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Systemic impact of intestinal helminth infections
PK Mishra?, M Palma'?, D Bleich?, P Loke* and WC Gause'”?

In this review, we examine the evidence that intestinal helminths can control harmful inflammatory responses and

promote homeostasis by triggering systemic immune responses. Induction of separable components of immunity by
helminths, which includes type 2 and immune regulatory responses, can both contribute toward the reduction in harmful
type 1 immune responses that drive certain inflammatory diseases. Despite inducing type 2 responses, intestinal

helminths may also downregulate harmful type 2 immune responses including allergic responses. We consider the
possibility that intestinal helminth infection may indirectly affect inflammation by influencing the composition of the
intestinal microbiome. Taken together, the studies reviewed herein suggest that intestinal helminth-induced responses
have potent systemic effects on the immune system, raising the possibility that whole parasites or specific molecules
produced by these metazoans may be an important resource for the development of future immunotherapies to control

inflammatory diseases.

INTRODUCTION

Approximately two billion people are currently infected with
intestinal helminths, with the heaviest worm burdens occurring
in non-industrialized countries." This group of parasites can
be soil transmitted, such as with hookworms (Necator and
Ancylostoma), whipworms (Trichuris), roundworms (Ascaris),
or tapeworms (Cestoda). Other intestinal helminths, for
example, Trichinella, can also be transmitted through oral
ingestion of larval-infected tissues, such as by eating under-
cooked meats. Intestinal helminths can impair fitness in both
wild>® and domestic*® mammalian hosts. In some cases,
infection with intestinal helminths can impair physical and
cognitive development in children.” It is thus likely that these
ubiquitous helminths have exerted considerable selection
pressure during the several hundred million years they have
coevolved with their mammalian hosts.*” The evolution of the
type 2 immune response is a likely consequence of the selection
pressure from helminths, although other potential elements
driving the evolution of the type 2 immune response have been
proposed.” ™!

The type 2 response is characterized by increased production
by immune cells of T helper type 2 (Th2) cytokines, including:
interleukin (IL)-4, IL-5, IL-9, and IL-13. Although initial
studies identified CD4 " Th2 cells as an important source of

these cytokines, it is now clear that a number of other immune
cell lineages, including eosinophils, basophils, and innate
lymphoid cells (ILCs) can be activated to produce one or more
of these cytokines during helminth infection.'*”"” As such,
these cytokines will be referred to as type 2 cytokines. The
immune regulatory cytokine IL-10 was initially described as a
Th2 cytokine; however, it is now clear that IL-10 is also made by
Th1 cells and various types of Treg cells. Even during helminth
infection expression of IL-10 can be regulated independently
of the type 2 response.’”** Another important regulatory
cytokine induced by helminth infection is transforming growth
factor beta (TGF-f). TGF-f is also regulated independently of
type 2 cytokines, and can be produced by Treg cells.”> >’

It is useful to think of the immune response evoked by
helminths as composed of two separable and at times
independent compartments, a type 2 cytokine response and
a regulatory response, both of which contribute to the overall
protective type 2 response to helminth parasites. Generally, this
overall protective response includes mechanisms that mediate
resistance, resulting in accelerated worm expulsion, and also
mechanisms that enhance tolerance of invasive helminths. In
this context, we refer to tolerance as the ability to reduce
damage to the host without affecting resistance to the
pathogen.”®*® In the host response to intestinal helminths,
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tolerance includes both direct effects promoting wound healing
and also inhibitory effects on harmful inflammation.”%~>* This
harmful inflammation is frequently mediated by the type 1
immune response and can be defined as including the elevation
of both Th1 and Th17 cytokines, as previously described.”*

Macrophages may also mediate immune regulatory effects
through expression of arginase-1, PDLI, and PDL2,** IL-10,*
and Socs-1.”> Recent studies suggest that during acute stages of
helminth infection, IL-10 is predominantly produced by T cells
and not by macrophages.”®*° Hence, macrophages during these
acute responses have an alternatively activated macrophage
(M2) phenotype, which is more consistent with a wound
healing rather than a regulatory phenotype, as recently
described.”” However, M2 macrophages have also been shown
to induce the differentiation of Tregs through their production
of retinoic acid.*® Overall, the acute type 2 response is
important in enabling tolerance by the host of the considerable
tissue damage caused by intestinal helminths during their
life cycle, including migration through primary organs such as
the lung, as in the case of hookworms. Taken together, the
mammalian host both resists and tolerates helminth infections
through the evolution of complementary components of type 2
and regulatory responses.” However, it should also be noted
that prolonged type 2 immunity, particularly in chronic
responses, can also lead to immune pathology, including
fibrosis.***

