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Abstract Helminth infection is a worldwide health problem.
In addition to directly causing disease, helminthic infection
also affects the incidence and progression of other diseases
by exerting immune modulatory effects. In animal models,
infection with helminthic parasites can prevent autoimmune
diseases and allergic inflammatory diseases, but worsens
protective immunity to certain infectious pathogens. In this
review, we summarize current findings regarding the effects
of helminth infection on type 1 diabetes, tuberculosis, and
asthma and discuss possible mechanisms through which
helminthic parasites modulate host immunity. Investigating
these mechanisms could lead to treatment strategies that
specifically modulate the immune response as well as
address fundamental questions in immunobiology.
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Introduction

Hygiene hypothesis and helminthic infection

The “hygiene hypothesis” suggests that sanitizing the
environment leads to an increased incidence of allergic
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disease in susceptible individuals [I, 2]. Recently, an
extension of this original hypothesis has suggested that
improved hygiene may also increase susceptibility to
certain autoimmune disorders [3, 4]. A corollary to this
hypothesis is that exposure to certain parasites and
microbes in early years of life might prevent such diseases
[4]. This may result from environmental pathogens that
stimulate the development and maintenance of well-
regulated immune responses. Among these pathogens,
helminthic parasites are particularly potent at inducing
immune modulation, and a modification of the hygiene
hypothesis suggests a particularly important role for these
eukaryotic pathogens [5].

Helminth infections affect 1.5 billion people in the world
[6]. The characteristic immune response includes: eosino-
philia, mucosal mast cell hyperplasia, elevated IgE secre-
tion, increased production of Th2 cytokines, and expansion
of regulatory T-cells (Tregs). Clinical manifestations in-
clude malnutrition, anemia, impaired growth, retarded
cognitive development, mucohemorrhagic diarrhea, and
severe morbidity [7-10]. In some cases, invading parasites
can also modulate the immune system, a characteristic that
may have evolved to evade host immune surveillance and
impair development of effective host responses. It should
be noted that this effect of the parasite on the host immune
response might also influence the host response to other
infectious and non-infectious agents [11]. Intriguingly,
geographic regions with a high burden of helminth
infection have a lower incidence of many inflammatory
disorders such as asthma, rheumatoid arthritis (RA), type 1
diabetes (T1D), multiple sclerosis (MS), and inflammatory
bowel diseases (IBD) [4]. Alternatively, helminth infection
increases the severity of certain infectious diseases such as
Mycobacterium tuberculosis [12] and reduces the potency
of Bacillus Calmette-Guérin (BCG) vaccination [13]. Thus,
parasites may have both beneficial and harmful effects on
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the immune response. In this review, we focus on the
immunomodulatory effect of helminth parasites on the
development of an autoimmune disease, T1D; an infectious
disease, tuberculosis (TB); and an allergic response,
asthma. Other recently published articles have reviewed
parasite infection in inflammatory bowel disease [14, 15],
rheumatoid arthritis [16], and multiple sclerosis [17, 18].
Taken together, studies of the effects of helminths on these
different inflammatory disorders suggest that the Th2-type
response to helminths can trigger both Th2 cytokines and T
regulatory cell responses that together can modulate both
Thl-type inflammation and allergy-associated Th2-type
inflammation. In this review, we emphasize the helminth-
induced immune regulatory mechanism(s) shown to be
effective in controlling specific inflammatory conditions; it
is of course likely that future studies may identify
additional mechanisms or combinations thereof. We believe
this information is relevant in understanding how helminths
influence other diseases and may provide a rationale for the
use of helminth-based therapies for inflammatory disorders
and for the development of more effective vaccines against
microbes in helminth-infected populations.

Helminth infection and T1D

T1D is an organ-specific autoimmune disease in which the
pancreatic 3 cells are specifically destroyed by pathogenic
IEN-y-producing Thl T cells [19]. It affects approximately
0.2% to 0.3% of children in the USA and ten times that rate
in first-degree relatives of patients with T1D. Its incidence
has significantly increased in Westernized societies in the
past three decades [4]. Although T1D is a multigenetic
disorder [20], it is also influenced by environmental factors
[21, 22].

