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Many epidemiological data support the postulate that infection with helminths might provide
some protection against allergic and autoimmune diseases. Hence arises the concept that
helminths strongly influence the immune system and enable protective pathways against these
hyperimmune-associated disorders. This review discusses how Trichinella spiralis can make
the immune system smarter in dealing with hyperimmune-associated disorders. T. spiralis
possesses the capacity to direct the immune system towards a mixed Th1/Th2 phenotype with
predominance of Th2 response, or it may interfere with dendritic cell maturation, induce the
alternatively activated macrophages and elicit the regulatory arm of the immune response via

Treg or regulatory B cells.
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In 1989, David P Strachan proposed the
so-called ‘hygiene hypothesis’, according to
which the decreased incidence of infections
with parasites and bacteria in developed coun-
tries may be the underlying cause for immune
system deregulation and consequential devel-
opment of allergic and autoimmune diseases
(12]. Epidemiological data support the postulate
that infection with helminths, whether acute or
chronic, might provide some protection against
these diseases. Hence arises the concept that hel-
minths strongly influence the immune system
and enable protective pathways against these
hyperimmune-associated disorders [3].
Helminths can infect humans for many years
and in order to maintain their life cycles, hel-
minths have to modulate the host immune
response so that it tolerates the parasite via
selective suppression or downregulation of the
immune system and initiation of a regulatory
environment [1,4]. Over the past two decades,
it has become increasingly clear that helminths
exert strong immunomodulatory effects in their
hosts [5]. One of the most important parasites in

this field is 7richinella spiralis.

1. spiralis is a unique parasite in which the
adulc inhabits the small intestine and the larvae
encyst in the muscles of the same host. During
the intestinal phase, the immune response is
mixed Th1/Th2 with initial predominance of
the Thl response and subsequent predominance
of the Th2 response [6]. Once a 7. spiralis adult
worm occupies a niche within enterocytes of the
jejunum, a well-characterized type 2 cytokine
response (IL-4, IL-5, IL-9 and IL-10) orches-
trated by CD4* T cells is elicited in the mes-
enteric lymph nodes, which is subsequently
recruited to the gut mucosa [7.8]. Furthermore,
the long-lasting infection of muscles with
Trichinella reflects successful immunomodula-
tion of the immune response, mainly character-
ized by a Th2 phenotype 9. Th2 responses to
helminths are generally beneficial for the host by
repairing or preventing tissue damage caused by
the parasite, provided that this response is well
controlled [10].

Many experimental results have shown that
Trichinella spp. infection can ameliorate some
immune-mediated diseases (Tasie 1) such as aller-
gic (11] and autoimmune diseases, for example,
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Table 1. Trichinella spiralis as a new therapeutic era for hyperimmune-associated disorders in

experimental studies.

Park et al. (2011) Asthma and allergic disorders  Ovalbumin-induced experimental allergic airway inflammation [11]
Khan et al. (2002) Crohn'’s disease Dinitrobenzene sulfonic acid colitis [12]
Du et al. (2011) Trinitrobenzene sulfonic acid colitis (68]
Cho et al. (2012) Ulcerative colitis Dextran sulfate sodium colitis 18]
Ashour et al. (2013) Acetic acid colitis [13]
Gruden-Movsesijan et al. (2010)  Multiple sclerosis Experimental autoimmune encephalomyelitis [15]
Saunders et al. (2007) Type 1 diabetes NOD mouse (14]

NOD: Non-obese diabetic.

Crohn’s disease [12], ulcerative colitis [13], Type 1 diabetes [14] and
autoimmune encephalomyelitis [15]. The interpretation of most
of these studies depends on the induced Th2 immune response.
Skewing of the immune response by most helminths toward Th2
while blocking Thl response was suggested to attenuate Thl-
driven inflammatory responses in the host [12,16]. However, some
of those inflammatory disorders ameliorated by 7. spiralis are
characterized by enhanced Th2 response, for example, allergic
disorders and ulcerative colitis. These findings suggest that modu-
lation of immune responses by helminth infection may not be
restricted to skewing the immune response to a type 2 response.
This concept highlighted the possible role of other alternative
mechanisms through which helminth infections can regulate the
host immune response, for example, induction of Treg, regulatory
B cells (Breg), alternatively activated macrophages (AAMs) and
modulation of dendritic cells (DCs).

This review will provide a framework for a better understanding
of the immunomodulatory role played by 7. spiralis in order to
overcome those hyperinflammatory disorders.