INTESTINAL HELMINTH-INDUCED RESPONSES

The intestinal immune response may have been the first
component of the adaptive immune response to evolve in
vertebrates.*"** This response must distinguish nutrients and
their associated antigens from potential pathogens. It must also
distinguish commensal and mutualistic symbionts, which may
be vital components of the microbiome, from harmful micro-
bial pathogens. Additionally, there is the need to distinguish
between pathogenic microbes and eukaryotic multicellular
parasites, to trigger the appropriate type 1 or type 2 immune
response. An area of active investigation is to understand how
the mucosal immune response manages the complex task of
recognition and activation of appropriate immune effector cell
populations.

Considerable progress has recently been made in determin-
ing the molecular triggers that initiate both type 1 and type 2
mucosal immune responses in the enteric milieu. In the case of
helminths, increases in type 2 cytokines, in particular IL-5 and
IL-13, can be detectable within hours after infection. An
important source of these cytokines is innate lymphoid 2 cells
(ILC-2s). ILC-2s release type 2 cytokines following activation
by cytokine alarmins, including IL-25, IL-33, and thymic
stromal lymphopoietin. These alarmins are rapidly released by
endothelial and epithelial cells,">*>** and likely other cell
types,**~*® at early stages of the response. Biologically active
IL-33 is released by necrotic cells during tissue damage,*
thereby providing a link between the type 2 response and tissue
injury. Mast cells activated during helminth infection can also

promote cytokine alarmin production in some cases playing an
essential role in promoting the type 2 immune response.”’
Intestinal epithelial cells form the initial barrier between the
lumen and intestinal tissues and may be a primary source for
cytokine alarmin production. The lamina propria supports a
robust population of immune cells, which are rapidly stimu-
lated following intestinal nematode infection (Figure 1).
Alarmin activated ILC-2s produce primarily IL-5 and IL-13,
while activation of eosinophils and basophils may serve as a
primary initial source of IL-4.°'~>* Thus, these granulocytes
may preferentially support Th2 cell differentiation.” Recent
studies suggest that ILC-2s may actually activate eosinophils,
through their production of IL-5, thereby indirectly triggering
IL-4 release.”® Activated dendritic cells (DCs) and other innate
immune cell populations migrate from the lamina propria, and
the more organized peyers patches, through lymphatic vessels
to the mesenteric lymph node. Here, a potent adaptive immune
response, which includes Th2 cells, and B cells secreting IgE
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Figure 1 Intestinal helminths initially trigger a type 2 immune response
through multiple mechanisms. Helminths damage tissue during feeding
and migration in the intestine, which in turn can trigger the release of
danger-associated molecular patterns (DAMPs) and cytokine alarmins
(interleukin (IL)-25, thymic stromal lymphopoietin (TSLP), and IL-33).
These alarmins then activate innate lymphoid cells and likely other cell
populations that support the development of a type 2 innate immune
response, which in turn provides necessary signals for the development of
type 2 adaptive immunity. Excretory/secretory (ES) products released by
helminths also promote the type 2immune response through stimulation of
cytokine alarmins and through effects on dendritic cells (DCs) that inhibit
their capacity to support T helper type 1 (Th1) cell differentiation while
promoting Th2 celland T regulatory cell development in the draining lymph
nodes. At the site of infection, the type 2 immune microenvironment likely
sustains activation of Th2 effector cell and T regulatory cells. Together
tissue damage and ES products, in the absence of strong Toll-like receptor
(TLR) signaling, are likely primary stimuli that together trigger and help
maintain a robust multicomponent type 2 response. Effects of helminths
on the microbiome may also influence mucosal and systemic inflammatory
responses. TGF-p, transforming growth factor beta.
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and IgGl, soon develops during helminth infection of
mice. The mesenteric lymph node is likely an important
source of the elevated serum IgE and IgGl detected within
2 weeks after Heligmosomoides polygyrus bakeri inoculation,
when germinal center formation is readily detected.””

