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Abstract: Several parasites have evolved to survive in the human intestinal tract and over 1 billion
people around the world, specifically in developing countries, are infected with enteric helminths.
Trichuris trichiura is one of the world’s most common intestinal parasites that causes human parasitic
infections. Trichuris muris, as an immunologically well-defined mouse model of T. trichiura, is
extensively used to study different aspects of the innate and adaptive components of the immune
system. Studies on T. muris model offer insights into understanding host immunity, since this parasite
generates two distinct immune responses in resistant and susceptible strains of mouse. Apart from the
immune cells, T. muris infection also influences various components of the intestinal tract, especially
the gut microbiota, mucus layer, epithelial cells and smooth muscle cells. Here, we reviewed the
different immune responses generated by innate and adaptive immune components during acute
and chronic T. muris infections. Furthermore, we discussed the importance of studying T. muris
model in understanding host–parasite interaction in the context of alteration in the host’s microbiota,
intestinal barrier, inflammation, and host defense, and in parasite infection-mediated modulation of
other immune and inflammatory diseases.
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1. Introduction
Intestinal parasites are one of the most important parasites in terms of their widespread
prevalence, and they have major socioeconomic impacts on both developing and developed
countries by affecting human and animal well-being, productivity, and agriculture. Among
the intestinal parasites, intestinal helminth infections are the most prevalent parasites, and
they occur through contact with parasite eggs and larvae. It is estimated that about 2 billion
people worldwide are infected with helminths [1]. Trichuris trichiura is a soil-transmitted
helminth, and recent estimates suggest that there are approximately 465 million people
worldwide with T. trichiura infection [2–4]. Infection with T. trichiura is associated with
adverse health consequences in humans, with the majority being children [5,6].
T. muris, a murine pathogen, shares extensive homology at genomic, transcriptomic
and morphological levels to T. trichiura and is extensively used as a laboratory mouse
model for T. trichiura [7]. T. muris, with its unique advantage of producing heterogeneous immunological outcomes in different mouse strains, is a widely used model for
understanding host–parasite interactions. Models of helminth infection are of immense
importance in exploring the pathology and pathophysiology of many gastrointestinal
disorders [8]. Due to well-defined immunity and biology, the T. muris model is widely
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used for understanding inflammatory changes, epithelial barrier function, immune responses and host defense mechanisms in intestinal infection and inflammation. Recent
evidence indicates that T. muris shares its environment with gut microbiota and develops
bidirectional interactions with the microbes. These interactions are also immunologically
important since they involve the host immune system and therefore have an impact on
host defense mechanisms. This review focuses on the importance of the T. muris model in
understanding intestinal immune response, inflammation and host defense with a view to
illuminating the utility of this model in studying the pathophysiology of various immune
and inflammatory disorders.
2. T. muris Model
2.1. Life Cycle of T. muris
The life cycle of T. muris starts with the ingestion of infective eggs released in feces
of infected hosts. Upon ingestion, eggs migrate toward the intestine and accumulate
in the cecum. About 90 min after egg ingestion, the eggs hatch, followed by L1 larval
development in the cecum and the colon of infected mice. The L1 larvae then molt three
times into L2 (9–11 days post-infection (p.i.)), L3 (17 days p.i.) and L4 (22 days p.i.). Larval
molting activity durations vary in different host strains. After larval development (by day
32 p.i.), parasites move toward the gut lumen, and the adult form of T. muris is detected in
the cecum and proximal colon [9–11].
The intracellular attachment of the anterior head of T. muris to the cytoplasm of
epithelial cells forms “syncytial tunnels”. Since lateral cell walls are not stabilized by
cytoskeleton and cell junctions, T. muris entry into the epithelial cells causes rupture of
lateral walls. In contrast, stabilizing actin cytoskeleton and cell junctions prevent rupture
in apical and basal surfaces of the epithelial cells following worm entry [9,10,12]. It was
reported that bacillary cells, the specialized cellular structure of some helminths including
T. muris, facilitate the establishment of an intracellular niche for T. muris through glucose
absorption [13]. Eventually, mature adult worms produce 1000–2000 unembryonated eggs
per day, which are shed into host feces. After approximately 2 months, released eggs
change into embryonated and infective eggs and then are able to infect new hosts [9,11].
Successful completion of the life cycle of T. muris is heavily dependent on several factors, including genetic background, strains and gender of the mouse, and the infective dose
and the strain of T. muris. Depending on the mouse strain, there are two different immune
response phenotypes, resistant and susceptible, against T. muris infection [14]. More than
70% of mouse strains such as BALB/k, BALB/c, C57BL/6 (high dose of infection), are
resistant to T. muris infection and eliminate the worms approximately by day 32 p.i. [10,15]
via a Th2 dependent response [10]. In contrast, the remaining mouse strains such as AKR,
B10Br, and C57BL/6 (low dose of infection) develop a Th1 immune response and become
susceptible to chronic T. muris infection [10,15].
It was shown that differences in the H-2 alleles of the major histocompatibility complex
(MHC) in mice with a similar genetic background, B10, influence CD4+ T cell activation
and thus ultimately result in a distinct phenotype in response to T. muris infection [14,16].