Immunomodulatory mechanisms induced by T. spiralis
Regulatory T cells
Helminths can downregulate the immune response via the induc-
tion of Treg or the anti-inflammatory cytokines, for example IL-10
and TGF-B, that can regulate both Thl and Th2 responses 17].
The immunomodulatory effect of 7. spiralis infection has recently
been shown to occur during acute and chronic phases of infec-
tion in experimental models of autoimmune and allergic diseases
and both phases were associated with increased Treg production,
however the amelioration of diseases was stronger during the
chronic phase [13,18,19]. 7. spiralis antigens from all of the para-
site’s stages induce a network of different mediators that increase
Treg populations in the infected host [¢). This immunomodula-
tion is hypothesized to be beneficial to both the human host and
the parasite, as it could protect helminths from being eradicated
by the excessive immune response and, at the same time, protect
the host from excessive inflammatory responses that may lead to
organ damage [20].

There are a number of studies that demonstrate the importance
of 7. spiralis-induced Treg in remodeling the immune response
(15]. Treg were proven to control Th2-dominated diseases such as

allergy [21]. It is well established that both IL-10 and TGF-f are
regulatory cytokines that perform crucial functions in cases of
intestinal and muscle trichinellosis in mice [22]. Moreover, IL-10
modulates the function of APCs, reinforces Treg and inhibits
cytokine production by Thl and Th17 cells [23,24].

Th17 cells, which express high levels of IL-17, were found to par-
ticipate in the progression of many autoimmune diseases. 7. spiralis
was proven to inhibit Th17 cells and downregulate the expression
of IL-17 during all stages of infection. 7 spiralis-induced Treg are
able to suppress Th17 cell differentiation through the interaction
between Foxp3 and RORyt, which are transcription factors of
both types of cells, respectively [25.26). Taken together, Treg have
immunosuppressive properties and are characterized by secretion
of IL-10 and TGF-P and may act through inhibition of Th17 cells.
However, 7. spiralis-derived products were shown to regulate the
immune response without an increase in the Treg population via
induction of bone marrow-derived DCs [27].

Regulatory B cells

In addition to immunoglobulin secretion and their role as APCs,
B cells have been demonstrated to be capable of cytokine pro-
duction [2829]. B cells are able to produce regulatory cytokines
such as IL-10. Such cells are called IL-10-producing B cells or
Breg. They generate the regulatory immune response via B-cell
receptors, CD40 and possibly Toll-like receptor (TLR) signaling
(30]. B cells are also able to exert a regulatory function through
the production of TGF-B [31] and even via induction or recruit-
ment of Treg [32]. Other mechanisms may involve impairment of
DC antigen processing and presentation [33]. Another antibody-
mediated mechanism exerted by Breg is to switch to IgG4 pro-
duction. IgG4 is one of the anti-inflammatory antibody isotypes
as it is unable to activate complement. IgG1 also exhibits potent
anti-inflammatory activity 34]. Helminth-induced polyclonal IgG
production might also serve to restrict excessive inflammatory
responses during chronic infection [33].

Cytokines produced by B cells have been described to modulate
the differentiation of CD4* T cells toward either Thl or Th2
cells [29]. Breg are required for polarization of Th cell response
toward Th2 phenotype [36]. The effect of Breg on the immuno-
pathology of autoimmune diseases has been studied [37.38]. Breg
participate in the suppression of experimental autoimmune
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encephalomyelitis [39]. Interestingly, even in rheumatoid arthritis,
in which autoantibodies are responsible for the development of
the disease, Breg can ameliorate the arthritis by controlling the
proinflammatory Thl-type response [38]. Breg have the ability
to suppress the progression of chronic intestinal inflammation
by enhancing IL-10 production [37). The suppressive ability of
Breg is not restricted to Thl immune responses associated with
autoimmunity as they can also suppress Th2 allergic diseases [35].

Helminth infections may be of particular value in induction of
Breg, for example Schistosoma mansoni (40] and Heligmosomoides
polygyrus [41]. Breg have also been described in mice infected with
other parasites, for example, Leishmania major (36). Although
studies on the regulatory role for helminth-induced Breg have
been limited to those few parasites, Breg may represent a broad
mechanism of immune modulation by parasites. The exact role
of 1. spiralis infection in the induction of Breg and the exact
molecules involved still have to be elucidated.

Regulatory DCs

DCs represent a very important link between innate and adap-
tive immunity, and they are influenced by various pathogens to
orchestrate the immune response [42]. Development of specific
immune responses are largely mediated by DCs via antigen pres-
entation and signals that determine polarization of T cells. This
immune response is generated in peripheral tissues, then migrated
to draining lymph nodes to activate naive T cells [43].