The spleen may also be an important source of serum Igs and
potentially Th2 cells during the response to H. polygyrus bakeri,
which is a strictly enteric helminth (Figure 2). Splenomegaly is
detected by 2 weeks after inoculation,>® which is associated with
increased type 2 cytokine gene expression in the spleen,” >
indicating that a systemic response rapidly follows the initial
mucosal response after intestinal helminth infection. Use of
bicistronic 4get IL-4 reporter mice has demonstrated accu-
mulation of Th2 cells in the liver, lung airways, and the
peritoneal cavity after H. polygyrus bakeri inoculation. Thus,
Th2 cells themselves spread systemically during this strictly
enteric nematode parasite infection.”” As might be expected,
however, the enteric response does initially develop before the
systemic response and is associated with higher levels of Th2
cytokine expression.®”® Studies of wild wood mice (Apodemus
sylvaticus) have further shown a negative correlation between
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splenocyte responsiveness to Toll-like receptor signaling and
chronic infection with H. polygyrus bakeri,** indicating that
intestinal helminth infection may systemically downregulate
microbial recognition and host responsiveness in wild rodent
populations.

While activating type 2 responses, specific helminth
excretory/secretory (ES) products can have the capacity to
inhibit antigen-presenting cells, predominantly DCs, from
producing IL-12, costimulatory molecules, and other factors
required for Thl cell differentiation.®>”" Instead, helminth-
activated DCs may stimulate the development of T regulatory
populations that further downregulate type 1 responses.®®”'~*
This cascade of effects results in the development of two at least
partially independent and complementary immune responses
to helminths, the first resulting in cytokine alarmin release and
stimulation of type 2 cytokines and the second resulting in the
development of DC populations that stimulate Treg cell
activation and downregulate type 1 cytokines. Together, these
different activation cascades can promote a potent and
polarized type 2 immune response accompanied by strong
immunoregulatory populations.
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Intestinal helminths may stimulate systemic responses through lymphatic/circulatory system. Intestinal helminths trigger a potent type 2 innate

immune response in the gut that stimulates activated dendritic cells (DCs) to migrate through the lymphatic ducts to the draining mesenteric lymph node
(mLN) where they can promote T helper 2 (Th2) cell differentiation. At the same time, helminth excretory/secretory (ES) products may also enter the
circulation and contribute to the development of adaptive type 2 immune responses. Dissemination of ES products and activated cells through the
circulation to other organs may contribute to the development of systemic responses and increases in Th2 cells in liver, spleen, and peritoneum. Thus, an
immune response induced by helminths in the enteric region may have broad systemic anti-inflammatory effects. Intestinal helminths that migrate from
the skin through the vasculature to the lung and then the intestine also induce localized responses at these additional sites that can contribute to systemic
immune responses. IL, interleukin; TGF-, transforming growth factor beta; IGF-1, insulin-like growth factor 1.
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INTESTINAL HELMINTH MIGRATION TRIGGERS POTENT
NON-ENTERIC IMMUNE RESPONSES

The migration of larval stages can also extend the effects of
intestinal helminths on immune function far beyond the site of
infection. There are several experimental rodent models of
helminth infection where the immune response is initiated
entirely in the intestinal milieu including H. polygyrus,
Trichuris muris, and Trichinella spiralis.”> A well-characterized
rodent model of helminth infection with systemic larval
migration is the nematode parasite Nippostrongylus brasiliensis
(Figure 2), which like the human hookworm, infects through
the skin and undergoes a lung migratory phase. This migration
from the site of infection in the skin through the lungs and
finally to the intestine can have pronounced effects on systemic
immune responses, even after the parasites are no longer
present in the affected tissues.”®®' In the lungs a lymphoid
infiltrate occurs within 48 h after hookworm larval invasion,
which can adversely affect lung function when given at high
doses in experimental models.**”® A rapid influx of neutrophils
and associated tissue damage is controlled by an acute type 2
immune response. Pronounced elevations in IL-4 and IL-13
control harmful inflammation at least in part through
activation of M2 macrophages. Macrophage-derived factors,
including insulin-like growth factor 1 beta, directly promote
tissue repair while other factors, including arginase-1, mediate
control of inflammation. Hence, the severity of acute lung
injury is reduced through an IL-4R-dependent mechanism.*
Even after the parasites have exited the lungs and entered the
small intestine, a chronic type 2 response in the lung is
sustained. The chronic type 2 response can eventually lead to
long-term lung damage that can include emphysematous
pathology.?>**