Recently, the influence of helminthic infection on the
onset and development of T1D has drawn increasing
attention. First, there is an inverse association between
T1D and infectious diseases such as filariasis, and soil-
transmitted helminths [4]. Second, in mice, parasites and
associated products significantly decreased the rate of
spontaneous T1D and inhibited beta-cell/islet infiltration
[23-25]. These findings raise the possibility that helminth
infection may act as a protective factor against human T1D.

Th2 response

How helminthic infection suppresses T1D remains unclear.
Destructive insulitis in non-obese diabetic (NOD) mice is
associated with increased numbers of interferon-y (IFN-y)-
producing cells and can be inhibited by IL-4 [26].
Furthermore, expression of IL-4 in the pancreas inhibited
cyclophosphamide-induced diabetes [27] and exogenous
administration of IL-4 or IL-4 plus IL-10 in vivo decreased
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islet infiltration and sustained normal blood glucose levels
[28, 29]. The possible mechanisms by which IL-4 prevents
T1D are summarized in Fig. 1. Helminths are excellent
agents to induce highly polarized Th2-type responses [30].
Indeed, infection of NOD mice with helminths shifted a
Thl-type response to a Th2-type response and blocked the
development of TID [24, 25]. However, whether exoge-
nous IL-4 or helminth infection-induced IL-4 mediates the
control of TID directly or through stimulation of other
immune regulatory pathways is unclear.

IL-10

Helminths may elicit regulatory cytokines such as IL-10 or
transforming growth factor-beta (TGF-3). IL-10 is an anti-
inflammatory cytokine and its administration has been
shown to ameliorate T1D [26]. Immunization with Schis-
tosoma mansoni antigens increased IL-10 production by T
cells and impaired the adoptive transfer of diabetes with
splenocytes from NOD mice [24]. Administration of
recombinant human IL-10 [31] or IL-10 gene delivery
[32] in NOD mice both significantly diminished insulitis
and blocked diabetes onset. Blocking IL-10 function
accelerated T1D and increased the ability of splenocytes
from NOD mice to transfer T1D [33]. Mechanisms though
which helminth-induced IL-10 may downregulate T1D are
summarized in Fig. 2.

Tregs

CD4'CD25" Tregs can be induced during helminth
infection [34, 35]. A protective role of Tregs has been
shown in TID. In both humans and mice, decreased
number or function of natural CD4'CD25" T cells
correlates with the tendency to develop or accelerate T1D
[36, 37], although recent studies suggest that NOD mice do
not have a decreased number of FoxP3" Tregs [38].
Transfer of Tregs to NOD mice blocks diabetes develop-
ment [39]. Moreover, cyclophosphamide accelerates T1D in
NOD mice in part by reducing Tregs [39], suggesting that
Tregs may contribute to the suppressive effect of helminths
on the development of diabetes. As shown in Fig. 3, Tregs
may use different pathways to prevent T1D.

Invariant natural killer T cells

Besides Tregs, invariant natural killer T cells (iNKT) cells
have also been linked with T1D. In NOD mice, the number
of iNKT cells was markedly reduced and increasing the
number of iNKT cells in vivo prevented T1D [40]. In
humans, iNKT cell clones isolated from patients with T1D
failed to produce IL-4 upon T cell receptor stimulation [41].
Prevention of T1D by iNKT cells requires cell-contact or
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Fig. 1 IL-4 may use the following pathways to inhibit TID: (1) IL-4
can overcome the T cell unresponsiveness, thought to trigger T1D in
NOD mice [130], by restoring NOD thymic and peripheral T cell
proliferation [131]; (2) IL-4 suppresses the migration of auto-reactive
cells to inflammatory sites [132]; (3) IL-4 treatment attenuates CCRS
mRNA expression in islets and increases MIP-1[3 production with an
elevated ratio of MIP-1 and MCP-1: MIP-1« in the pancreas, which
correlates with increased diabetes resistance [133]; (4) IL-4 inhibits
cytotoxic T lymphocyte (CTL) function by boosting B7.2 and
attenuating B7.1 expression on DCs, and blocking B7.2 abrogates

close-cell proximity [42] and depends on the activity
of CD4"CD25" Tregs [43] but not peripheral CDI1d
expression [44]. The requirement of IL-4 for iNKT cell-
mediated protection against T1D is still controversial [42,
45].

