiting the proliferation of other T cells, such as
Th2 cells.

allergen-specific immunotherapy in humans, leading
to reduction in allergic symptoms, is associated with
the emergence of IL-10-producing regulatory T cells
(67-69). Indeed evidence is accumulating now that
helminth-induced regulatory T cells may also confer
protection against allergic disease (Figure 2).

activated macrophages appears to be important
elements of a chronic helminth infection.

Immune modulation by helminths and their
effects on allergic disorders

Allergy includes a spectrum of different atopic
diseases and symptoms like bronchial constriction,
itchy eyes, runny nose, or eczema and is triggered by
mediators released by mast cells and eosinophils

Helminth-induced regulatory T and B cells

Several, but not all, studies have identified a role for
either adaptive or naturally occurring regulatory T

after IgE is cross-linked by allergens. These systemic
inflammatory reactions are initiated by aberrant type
2 cytokines in response to allergens (65).

It is clear from a number of studies that regulatory
networks, including cytokines, IL.-10, TGF-f and
regulatory T cells (both natural CD4"CD25"Foxp3*
and adaptive CD4'IL10" Trl cells) protect
against allergic disease (66) and that successful

(Treg) cells in immune modulation during chronic
helminth infections. For example, increased num-
bers of FoxP3-expressing cells (FoxP3 being a
natural Treg-specific transcription factor) have been
described in  chronic nematode infections
(54,70,71), while in chronic schistosome infections
the ratio of natural Treg to effector Th cells remains
unaltered (72). Interestingly, the frequency of



CD103-expressing cells in the natural Treg com-
partment increased during disease progression,
indicating that the phenotype of the Treg cells
changes during the course of schistosome infection
(72). Since CD103 is described as an activation
marker for natural Treg cells, it was suggested that
these cells become more active during chronic
schistosomiasis (73).

Elevated IL-10 has been reported in many human
and murine studies in the context of helminth
infections, but the source and role of IL.-10 appears
to vary in response to different helminth species
(11,31,32). In some experimental models, the
high IL-10 was attributed to adaptive Treg cells
(54,55,70,71), while in others IL-10 has been linked
to non-Treg cell populations (72,74). By using IL-
10-deficient mice and by adoptive transfer of
different cell subsets, it was shown that both T-cell-
and non-T-cell-derived IL-10 play an essential
part in helminth-induced immune modulation
(70,74,75). Importantly, during experimental infec-
tions with H. polygyrus allergic airway inflammation
was suppressed by helminth-induced Treg cells
(54,55), although this appeared to be mediated by
IL-10 in only one of the studies (55). This is in
agreement with the capacity of Schistosoma-derived
molecules, such as lyso-PS, to prime human
dendritic cells i wvitro, which in turn can induce
naive T cells to become IL-10-producing Treg cells
(76). There is as yet no agreement on the role of IL-
10. Several studies have pointed out that although
IL-10 was increased (either produced by T cells or
by other cell types), this may have no role in immune
hyporesponsiveness, as immunosuppression in some
helminth infections was still seen even in IL-10-
deficient mice (54,71,77). More studies are needed
in uniform experimental models where the helminth
species, background of the mouse strains, kinetics,
and intensity of infections is harmonized.

B cells possess a variety of immune functions,
including production of antibodies, presentation of
Ags and production of cytokines (78). A few studies
have indicated that B cells may also participate in the
induction of immune modulation by helminths. For
example, uMT mice (lack mature B cells) rapidly die
during the course of a S. mansoni infection (29). In
this study granulomatous pathology in chronic
schistosome-infected mice was downregulated in a
B cell-dependent and Fc receptor signaling-depen-
dent manner (29). B cells have also been shown to
contribute to immune tolerance and suppression of
diseases, such as experimental encephalomyelitis
and collagen-induced arthritis; such B cells are
named regulatory B cells (79). Several observations
point to the presence of IL-10-producing regulatory
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B cells and the possible modulation of allergic
disease by these cells (Figure 2). For example, IL-
10-producing B cells protect against the develop-
ment of allergic anaphylaxis (80) or allergic airway
inflammation (81) in single-sex schistosome-
infected mice. In addition, also in H. polygyrus-
infected allergen-sensitized mice, B cells can transfer
protection against allergic airway inflammation
(Wilson M, personal communication). Detailed
studies have demonstrated that particularly
peritoneal B-1 cells (CD5"B220") can produce large
amounts of IL-10 during murine schistosomiasis
(82). Interestingly, schistosome-infected B-1 cell-
deficient xid mice were equally resistant to allergic
anaphylaxis as infected wild-type (WT) mice,
suggesting that also a helminth-modulated B-2 cell
population may protect against allergic symptoms,
possibly via IL-10 (80). Future studies need to
dissect the role of different (regulatory) B cell
subsets in immune suppression and protection
against allergic disease.