Interestingly, a secondary challenge with N. brasiliensis
triggers accelerated worm expulsion, with most parasites killed
by several days after challenge, usually before larvae reach the
intestine. Both the skin and the lungs are likely sites of immune
attack by macrophages and other immune cell populations,
resulting in worm killing.”>** The potent pulmonary immune
response to migrating N. brasiliensis larvae may also trigger
increased susceptibility to infection with Mpycobacterium
tuberculosis. This could at least in part be due to the alternative
activation of macrophages in the lung by the type 2 immune
response, resulting in impaired macrophage bactericidal
effector functions.*> As recently reviewed,*® increasing evi-
dence suggests that in humans, as well as in experimental
models, the immune response to intestinal helminths may
influence protective mucosal and systemic immune responses
to microbial pathogens, including human immune defi-
ciency virus, Plasmodium species that cause malaria, and
M. tuberculosis.

INTESTINAL HELMINTHS CONTROL HARMFUL
INFLAMMATION BEYOND THE INTESTINAL MUCOSA

The potent systemic effect of an intestinal helminth infection is
further demonstrated by the effective prevention of sponta-
neous type 1 diabetes (T1D) in non-obese diabetic (NOD) mice

following H. polygyrus inoculation®**"* (Figure 3). NOD
mice develop an aggressive autoimmune response toward the
islet beta cells of the pancreas, resulting in peri-insulitis at about
5-6 weeks of age followed by invasive insulitis, destruction of
the islet beta cells, and development of diabetes as early as 12-14
weeks of age.*® H. polygyrus inoculation effectively prevents
invasive insulitis and associated diabetes when administered
at 5 weeks of age and even significantly reduces the incidence of
T1D when administered as late as 7 weeks of age.””®” Further-
more, if H. polygyrus is administered at 5 weeks of age and then
worms are expulsed by drug treatment at 7 weeks, development
of T1D is still blocked as late as 40 weeks of age.®’ Thus, only a
2-week interval of enteric helminth infection is needed to
block the development of T1D. This potent effect on T1D,
where only a short time window is required for the presence of
Th2 stimulating agents, raises the possibility of future effective
protocols utilizing short-term intestinal helminth-based
therapies for the control of TI1D in humans. Intriguingly,
even when IL-4R signaling is essentially blocked in NOD-
IL-4 '~ mice, effective blockade of T1D still occurs following
H. polygyrus inoculation.®® Similarly, T1D is also prevented
in NOD-IL-4 '~ mice after systemic infection with the filarial
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Figure 3 Intestinal helminths trigger immune regulatory cells that can
inhibit type1 diabetes and associated inflammation. Intestinal helminth
infection stimulates the development of a potent type 2 immune response
in the pancreatic lymph associated with decreased islet beta cell-specific
interferon gamma (IFN-y) producing Th1 cells and an increase in
interleukin (IL)-4, transforming growth factor beta (TGF-f), and auto
antigen-specific T cells producing IL-10. We propose that this may occur
because the helminth-induced immune microenvironment in this draining
lymph node alters dendritic cell (DC) activation such that these auto-
antigen presenting cells now favor the development of regulatory Tr1 cells
instead of inflammatory Th1 cells. We propose that this effect dampens the
stimulus provided by IFN-vy that would otherwise promote the development
of aninflammatory response leading to invasive insulitis and destruction of
islet beta cells. It should be noted that in this context the spleen may also be
an important source regulatory cell populations and cytokines.
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parasitic nematode Litosomoides sigmondontis. In the
L. sigmondontis model, TGF-3 was essential for control of
TID in the absence of IL-4 and for the associated blockade of
IL-13 and other type 2 cytokines.”® Thus, potent immune
regulatory mechanisms, occurring independently of type 2
cytokines, are induced by nematode parasites after systemic or
intestinal helminth infection. Further studies with H. polygyrus
showed that loss of either IL-4 or IL-10 signaling alone was
not sufficient to abrogate the protective effects of helminth
infection against the formation of T1D while combined
blockade of IL-4 and IL-10 lead to loss of H. polygyrus-
mediated control of invasive insulitis.®"