Following exposure to helminths or their products, key changes
are observed in the innate immune system of the host, including
modification of DCs. DCs are essential in directing the immune
response towards activating a pathway via various families of
pattern recognition receptors such as TLRs and C-type lectin
receptors, which are broadly expressed on DCs and represent the
main targets for parasites [44]. Different studies revealed that DCs
exposed to helminth antigens lack the conventional characteris-
tics of DC maturation [45]. TLR-mediated activation is inhibited
when DCs are costimulated with a broad variety of helminths or
their products [46,47). Helminths can suppress TLR signaling via
an increase in the production of IL-10, which contributes to the
overall suppressive effects [48]. S. mansoni products were found to
induce IL-10 production, which has a direct anti-inflammatory
effect on the DCs by controlling TLR ligand-induced DC matu-
ration [49]. However, enhanced production of immunoregulatory
factors (e.g., IL-10, TGF-B) are not the only mechanism involved.
DC populations are being recognized for their potent regulatory
ability to limit inflammation [s0]. They regulate immune responses
through other potential mechanisms, such as suppression of proin-
flammatory mediator production (e.g., IL-12, TNF-o. and IL-6),
or increased expansion and/or differentiation of Treg [51,52].

DCs stimulated by 7. spiralis excretory/secretory (ES) products
secreted greatly elevated amounts of IL-10 and TGF-f [53]. At the
same time, DC activation in response to TLR ligands was dra-
matically suppressed by 7. spiralis ES products, which indicates
the potential of 7. spiralis-stimulated DC to provoke regulatory
responses resulting in the generation of a regulatory DC pheno-
type [54]. This regulatory function proceeds in a generalized manner

irrespective of their Thl or Th2 phenotypic affiliation [46,54.55].
Moreover, Gruden-Movsesijan ez a/. demonstrated that the appli-
cation of 7 spiralis-sensitized DC successfully induces an immune
response that was maintained for 30 days after their intraperitoneal
injection [56]. This is a promising tool to avoid application of live par-
asites for the treatment of various autoimmune and allergic diseases.

Alternatively activated macrophages

Peripheral blood mononuclear macrophages can be differentiated
according to macrophage polarization into two phenotypes in tis-
sues: classically activated macrophages and AAM:s [57). Classically
activated macrophages are activated by Thl cytokines of the
infected host, for example, IL-12 and IFN-y, and enhance the
immune responses resulting in tissue injury; whereas AAMs are
activated by Th2 cytokines, IL-4 and IL-13, with increased levels
of IL-10 and TGF-P that can control excessive immune responses
and restructure the injured tissues [58,59]. Helminth infections have
been suggested to induce the alternatively activated phenotype [60].
AAMs are recruited by a range of different helminth infections,
for example, H. polygyrus (61) and Brugia malayi (62). AAMs have
the ability to suppress T-cell responses via production of regulatory
cytokines such as TGF-[3 and IL-10 and driving the T cell toward
a Treg activity [63.64]. Moreover, helminths molecules may also
activate macrophages directly, independently of effects on T cells,
for example chitin, a helminth structural molecule, which has been
demonstrated to induce the alternatively activated phenotype [65].

ES products from different stages of 7. spiralis can modulate
macrophage function 7z vitro toward the alternative phenotype
by inhibiting proinflammatory cytokine production, for example,
TNF-a, IL-1B, IL-6 and IL-12, resulting in reduction of the
severity of inflammatory diseases [66]. Tissue repair produced
by AAM mainly occurs through the increased arginase-1 (Argl)
activity, which results in increased levels of L-ornithine and urea
being produced via L-arginine hydrolysis. This drives the pro-
duction of polyamines, which in turn induce proline synthesis
required for collagen deposition [67]. Du ez /. demonstrated that
1. spiralis ES products evoked AAM bias in vivo [68]. However,
whether those AAMs are induced through direct action on mac-
rophages or through other immune cells such as DCs is still to
be elucidated.

The influence of helminth products on the innate immune
system is not just restricted to DCs and macrophages. NK cells
have two key functions, namely cytotoxicity and cytokine secre-
tion, through which they can direct the immune response in an
appropriate direction [69]. Mallevaey ez a/. provided evidence that
NK cells are important players in the acquired immune response
during helminth infection [70]. It was suggested that NK cell
activity is stimulated during migration and early muscle phases of
1. spiralis infection [71). However, it was found that the intestinal
epithelial cells during 7. spiralis infection respond directly to the
NK cell-derived IL-13, which is responsible for the intestinal tis-
sue restructuring associated with 77 spiralis infection [72].