Furthermore, some aspects of the life cycle of T. muris might differ based on mice gender
due to the different immunomodulatory effects of host-derived sex steroid hormones [17].
The infective dose of T. muris eggs can impact the life cycle and immune response
outcomes by changing CD4+ T cell polarization [18]. The lower doses of antigen stimulate
Th1 immune responses seen in susceptible mice, while a high infection dose is linked to
Th2 immune responses [19]. As an example, a low dose of infection (<40 eggs) in resistant
mice such as BALB/k shifts immune responses toward Th1 immunity, rendering mice
susceptible [18]. Additionally, various strains of T. muris namely S (Sobreda), E (Edinburgh),
and J (Japan) strains have differences in their immune responses. B10.BR, CBA, C57BL/6
and C57BL/10 mice are resistant to infection with E and J strains but are susceptible to
S strain [20,21].
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and C57BL/10 mice are resistant to infection with E and J strains but are susceptible to S
strain [20,21].
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2.2.1. Innate Immune Response
2.2.1. Innate Immune Response
Macrophages
Macrophages
Macrophages, the most abundant mononuclear phagocytes found in tissues, are recMacrophages, the most abundant mononuclear phagocytes found in tissues, are recognized as essential players in generating an immune response against T. muris infection.
ognized as essential players in generating an immune response against T. muris infection.
Upon parasite invasion, alternatively activated macrophages (AAMs) are induced and
Upon parasite invasion, alternatively activated macrophages (AAMs) are induced and
play a role in amplifying the initial Th2 immune cascade promoted by the epithelial cells
play a role in amplifying the initial Th2 immune cascade promoted by the epithelial cells
and type 2 innate lymphoid cells (ILC2s) (Figure 1) [23]. Reportedly, AAMs are likely to
and type 2 innate lymphoid cells (ILC2s) (Figure 1) [23]. Reportedly, AAMs are likely to
contribute to tissue repair since their population increases after worm expulsion [24,25].
AAMs express mannose receptors (MRs), which are important pattern recognition receptors (PRRs) involved in the detection of helminths and in initiating immune responses [23].
The in vitro stimulation of bone-marrow-derived macrophages (BMDMs) with T. muris
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excretory/secretory products (ESPs) led to the production of multiple cytokines such as
IL-6 and IL-10 by interacting with MRs. However, experiments on mannose-deficient
mice demonstrated that the absence of MRs on AAMs had no impact on parasite expulsion. These findings imply that MRs are not essential for the generation of an immune
response leading to the expulsion of T. muris, and other alternative PRRs expressed on
macrophages might be contributing in developing protective immune responses against
T. muris antigens (Ags) [26].
Dendritic Cells (DCs)
DCs act as bridges between innate and adaptive immunity and play a role in the development of Th2 immunity [22]. In mice with resistant and susceptible immune responses to
T. muris infection, different kinetics of DC responses have been observed. In the early days
of infection, resistant mice have a higher number of DCs in the sites of infection compared
to susceptible mice, and these recruited DCs are mature by day 7 p.i. in resistant mice. In
contrast, a delayed DC response has been discovered in susceptible mice, and the number
of DCs in these mice does not increase by day 13 p.i. Moreover, the maturation status of
DCs is different between resistant and susceptible mice during T. muris infection. DCs in
resistant mice have elevated levels of CD80/86, MHC class II and CCR7 expression, and
reduced endocytic activity compared to DCs in susceptible mice, suggesting that resistant
mice’s DCs mature quicker [27].
In resistant mice with T. muris infection, colonic DCs form transepithelial dendrites,
which are not typically seen in naïve mice. These colonic transepithelial dendrites provide
a direct sample of the luminal Ags to naïve T cells. Dendrites also can assist the transfer of
Ags through colonic epithelial cells by pinocytosis (Figure 1). Therefore, in resistant mice,
rapid DC mobilization to the epithelium can boost interactions between epithelial cells and
DCs, enabling faster and more effective uptake of Ags and thus leading to a more efficient
immune response. The presence of transepithelial dendrites only in mice with an efficient
immune response against T. muris infection suggests that these dendrites are critical in
mediating the development of resistance to infection [27].
On day 7 p.i. antigen-bearing DCs migrate to mesenteric lymph nodes (MLNs)
where naïve T cells are located to stimulate T cell polarization, leading to rapid parasite
removal [27]. There are three subsets of DCs based on CD103 and CD11b expression:
CD103+ CD11b− , CD103+ CD11b+ , and CD103− CD11b+ . Among subsets of colonic DCs,
CD11b+ DCs have a key part in enhancing Th2 responses during T. muris infection [28]. The
expansion and survival of DC subsets are dependent on either interferon regulatory factor
4 or 8 (IRF4 or IRF8) [29]. IRF4-dependent CD11b+ DCs have a role in the activation of
Th2 immunity and therefore in the development of resistant-associated immune responses
during T. muris infection. Conversely, IRF8-dependent CD103+ DCs are related to T. muris
chronicity as they facilitate Th1 immunity [28,30].