These findings provide insight into why the helminth-
induced type 2 immune response is so robust, as it apparently
includes immune regulatory compartments that can develop
independently and are at least partly redundant. An important
source of the IL-10 in the H. polygyrus-inoculated NOD mice
was FoxP3 ~, CD4 " autoantigen-specific T cells,”" which is
consistent with a Tr1 (type 1 regulatory cell) phenotype. In one
model, Tr1 cells originate from conventional interferon gamma
(IFN-v) producing Thl cells, with an intermediate Th cell
producing both IL-10 and IFN-v.**** In the context of T1D,
such helminth-induced differentiation of islet beta cell auto-
reactive IFN-y producing Thl to IL-10 producing Trl cells
would not only provide an important source of immuno-
modulatory IL-10 but would also effectively deplete the major
source of IFN-v, which has an essential role in the development
of invasive insulitis.”’

It is perhaps surprising that a strictly intestinal nematode
parasite can have such potent effects on a systemic autoimmune
disease. This may simply be a result of potent helminth-derived
stimuli spreading through the lymphatics to the circulatory
system eventually affecting the spleen and other secondary
lymphoid tissues including the pancreatic lymph node (see
Figure 3). There is, however, also recent evidence suggesting
that islet-reactive T cells in NOD mice initially develop in the
mesenteric lymph nodes and express gut homing receptors
including MAdACAM-1 and 04f7, raising the possibility that
these autoreactive T cells may be cross reactive with gut-derived
foreign Ags.”>”” This apparent association of the development
of T1D with the enteric response may thus be a factor in the
potent control of TI1D by intestinal helminth-induced
responses, particularly at early stages in the development of
the autoimmune response. Interestingly, systemic administra-
tion of ES-62, a potent helminth-derived anti-inflammatory
product, which is effective in treating experimental allergy”®
and arthritis models,”” has little effect on arresting the
development of TID in NOD mice (Harnett and Cooke,
personal communication).

Intestinal helminth infections may also suppress symptoms
of allergic responses. Superficially, this observation may seem
paradoxical, as both helminths and allergies activate type 2
immune responses. One possible explanation may be that, in
contrast to the allergic response, the immune response to
helminths includes additional immune regulatory components,
at least partly triggered by ES products from the worms.'*’ ES
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products may attenuate DC activation by suppressing upre-
gulation of costimulatory molecules and cytokines.®” As already
discussed, ES-activated DCs can support the development of
Treg populations, resulting in the upregulation of immunor-
egulatory cytokines including IL-10. As well as dampening Th2
cell function, recent studies suggest that IL-10 produced during
chronic helminth infection may also directly modulate allergic
effector cells, specifically basophils, by reducing their respon-
siveness to IgE-mediated stimulation.!®® Thus, ES-activated
DCs may control allergic inflammation during helminth
infection and potentially attenuate responses to unrelated
allergens.

Multiple clinical studies have suggested that allergic
diseases are more pronounced in areas of low helminth
endemicity.'”'%” In one large study, children infected with
geohelminths, including Ascaris lumbricoides (ascariasis),
Trichuris trichiura (trichuriasis), and Ancylostoma duodenale,
showed increased protection against allergen skin test reactiv-
ity.'*® Although the mechanisms remain unclear, this is likely
mediated through multiple regulatory components, as eleva-
tions in type 2 response markers (e.g., serum IgE), but not
IL-10, were associated with increased control of atopy in
A. lumbricoides-infected children.'®

Studies with mouse models have also demonstrated modu-
latory effects of intestinal helminth infections on allergic
responses. In particular, H. polygyrus infection can control
experimental airway induced allergic responses through IL-10-
independent mechanisms, likely involving Treg cells."'” Recent
studies have further shown that H. polygyrus derived ES
products alone are sufficient to effectively inhibit experimental
allergic airway inflammation.'” One possible mechanism of
ES regulatory effects may be through TGF-B signaling, as
H. polygyrus derived ES does include a TGE-B mimic.”> How-
ever, in this airway model exogenous TGF-B administration
had little effect and, unlike TGF-B, H. polygyrus derived ES
was heat stable.'” Intriguingly, ES products from H. polygyrus
bakeri may also directly inhibit IL-33 release that would
otherwise promote innate type 2 immune responses contribut-
ing to airway allergy.'"'