Role of myeloid cells in driving suppression

Dendritic cells (DC), residing in the mucosal lining
of various peripheral tissues, are central to the
generation and polarization of adaptive immune
responses. The main function of DC is to patrol the
environment for possible danger signals, immedi-
ately activate local innate immune cells and subse-
quently initiate appropriate adaptive immune
responses. Dendritic cells, but also other innate
immune or resident tissue cells, are ultimately
equipped to recognize a great variety of different
pathogen-associated molecular patterns (PAMP) by
means of various families of pattern recognition
receptors (PRR). Among PRR, the families of the
Toll-like receptors (TLR), which often recognize
lipid-conjugated moieties, and the C-type lectins,
which can bind different carbohydrate structures,
are presently the best studied ones. As a conse-
quence of ligation of TLR on their own or in
combination with other receptors, intracellular
signaling via MyD88- or Toll-IL-1R domain-con-
taining adaptor-inducing IFN-beta (TRIF)-depen-
dent pathways leads to downstream activation of
activator protein-1 (AP-1), nuclear factor-kB (NF-
kB), and interferon regulatory factor-3 (IRF-3)
transcription factors (83). DC will integrate these
signals and translate them by inducing different sets
of Thl, Th2, or Treg-polarizing molecules (84).
Several studies have implied that DC function is
modulated by helminth infection and exposure to
helminth or helminth egg antigens (Figure 2). As
such it was demonstrated that adoptive transfer of
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spleen or mesenteric lymph node DC from H.
polygyrus-infected mice could modulate the immune
response to a Citrobacter rodentium infection in
recipient mice, resulting in enhanced colitis. This
effect was ILL.-10-dependent as helminth-primed IL-
10-deficient DC failed to induce enhanced C.
rodentium-mediated colitis (85).

Microarray analysis of schistosome egg-stimulated
mouse myeloid DC revealed the activation of a large
set of inflammatory cytokines and chemokines in
contrast to larval schistosomula-stimulated DC (86).
Interestingly, schistosome eggs also caused myeloid
DC to produce interferon IFN-) f and the induced
interferon-stimulated gene (ISG) expression (86).
While exploring the signaling pathways involved, it
appeared that in schistosome-infected MyD88-defi-
cent mice, egg granulomas in the liver were smaller
and contained less eosinophils but showed stronger
fibrosis. In these mice spleen cells produced less
IFN-y, but more IL-13 and IL-10 compared to
infected wild-type mice, implying a role for MyD88
in the Th1/Th2 balance (87). Furthermore, i vitro
inflammatory cytokine expression and NF-xB
activation was impaired in egg-stimulated DC from
MyD88-deficient mice (88). However, signal trans-
ducer of activated T cells (STAT)-1 phosphoryla-
tion and ISG expression was still intact. Indeed, it
was noted that schistosome-derived double-stranded
RNA was capable of triggering TLR3 activation
(MyD88-independent) in mouse myeloid DC
vitro, resulting in the production of IFN-f (88). The
m vivo consequences of TLR3 ligation on innate/
acquired immune responses during schistosomiasis
are still elusive.

So far a few signature molecules of various
helminths have been identified that can modulate
DC to drive strong Th2 responses. An important
molecule in this respect is excretory secretory
product (ES-) 62, a secreted phosphorylcholine-
containing glycoprotein of the filarial nematode
Acanthocheilonema viteae. Also soluble egg antigens
(SEA) of S. mansoni contain several carbohydrate
structures, such as «o3-fucose- and f2-xylose-
containing N-glycans, which appear to play an
important role in Th2 cell polarization (89).
Moreover, the molecule lacto-N-fucopentaose III
(LNFPIII), terminating in the Lewis X trisaccharide
(Le®), can confer Th2-inducing properties to non-
schistosome molecules, such as to human serum
albumin (90). Although LNFPIII specifically binds
to the C-type lectin, DC-specific intercellular adhe-
sion molecule (ICAM)-3 grabbing non-integrin
(DC-SIGN), via Le* (91), its Th2-promoting
activity appears to be dependent on the simulta-
neous ligation of a different PRR, the TLR4 (92).