IL-4 mediated protectmn from T1D [134 1; (5) IL-4 can elicit FoxP3-
expressing CD4"CD25" Tregs from CD4"CD25~ precursors [135] and
increase their suppressive function [136]; (6) IL-4 provides anti-
inflammation function through suppressing the production of acute-
phase cytokines such as IL-13, TNF-«, IL-6, and IL-8 [137]; (7) IL-4
stimulates AAM®s [138], which may downregulate Thl pathogenic T
cell responses; (8) IL-4 directly inhibits Thl cells. All of these
mechanisms may contribute to the protective function of IL-4 in
diabetes

iNKT cells may regulate the host response post parasite
infection [46]. For example, they make IL-4 and IFNy in
vivo after S. mansoni infection [47]. Prevention of T1D in
NOD mice by S. mansoni worm and egg antigens was asso-
ciated with an increase of iNKT cells, suggesting that iNKT
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Fig. 2 The function of IL-10 in preventing T1D: (1) IL-10 directly
suppresses inflammatory responses; (2) IL-10 increases the percentage
of CD4" CD25" regulatory T cells, dampens the MHC Class II

expression on CD11b" cells, and inhibits the ability of diabetogenic
spleen cells to transfer T1D [139]
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Fig. 3 Treg cells prevent the onset of T1D through the following
possible mechanisms: (1) Treg cells control T cell priming by
inhibiting DC maturation and Ag presentation [140]. (2) Tregs
suppress autoimmune T cell differentiation into T effector cells
[141]. (3) Tregs inhibit chemokine receptor CXCR3 expression by
Thl cells that plays an important role in T cell pancreatic islet
infiltration [141]. (4) Tregs restrain the auto reactive T cell function

cell expansion and activation may contribute to helminth-
induced protection from diabetes in NOD mice [24].

Alternatively activated macrophages

Alternatively activated macrophages (AAM®s) can be
induced by IL-4 during helminth infection [48]. AAM®s
express CD206 and IL-4Ralpha on the cell surface and
metabolize arginine to polyamines or proline via the
arginase pathway [48] in contrast to classically activated
macrophages that metabolize arginine to nitric oxide via the
inducible nitric oxide synthase pathway. In NOD mice,
macrophages (M®s) appear to contribute to the develop-
ment of T1D [49] while depletion of M®s inhibits the
development of TID [50]. It is likely that classically
activated macrophages develop in NOD mice given the
elevated Thl-type response. Helminth infection may in-
stead trigger AAM® generation that suppresses the Thl-
type response and associated classical activation of M®,
thereby protecting rather than exacerbating insulitis and f3-
cell destruction. AAM®s have been shown to suppress
Thl-type responses during helminth infection [51] and to
inhibit antigen-specific CD4 " activation through a TGF-p-
dependent mechanism [52]. Recently, we found that
following Heligmosomoides polygyrus (Hp) infection of
NOD mice, AAM®s are present in the pancreatic lymphoid
nodes (Liu Q. et al., Infect Immun. 2009 Sep 14. [Epub
ahead of print]), suggesting that they may play a role in the
control of the Thl-type immune response, and thus
contribute to the inhibition of T1D.
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inside the islets [142]. (5) Tregs express high levels of IL-10,
glucocorticoid induced tumor necrosis factor receptor family and
Inducible T-cell COStimulator (ICOS) to suppress inflammation and
tissue damage within the peripheral tissues [143, 144]. Blocking ICOS
abrogates protective function of Tregs and accelerates the disease
development [145]. (6) Tregs contribute to autoimmune tolerance
through activating membrane-bound TGFf3 [146]