These data support the hypothesis that helminths and their
ES products likely operate through multiple mechanisms.
These could either be redundant mechanisms, or interact
through either additive or synergistic mechanisms to enhance
immunomodulatory effects. This model may help explain why
helminth-induced modulatory effects are both robust and
potent. It should also be noted that, although live helminths
likely induce stronger responses than ES products alone,’
individual ES components or combinations thereof may still be
sufficient and effective in the development of future therapies to
treat harmful type 1 or type 2 inflammatory responses.

HELMINTH INFECTION AND THE METABOLIC SYNDROME

Recent studies have implicated eosinophils and M2 macro-
phages in maintaining metabolic homeostasis."'>''* In con-
trast, classically activated (M1) macrophages, characteristic of
the type 1 immune response, produce inflammatory cytokines,
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tumor necrosis factor-o. and IL-6, which can decrease insulin
sensitivity. Along with their production of resistin, M1
macrophages can thus potentially mediate insulin resistance
and glucose intolerance, thereby contributing to metabolic
syndrome and the development of obesity and type 2
diabetes.''*™''® M2 macrophages, activated by IL-4 and IL-
13, do not make tumor necrosis factor-o or IL-6 and respond to
signaling through the receptor peroxisome proliferator-acti-
vated receptor-o, which instead dampens expression of these
inflammatory cytokines. Eosinophils, residing in adipose tissue,
produce IL-4, which drives M2 macrophage differentiation.''*
Furthermore, recent studies suggest that ILC-2s may be an
important early source of IL-5, which then promotes eosinophil
IL-4 production.”® As helminth infection upregulates expres-
sion of IL-4 and other type 2 cytokines, it is perhaps not
surprising that N. brasiliensis infection of mice fed a high calorie
diet markedly reduces both adipose tissue mass and the
likelihood of developing glucose intolerance.'”® Intriguingly,
infection with even the strictly enteric pathogen, H. polygyrus,
can also modulate energy homeostasis.''” These are more
examples of the potent effects of intestinal helminth infection
on shaping systemic responses. Like many other inflammatory
diseases, the prevalence of metabolic syndrome is increasing in
industrialized countries which are less exposed to gastro-
intestinal helminth infections, thus raising the possibility that
their absence may be a contributing factor to systemic
inflammatory disease pathogenesis.'"

HELMINTHS AND THE MICROBIOME
Although helminths can directly modulate the immune system
(as described above), it is also possible that they may indirectly
influence the immune response through their effects on the
intestinal microbiome.''® Changes in intestinal commensal
bacteria have been implicated in the altered immunity that can
result in inflammatory diseases both in the localized intestinal
milieu'">"*® and systemically."”’'** Chronic intestinal hel-
minth infections have recently been shown to affect the
composition of the microbiome. Chronic infection with
H. polygyrus was shown to favor specific types of commensal
bacteria, in particular members of the Lactobacillaceae
family."** Studies with T. muris indicate that intestinal micro-
biota provide environmental cues that can facilitate helminth
egg hatching,'* suggesting complex interactions between
intestinal helminths and resident microbes. Recent studies
also suggest that fecal microbial communities in developed and
undeveloped countries are markedly different; in particular, the
genus Prevotella is more common in developed countries."*®
This may result in part from dietary differences, but the
prevalence of helminth infections may also be a factor.''®
IL-22, which is increased in humans and mice by intestinal
helminth infection,"”” may function as a cytokine mediator
between the microbiome and the intestinal tissue.''® By
promoting mucous production, IL-22 facilitates tissue repair
and mucosal barrier formation.'**"*° IL-22 can also enhance
production of anti-microbial peptides, including B-defensin
family proteins.">'""** TL-22-deficient mice showed increased

systemic dissemination of intestinal commensal bacteria to the
spleen and liver,"*” raising the possibility that helminth-induced
IL-22 production may contribute to control of inflammation
during inflammatory bowel disease by containing bacteria within
the intestinal lumen. However, studies with S. mansoni-infected
mice have shown little effect of IL-22 deficiency on intestinal or
liver granulomas."*® It will be interesting in future studies to
examine a possible role for intestinal helminth infection in main-
taining the mucosal barrier'*” and also in reversing dysbiosis,''®
two potentially interacting mechanisms that may contribute to
the control of inflammatory diseases.