Nielsen ez al. have proven that NK cells play a role in regula-
tion of autoimmune diseases via modulation of T-cell responses

(73]. They found that NK cells efficiently killed activated, but
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Box 1. How far have we got in helminth therapy using Trichinella spiralis?

e Many experimental studies have proven the role of Trichinella spiralis in amelioration of many allergic and autoimmune diseases [11-15].
e |t is clear that the administration of live T. spiralis larvae carries potential risks. Thus, it became the focus of current research to

characterize the active molecules of T. spiralis.

e Some experimental studies tried to make use of T. spiralis-derived molecules or sensitized cells and they have achieved the same

immunomodulatory effect:

— Motomura et al. [80] used crude muscle larval antigens via rectal submucosal administration.
— Du et al. [68] used recombinant 53-kDa protein of T. spiralis via subcutaneous injection.
— Sofronic-Milosavljevic et al. 53] used dendritic cells stimulated with ES larval products of T. spiralis muscle larvae via intraperitoneal injection.

ES: Excretory/secretory.

not resting, CD4" T cells. Moreover, it was demonstrated that
depletion of NK cells is linked with dramatic increases in colonic
damage, leukocyte infiltration and proinflammatory profiles in
induced colitis in mice [74]. With regard to the role played by
helminth-induced NK cells, Zaccone ez /. [75] demonstrated that
infection with S. mansoni inhibits the development of Type 1
diabetes in mice and that this protective effect could be due to
NK cell activation. Taken together, it is possible that the immu-
nomodulation of 7 spiralis infection could be in part interpreted
by the role of NK cells.

IgE blocking hypothesis

This mechanism is suggested for the downregulation of aller-
gic diseases by helminths. Helminths induce Th2 response
that produce high levels of IL-4, IL-5, IL-9 and IL-13. These
cytokines mediate immune response characterized by increased
levels of circulating IgE antibodies [76]. Helminths, including
1. spiralis, produce large amounts of polyclonal nonspecific
IgE for their protection from mast cell or basophil degranula-
tion by saturating the IgE binding sites on these cells, thereby
inhibiting the binding of allergen-specific IgE [77). Because IgE
against allergens and parasites bind competitively with the Fce
receptors of mast cells or basophils, parasite-specific or non-
specific IgE might block the inflammatory mediator release
from mast cells and consequently, allergic responses could be
ameliorated [11]. Moreover, Wang ez al. (78] showed that high
levels of total serum IgE induced by helminth infection could
suppress the synthesis of antigen-specific IgE in the lungs.

Another proposed mechanism is that helminth infections are
correlated with high levels of IgG4, and it has been shown
that parasite-specific IgG4 antibodies can inhibit IgE-mediated
degranulation of effector cells [79].

Expert commentary

1. spiralis causes the immune system to act more ‘smartly’ in
dealing with hyperimmune-associated disorders. It possesses
the capacity to direct the immune system towards the mixed
Th1/Th2 phenotype with a predominance of Th2 response, or it
may interfere with DC maturation, induce the AAMs and elicit
the regulatory arm of immune response via Treg or Breg. Future
investigations may provide a better insight into the mechanisms
involved in immunomodulation by helminths in general and
T spiralis in particular.

Five-year view

Trials with live helminth therapy are encouraging, however it may
be psychologically hard to accept by some patients and it may have
some drawbacks. Therefore, it is expected that the identification
and purification of helminth-derived molecules to exploit highly
purified safe helminth products will proceed in order to prevent
allergic and autoimmune diseases. Antigens from all life stages of
1. spiralis could be involved in the immunomodulatory process, so
different antigens from the different stages could be investigated;
these could include, for example, crude adult or muscle larvae
antigens, ES products of adult or muscle larvae and newborn
larvae antigens (Box 1).

Key issues

e Trichinella spiralis has been shown to ameliorate some inflammatory disorders such as allergic and autoimmune diseases in animal
models, for example Type 1 diabetes and inflammatory bowel disease.

Th1-driven inflammatory responses in the host.

inhibition of Th17 cells.

cytokines (IL-10 and TGF-B).

Skewing of the immune response by T. spiralis toward Th2 while blocking Th1 response was the suggested hypothesis to attenuate
T. spiralis induces Treg, which have immunosuppressive properties and are characterized by the secretion of IL-10 and TGF-B and
T. spiralis inhibits TLR-mediated activation of dendritic cells, which is associated with increased production of the anti-inflammatory

T. spiralis induces the production of alternatively activated macrophages that have the ability to suppress T-cell responses via production

of regulatory cytokines such as TGF-B and IL-10 and driving the T cell toward a Treg activity.

Regulatory B cells and NK cells may have a role in downregulating the immune response during T. spiralis infection. Regulatory B cells

are capable of increased production of regulatory cytokines (IL-10 and TGF-B) and may act via induction of Treg. NK cells act via killing

of activated CD4+ T cells.
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