Helminthic infection and Mycobacterium tuberculosis

TB is a leading life-threatening infectious disease with
1.9 billion people infected and 1.9 million deaths each year
[53]. Currently, mortality and morbidity remain alarmingly
high for TB. Possible reasons include: the majority of
people carry a latent infection and reactivation increases
morbidity and mortality [54]; current vaccine candidates
(BCG) mainly protect against TB meningitis in children,
but not in latently infected individuals [55]; and co-
infection with HIV significantly magnifies the risk of
having active TB [56].

The finding that HIV co-infection significantly reduces
immunity to MTB suggests that co-infection with other
pathogens may also affect the protective immune response
to MTB. Consistently, increasing evidence suggests hel-
minths exert profound immunoregulatory effects: (1) There
is a strong correlation between the intestinal helminth
infection and the onset of active pulmonary TB [57] and
enhancement in mycobacterial-specific immune responses
occurs following anti-helminthic therapy [58]. (2) Helmin-
thic infection reactivates latent TB infection [59]. (3)
Helminthic infection weakens the efficacy of BCG vaccine
[57]. In mice, infection with helminthic parasites such as S.
mansoni prior to BCG vaccination markedly lowers the TB
antigen-specific Thl-type response [12]. In humans, chil-
dren born from worm-infected mothers show a compro-
mised response to BCG vaccination [60]. Taken together,
these studies suggest that helminth infection might worsen
TB pathogenesis.
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Helminth-induced Th2 cytokines

Protection against MTB infection relies mainly on IFN-y
production by CD4" Thl cells. Helminthic infections are
potent inducers of Th2 cells [61]. Compared to uninfected
controls, TB patients have a markedly increased IL-4 [62]
and Th2/Th1 (IL-4/IFN-y) mRNA ratio [63]. Th2 cytokine
predominance, especially IL-4, has been shown to correlate
with the progression to active TB [64]. In MTB-infected
animals, IL-4 deficiency extensively depressed the infection
in lung and spleen, but rIlL-4 administration enhanced
bacterial burden to the level of wild-type mice [65]. Thus,
IL-4 is a predictive indicator of disease progression in TB.
Recently, it has been found that TB-infected patients had
increased stability of endogenous IL-4 mRNA, but not IL-4
delta2 mRNA (a competitive antagonist of IL-4) [63]. The
mechanisms through which IL-4 may impair control of M.
tuberculosis involve multiple pathways (see Fig. 4).

Tregs

In addition to controlling pathogenic T cells and autoim-
mune inflammatory responses, Treg cells also play impor-
tant roles during infectious disease. Treg cells can benefit
pathogen survival by diminishing protective immunity [66].
Indeed, MTB infection increased the frequency of CD4"
Treg cells in patients with active disease compared to PPD"
healthy subjects. Moreover, IFN-y production by CD4" T-
cells was markedly diminished in patients with active
disease, while standard short-course chemotherapy signifi-
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Fig. 4 1L-4 promotes the pathogenesis and progression of TB. (1) IL-
4 downregulates expression of the Thl-specific transcription factor T-
bet [147] and also abrogates expression of IL-12R{3 to suppress the
development of Thl cells [148]. (2) IL-4 increases CD30 expression
which causes TNFx-mediated apoptosis of infected T cells to weaken
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cantly improved IFN-y production and decreased Tregs
frequency [67]. In another study, increased IL-10 and TGF-
3 mRNA have also been seen in TB patients who have
increased Tregs [68]. As helminth infection induces Tregs
in vivo [35], it may downregulate host immunity through
Tregs [69].

Migration of DCs from the lung to DLNs

Inhaled MTB is phagocytosed by lung-resident alveolar
M®®s, interstitial M®s, and dendritic cells (DCs) following
a pulmonary infection. However, only infected DCs migrate
to the draining mediastinal LNs to initiate T cell priming
[70] and cause MTB dissemination [71, 72]. In vivo
depletion of DCs delayed MTB-specific T cell priming
and resulted in exacerbated disease [73].