CLINICAL STUDIES

The success in several experimental models using intestinal
helminth infection or ES administration to modulate harmful
type 1 and type 2 systemic and mucosal inflammatory responses
provides a basis for future clinical study of their effects on
autoimmune and idiopathic inflammatory diseases. There have
now been a few clinical trials using helminths to treat patients.
Trichuris suis ova (TSO) has been used in phase I clinical trials to
treat Crohn’s disease.*®*'*® The results were sufficiently
encouraging that much larger phase II clinical trials were under-
taken. However, these trials appear to have been unsuccessful,
indicating that a further understanding of heterogeneity in
systemic responses to helminths is required. The initial studies
showed evidence for increases in blood eosinophilia for some
patients, indicative of a systemic response to TSO. As Trichuris
suis is not a native human pathogen, this strictly enteric parasite
resides only transiently in the human host. How TSO triggers
systemic eosinophilia and whether this is associated with a
polarized type 2 response that is analogous to the response
induced by a native human helminth will need to be examined.

Promising results were found in another small trial in which
TSO was used to treat multiple sclerosis. Using magnetic
resonance imaging, lesions were found to be decreased after
3 months of TSO treatment, but by 2 months after cessation of
treatment they were again increased.'*® Furthermore, recent
trials with TSO for allergic rhinitis have not shown a
therapeutic benefit,'*" although it has been suggested that
there may have been confounding factors including limited
dosing, timing of treatment, and differences between active and
placebo-treated groups in use of medications and baseline
symptoms.'**""** Initial safety trials have also used hookworm
infections as a potential allergy treatment, suggesting an
alternative approach that would include direct stimulation of
lung immunity by migrating parasites.'** There is certainly the
need for more extensive and robust clinical trials, which
incorporate mechanistic measurements of responses.

In each of the human diseases where treatment with TSO or
other parasite preparations may be considered, useful biomarkers
will need to be identified that allow tracking of the potency,
polarization, and systemic dissemination of the helminth-elicited
response. This may include general indicators of type 2 responses,
such as elevations in serum IgE, eosinophilia, and increases in Th2
cytokines, including IL-4 and IL-13. In cases where Ag-specific
responses associated with the harmful inflammatory response are
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known, for example, T1D, it will be useful to assess the Ag-specific
response and in the case of Th cells, interrogate the Th1/Th2/
Th17 cytokine pattern. Unfortunately, none of these types of
analyses were undertaken in the recently failed phase II trials of
TSO for Crohn’s disease; hence, it is unclear as to whether the
trials failed because TSO did not elicit a strong response in these
patients, or whether there was considerable heterogeneity in
responses to TSO.

CONCLUSIONS

The type 2 immune response, which is potently triggered by
intestinal helminths, is important in mammalian physiology in
terms of host defense, wound healing, and tissue homeostasis.
Even strictly enteric helminths can induce potent systemic
responses that can dampen type 1 immune responses that
would otherwise cause harmful inflammatory responses.
Further understanding of how this type 2 immune response
works and what characteristics of helminths actually trigger it is
required to exploit its potential as a platform for developing
new treatments for a broad group of inflammatory diseases.
Specific questions that need to be addressed include: (i) Are
there other as yet undiscovered immunoregulatory cell types
or molecules associated with helminth infection? (ii) Can
individual ES products or combinations thereof substitute
effectively for helminths in mediating control of inflammatory
responses? (iii) To what extent is the intestinal microbiome
influenced by helminth infection and do these effects in turn
influence the systemic immune response? (iv) Are some
systemic inflammatory responses refractory or more sensitive
to effects of helminth infection? Although helminths appear to
have a generalized dampening effect on harmful inflammatory
responses, subtle differences including localization and acces-
sibility to regulatory immune cells may be important. (v) Under
what conditions might harmful aspects of the type 2 immune
response, such as fibrosis, limit the use of this response for
targeted therapies? Overall, the potency and relative specificity
of the multicomponent type 2 immune response to modulate
harmful type 1 responses provides an exciting opportunity for
the development of new treatments for inflammatory responses
contributing to a wide range of diseases.
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