Importantly, stimulation of TLLR4 by LNFPIII leads
only to activation of the mitogen-activated protein
(MAP)-kinase intracellular signaling pathway, extra-
cellular signal-regulated kinase (ERK), while TLR4
activation by lipopolysaccharide (LPS) leads to the
activation of three MAP-kinase pathways: ERK, p38
and c-Jun N-terminal kinase (JNK). This suggests
that the findings are not easily explained by LPS
contamination of the SEA-preparations. Recent
findings indicate that ligation of multiple receptors,
such as macrophage galactose-type lectin (MGL),
DC-SIGN, and mannose receptor by SEA, inhibited
the TLR-mediated maturation of iDCs in response
to poly I:C or LPS (93), suggesting cross-regulation
of different PRR pathways. Also Nippostrongylus
brasiliensis excretory-secretory (NES) glycoproteins
have Th2-promoting activity on DC (94) and a Th2-
inducing adjuvant function on bystander antigens
(95). The exact nature of molecules involved in NES
are unknown; however, the activity is heat-labile and
protease-sensitive (95). Similarly, an IL.-4-inducing
factor in human basophils, the glycoprotein IPSE/
alpha-1 (96), has been identified in ES from
S. mansoni eggs, which also contains several Le*
structures (97). However, its effector function on
dendritic cells still needs to be established. The Th2-
driving capacity of adult Brugia extracts may also
depend on the presence of intact glycans, as this
activity is abolished by periodate treatment,
although it cannot be excluded that other structures
are also destroyed by periodate (98). Taken
together, helminth glycans are becoming character-
ized in much detail and are providing us with a large
array of structures that can contribute to the
induction of Th2 development.

Although there is much evidence for helminth-
mediated hyporesponsiveness in which the activity of
Treg cells may play a crucial role, little is known
about particular helminth molecules that can induce
Treg cells. Nevertheless, it has been reported that a
mixture of high molecular weight components (PI)
from A. suum can inhibit the expression of major
histocompatibility complex (MHC) II, CDS80,
CD86, and CD40 molecules on mouse CD11c"
DQC, resulting in cells that do not support a strong T
cell-proliferative response in vitro. The inhibitory
effect of PI was abolished in IL-10-deficient
mice (99). Furthermore, schistosomal lyso-
phosphatidylserine (lyso-PS), containing acyl chains
that differ in length and possibly in the position of
the double bond from mammalian lyso-PS, can
modulate DC to drive IL-10-producing Treg
responses i vitro (76). Interestingly, this modulating
activity was TLR2-dependent (76). Recent reports
claim a clear link between Treg cells and TLR2, as



TLR2-deficient mice showed a reduced number of
CD4CD25 Treg subset. In addition, Treg cells
responded directly to TLR2-ligands, e.g. Pam3Cys,
but not to other TLR ligands, to augment Treg cell
proliferation (100,101). It would be interesting to
evaluate the effects of schistosome-derived TLR2
ligands on Treg cell function in vivo.

Macrophages count among the most pleiotropic
cells of the immune system, exhibiting a whole range
of biological functions, including phagocytosis, kill-
ing and pro- and anti-inflammatory activities. It is
well recognized that microbial products together
with the cytokines produced by effector T cells
influence the activation state of macrophages. Well
known are the classically activated macrophages
(caM@®), induced in a Thl cytokine environment,
which release inflammatory products, nitric oxide,
and undergo oxidative burst, essential in protection
against intracellular bacteria. Recently, it has been
shown that a different macrophage type arises in a
Th2 environment. Since these cells exhibit a
different activation program, these are termed
alternatively activated macrophages (aaM@®) to
distinguish them from the deactivated macrophages
found in an exclusive IL-10 environment (102). In
the mouse, the aaM® cells can easily be recognized,
because they upregulate Fizzl, Ym-1, Arg-1 and the
macrophage galactose-type lectin (MGL) (103,104).
Alternatively activated M@ express high levels of
PRR, fail to generate nitric oxide, but produce high
amounts of IL-10 and TGF-p instead. Accordingly,
aaM@® exert selective immunosuppressive functions
and inhibit T cell proliferation. They are found in
healthy individuals in the placenta, lungs, and
immune-privileged sites, but also during chronic
inflammatory diseases.