MTB infection induces high IL-12 release from DCs in a
TLR9-dependent manner [74]. IL-12 is not only the
prototypical Thl-inducing cytokine, but recently it has
been shown that IL-12p40 homodimers have a role in
positively influencing the activation and migration of MTB-
infected DCs from the pulmonary site to the draining
mediastinal LNs [75]. IL-10 can inhibit both the migratory
[76] and IL-12 secretion capacity of DCs [77]. IL-10 is a
major by-product of the helminth-induced Th2 response.
We have found that intestinal helminths that migrate
through the lung can suppress M. tuberculosis-induced
Thl effector cells (Liu Z. et al., unpublished observation),
probably through inducing inhibitory effects on pulmonary
DC function.
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the anti-MTB immunity [149]. (3) IL-4 increases arginase activity [48]
but suppresses iNOS activity [150]. (4) IL-4 promotes the generation
of FoxP3" regulatory T cells [135]. (5) IL-4 downregulates toll-like
receptor-2 (TLR2) signaling [151]
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Th17 cells

The Th17 cell, a newly identified T effector lineage that
expresses 1L-17, can augment tissue inflammation in the
lung and other organs [78]. Recent studies suggest that
local secretion of IL-17 contributes to long-standing anti-
microorganism responses throughout persistent bacterial
infections [79]. Four weeks after Mycobacterium bovis
BCG infection of IL-17 deficient mice, IFN-y production
by lung-infiltrating T cells is markedly reduced and
granuloma formation is suppressed [80]. Also, Th17 cells
can respond immediately to antigen and further mobilize
Th1 cells to suppress pathogen survival in peripheral tissues
during recall responses to MTB infection [81]. IL-17 may
promote immunity to MTB by: (1) inducing initial
neutrophil-driven inflammation [80]; (2) upregulating the
expression of certain chemokines, which recruit IFN-y-
producing CD4" T cells to the infection site [81]; (3)
promoting IFN-y production by CD3" T cells [80]; or (4)
favoring granuloma formation, which restricts bacterial
spread [80]. IL-4 has also been shown to downregulate
Th17 cell development in vitro [78] and in vivo (Liu Z.,
unpublished observation). It is thus possible that the
increased incidence of TB following helminth infection
may be partly due to in vivo inhibition of IL-17 production
by helminth-induced IL-4.

Alternatively activated macrophages

Thl effector cell function includes secretion of IFN-y that
activates M®s to destroy intracellular pathogens including
MTB. These “classically” activated M®s upregulate induc-
ible NO synthase (iNOS) and produce anti-mycobacterial
reactive nitrogen intermediates that control both acute and
chronic TB infection [82]. In contrast, helminth-induced
AAM®s upregulate arginase instead of iNOS [83]. Like the
counter-regulation of Th1l and Th2 cells, reciprocal inhibi-
tion of iNOS and arginase also occurs as they compete for
the common substrate-L-arginine [84]. Compared to IFN-y-
activated bone marrow M®s (BMM®), IL-4-primed
BMM® showed delayed and moderately reduced responses
to intracellular bacteria, which benefit from the intracellular
persistence of MTB [85]. One explanation would be that
IL-4 and IL-13 inhibit autophagy-induced elimination of
intracellular Mycobacteria in M®s in an Akt-dependent
manner [86].

Arginase, a key enzyme characteristic of AAM®s,
converts L-arginine to proline, an important precursor of
collagen. Arginase promotes collagen deposition and
fibrosis of granulomas. Protective granulomas during
MTB infection result in a localized inflammatory response
and containment of MTB [87]. Although mycobacterial
granulomas develop under the influence of I[FNvy-producing
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Thl cells, there is underlying low-level Th2-type activity
that induces fibrosis in late-stage granulomas [88]. The fact
that granuloma pathology can be shaped by the balance of
iNOS and arginase [89] suggests that helminth infections
can influence the evolution of tuberculous granulomas.
Given that AAM®s have wound healing effects [90], it is
possible that AAM®s induced by parasites benefit the
recovery of MTB-infected tissue structure. AAM®s in-
duced by the filarial nematodes have an anti-proliferative
effect on a range of different cell types, including antigen-
specific T cells [91]. One mechanism may involve
production of polyamines, a downstream metabolite of the
arginase pathway, which have been shown to suppress Th1-
type responses [92]. Whether helminth-induced AAM®s
can suppress MTB-specific T cell responses is an area
warranting further investigation.

Allergic asthma and helminth infection

Allergic asthma, a chronic reactive lung disease, is
characterized by airway inflammation, enhanced sensitivity
to external agents, and airflow obstruction. In many cases,
asthma is caused by a Th2-type allergic response that
induces lymphocyte-mediated airway inflammation [93].

Although allergic disorders have a genetic element [94],
recent studies indicate that environmental factors also play
an important role. People living in Western Europe have an
increased incidence of asthma compared to genetically
similar individuals who live in Eastern Europe [95].
Consistently, immigrants from developing countries in
Western nations showed increased incidences of asthma
even within the same country, whereas children raised in
farms in suburban areas have lower incidences of asthma
compared to those living in urban settings [96]. These
findings suggest that environmental factors regulate the
onset of asthma. Consistently, infection with S. mansoni
reduces Th2-type immune responses to allergens and
clinical manifestations of asthma in humans and in mice
[97, 98].

As both allergic asthma and helminth infections trigger
Th2-type responses, it is perhaps surprising that the
immune response induced by helminths can control asthma.
Apparently, helminths induce regulatory mechanisms asso-
ciated with the Th2-type response that can control allergen-
induced Th2-type immune responses. Although not yet well
understood, a number of recent studies have indicated
several pathways through which helminths may contribute
to inhibition of allergic inflammatory responses [99—102].

IgE and IgG4

IgE plays an important role in the development of allergic
asthma [103]. Allergen-specific IgE antibodies can bind to
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high-affinity receptors expressed on mast cells and baso-
phils, which causes the release of inflammatory mediators
that induce the allergic immune response and clinical
symptoms [104]. Blocking IgE in patients slows asthma
exacerbation and ameliorates clinical manifestations [104].
Since helminth infections induce potent polyclonal IgE
production [30], it was predicted that the parasites would
trigger allergic responses [105]. However, helminth-
infected individuals are rarely allergic to the parasites and
typically are less responsive to allergens [106]. Consistent-
ly, substantial negative correlations were found between
total IgE levels and skin allergen tests in helminth-infected
individuals [106]. This may be due to helminth-induced
production of polyclonal IgE suppressing allergen-specific
IgE production through competitive occupancy of IgE
receptors on mast cells and basophils [107]. Indeed,
treatment of helminth-infected children with anti-
helminthic medication dramatically decreased total serum
IgE levels but enhanced the sensitivity to skin-test [108].
However, in a murine asthma model, despite suppressed
allergic responses, Heligmosomoides polygyrus infection
significantly increased both total IgE and allergen-specific
IgE, indicating that other mechanisms may also account for
the protective effects [109].

Microfilaremic filarial infection usually induces high
levels of IgG4 production in human beings [110]. Patients
with chronic filarial infection rarely show allergic reactions
to parasite antigens [111]. Further studies found that anti-
filarial 1gG4 antibody increased in these asymptomatic
patients. Specific removal of IgG4 antibody from the sera
reduced its ability to inhibit histamine, suggesting that [gG4
is responsible for mediating the asthma-blocking activity in
asymptomatic patients [111]. Thus, high IgG4 production
may also play a role in helminth-mediated protection from
asthma.