The presence of these aaM® was demonstrated in
several parasitic infections, both in humans, in case
of filariasis (105) and schistosomiasis (106), and in
animal infection models of Brugia malay: (107),
chronic Taenia crassiceps (108), Nippostrongylus
brasiliensis (109) and Litomosoides sigmodontis infec-
tions (110). In helminth infections, aaM@ are
involved in fibrogenesis and protection against organ
injury and therefore are necessary for the survival of
the host. A cell-specific knockout showed an extreme
susceptibility to quickly die after S. mansoni infec-
tion, which was associated with increased Thl
cytokines, hepatic and intestinal histopathology,
increased nitrite oxide synthase (NOS)-2 activity,
impaired egg expulsion, and sepsis (111).
Furthermore, aaM® were shown to be involved in
a cell contact-dependent suppression of T cell
proliferative responses (110). Recent studies sug-
gested that negative regulation of T cell proliferation

Worms protect against allergy 435

may occur via CD45 ligation by aaM®-expressed
macrophage galactose type C-type lectin (MGL)
(112). Studies on S. mansoni egg-derived glycocon-
jugates, such as LNFPIII and lacto-N-neotetraose
(LNnT), showed that parasite-derived molecules
can directly induce aaM®-like cells (113).
Intraperitoneal injection of LNFPIII or LNnT
coupled to dextran induced the expression of a
GR1"CD11b"F4/80°"CD11c” macrophage popula-
tion that did not secrete nitric oxide (NO) or
prostaglandinE, (PGE,) but instead produced high
levels of IL-10 and TGF-f. The LNFPIII- and
LNnT-primed macrophages also suppressed the
proliferation of anti-CD3/CD28-stimulated T cells
i vitro (113). In contrast, the CD11b*GR-1" aaM®
that were found in experimental 7. crassiceps infec-
tions developed suppressive activity during the
course of infection that relied on arginase activity
and the production of reactive oxygen species (114).
These data indicate that during chronic helminth
infection aaM@® cells are generated and, because
of their tolerizing function at immune-
privileged sites, contribute to the general immune
hyporesponsiveness observed in helminth-infected
individuals (Figure 2).

Concluding remarks

There is evidence that chronic, but not acute,
helminth infection is driving responses that protect
against allergic disorders. It is hypothesized that in
particular during chronic disease immunoregulatory
processes are switched on, for example the develop-
ment of regulatory T and B cells, possibly via their
priming by dendritic cells and alternatively activated
macrophages that have been in contact with
certain signature immunomodulatory molecules.
Interestingly, these molecules may affect not only
the antigen-presenting cells via PRR, but may also
act on regulatory T cells directly to influence their
effector function. The question still remains why
tolerating mechanisms are only found in particular
during chronic disease, but not during acute infec-
tion, as some of the immunomodulatory helminth-
derived molecules are already present early during
infection. Is it just a matter of kinetics? Does it take
more time and exposure to have all the individual
regulatory processes in full action to form a robust
regulatory network necessary for general hypore-
sponsiveness? The fact that higher infection intensity
results in faster and stronger immune hyporespon-
siveness is in favor of this possibility. In this respect,
it is also interesting that individual mouse strains are
either much more susceptible to helminth infection
and die, or develop chronic disease instead and
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survive longer. The differences are most likely
dependent on their genetic predisposition to develop
Thl, Th2, or Treg cell responses with different
kinetics. In search of novel therapies for inflamma-
tory diseases, such as allergy, it would be ideal to
exploit the ability of chronic helminth infections to
modulate the immune system. Although promising
results have been obtained by treating colitis patients
with Trichuris suis (115), a whipworm that naturally
infects pigs, it would be more practical to focus on
individual helminth-derived immunomodulatory
molecules to selectively induce regulatory immune
responses and avoid any possible side effects of
natural worm infections. In view of the above
conclusions, it would be sensible to focus on
molecules that are expressed during the chronic
phase of infection. A few molecules have been now
identified (detailed above) that would make suitable
candidates for therapy. It is important that efforts are
made to bring these molecules to the clinic,
preferably coupled to allergens to target allergen-
specific changes and allow low concentrations to be
effective.
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