Tregs

A number of studies suggest that Treg cells play an
important role in controlling allergic responses. In humans,
the persistence and exacerbation of asthma is correlated
with reduced FoxP3 mRNA and frequency of Tregs in
peripheral blood mononuclear cells [112], and the function
of Treg cells may also be defective in allergic patients
[113]. Reduction of allergic symptoms after allergen-
specific immununotherapy correlates with IL-10-producing
regulatory T cells [114]. In mice, Treg cells effectively
suppress allergen-induced airway hyper reactivity and
inflammation [115]. Helminth-induced Tregs may thus
downregulate the host immune responses to allergens.
Indeed, H. polygyrus infection increased CD4'CD25" T
cells in mesenteric LNs, and transfer of mesenteric LN cells
from H. polygyrus-infected mice protected ovalbumin

sensitized recipients from asthma [102]. Similarly, treat-
ment with schistosome egg antigens increased the number
and suppressive function of IL-10-producing Treg cells,
decreased Th2 cytokines, and reduced antigen-induced
airway inflammation in a murine asthma model [116]. These
studies suggest that prevention of asthma by helminth
infection may involve Treg cell-dependent pathways.

IL-10

Helminth infection can induce elevated IL-10 production
[117]. IL-10 plays a role in downregulating inflammation-
mediated allergic diseases. Diminished IL-10 secretion is
observed in asthma patients [118]. Glucocorticoid treatment
of asthma patients increased IL-10 production by alveolar
M®s [119]. The weal diameters of allergen-specific skin
prick tests are negatively associated with IL-10 production
[120]. These findings raise the possibility that IL-10 may
contribute to helminth-mediated protection from asthma.
Consistently, helminth infection reduces allergic airway
inflammation and increases IL-10 production [109, 119].
IL-10 may prevent asthma through inhibition of mast cell
degranulation [121], suppression of Th2 cytokine production
[109, 122], induction of regulatory T cells [123], and/or
direct inhibition of inflammation [124]. In contrast, some
studies showed that helminth-induced suppression of asthma
can occur through IL-10-independent pathways [101, 102].

Innate components

In addition to Treg cells, components of innate immunity
induced by worm infection may also impede the develop-
ment of asthma. Soluble molecules from S. mansoni eggs
inhibit DC responsiveness to lipopolysaccharide (LPS)
[125], while low-dose LPS promotes the development of
Th2 allergic responses induced by inhaled ovalbumin [126].
In addition, a glycolipid from schistosomes modulates
human DCs to induce IL-10-producing regulatory T cells
[127]. Glycan-derived products from schistosome eggs also
expand peritoneal M®s that suppress T cell proliferation
[128]. Similarly, schistosome worms enhance expression of
programmed death ligand (PD-L1) on M®s to induce T cell
anergy [129]. Thus, helminth-mediated inhibition of asthma
may also occur through modulation of DC or macrophage
function.

Conclusion
Helminthic infections are widespread and represent a major
global health problem. These pathogens elicit a strong,

polarized Th2-type response that modulates regulatory
innate and T cell populations. These different components
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of the response, Th2 cells, T regulatory cells, and innate
regulatory populations, may, to some extent, be stimulated
independently by helminth infection. The combined actions
of these agents during the Th2-type response result in
potent regulatory effects on Thl-type inflammation ranging
from autoimmune diseases, such as T1D, to infectious
diseases including TB. Furthermore, these immune
responses evoked by helminths can control the pathologic
Th2-type responses associated with asthma in experimental
mouse models, suggesting that even responses mediated by
Th2 cytokines are downregulated.

The actual helminth-induced immune regulatory mecha-
nisms leading to control of both Thl- and Th2-type
responses are not yet well understood. They may include
Treg cells, AAM®s, differentially activated DCs, IgE-
producing B cells, IL-10 and/or TGF{3, Th2 cytokines, and
differential expression of cell surface costimulatory mole-
cules like PDL and Inducible T-cell COStimulator. As we
continue to elucidate these immunoregulatory mechanisms
induced by helminths and identify helminth structures that
elicit them, we may gain important insights into developing
new therapies for the treatment of inflammatory diseases.
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