In addition, it has been proposed that epithelial-derived factors drive the responses of
DCs, since the initial response of DCs in resistant mice is linked to increases in epithelial
cell-derived chemokines such as CCL5 and CCL20 [27].
The initial events regulating immune responses to T. muris are poorly known. Around
the time the worm is expelled (day 14 after infection), CD4+ T helper cells accumulate
in the colonic epithelium. In resistant mice, however, the initial recruitment of DCs
occurs several days before the production of adaptive immune responses [27,31,32]. These
findings suggest that DCs may have an important role in determining and generating
effective immune responses against T. muris infection, in particular during the initial stages
of infection.
Basophils
Basophils are other innate immune cells that strengthen defensive immune responses
during infection with T. muris. Epithelium-derived thymic stromal lymphopoietin (TSLP)
induces basophil expansion in response to T. muris infection (Figure 1). It was also demon-
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strated that basophils expressing MHC class II are able to initiate Th2 responses upon T. muris
infection and these cells are a major initial source for IL-4 in T. muris infection [9,33,34].
Perrigoue et al. demonstrated that CD4+ T cells in basophil-deficient mice fail to
differentiate into Th2 subsets during T. muris infection. Thus, loss of basophils leads
to reduced levels of IL-4, decreased goblet cell numbers, and impaired worm clearance
in T. muris-infected mice [35]. Furthermore, it was recently shown that Notch signaling
enhances basophil-associated immune responses during T. muris infection, and mice with
basophil-specific inhibition of Notch signaling have decreased gene expression in basophils
and therefore impaired worm expulsion [36].
In contrast, the development of Th2 responses was not inhibited in basophil-deficient
mice upon infection with other helminths such as Nippostrongylus brasiliensis and Schistosoma mansoni [37–39]. These contrasting findings in different parasitic infections illustrate
that the response of host basophils differs tremendously among distinctive helminthic
infections. Thus, the role of basophils in promoting Th2 immune responses is not yet clear
and needs further investigation.
Eosinophils
Increased number of eosinophils in the colon and mesenteric lymph nodes (MLNs)
has been documented in helminth infections, including T. muris [40]. The recruitment
of eosinophils in colonic mucosa during T. muris infection is regulated by IL-5 and the
chemokine CCL11 [40] (Figure 1). T. muris-infected CCL11 KO mice have decreased
colon eosinophil numbers, and there is a complete absence of eosinophils in the double
CXCL11 and IL-5 KO T. muris-infected mice [11]. It was shown that in T. muris-infected
resistant BALB/c mice, there was accumulation of eosinophils in MLNs. Accumulation
of eosinophils in MLNs was initiated during the second week of infection and peaked
during parasite expulsion. In contrast, there was a comparably late and modest increase
in eosinophil numbers in the MLNs of infected susceptible AKR mice [41]. Nevertheless,
mice genetically deficient in eosinophils efficiently produced Th2 cytokines and mediated
worm expulsion during primary T. muris infection [41]. Moreover, anti-IL-5 neutralization
with antibody significantly decreased the production of eosinophils after T. muris infection,
although the absence of IL-5 and reduced eosinophils had no impact on T. muris survival,
reproduction and elimination [42,43]. Therefore, it seems likely that eosinophils are not
essential for the expulsion of T. muris parasites.
Mast Cells
The accumulation and activation of innate immune cells, including mast cells at the
site of infection in the large intestine, is one of the hallmarks of parasite infections. This is a
temporary innate immune response, and these cells return to baseline healthy conditions
after the parasite infections have been cleared. However, mast cells still remain accumulated
in the site of T. muris infection even after several months of worm expulsion [42].
Accumulation of mast cells at the infection site was linked to Th2 immunity activation [9,42] (Figure 1). Thus, mast cell accumulation was not detectable in susceptible mice
with dominant Th1 response. Conversely, high dose infection in resistant mice, which
promotes Th2 immunity, drives mast cell accumulation [42] and increases worm expulsion. However, there was no impact on T. muris expulsion when mast cells were depleted
by using a neutralizing antibody for stem cell factor receptor (c-kit receptor) [43]. Since
c-kit mutations affect different types of immune cells [25], it was not clear whether other
immune cell types apart from mast cells were regulating the expulsion of T. muris worms.
Hence, the function of mast cells during T. muris infection and worm expulsion needs to be
further clarified. In addition, it has been indicated that mast-cell-derived proteases control
epithelial permeability and consequently maintain barrier integrity [42] (Figure 1). Thus,
prior T. muris infection may have a long-lasting impact on the gut environment, and these
implications on intestinal-barrier integrity might be one of the underlying mechanisms
through which mast cells prevent T. muris infection in the gut.
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Natural Killer (NK) Cells
NK cells are innate immune cells that defend the host against both intra- and extracellular
(parasites) pathogens. NK cells bind to the Fc portion of antibodies and participate in antibodydependent cellular cytotoxicity (ADCC) by expressing Fcγ receptors [44]. It was shown that
NK cells promote the generation of IL-4 and IL-13 in response to T. muris infection, and a
delay in worm expulsion was observed in NK cell-deficient mice [45] (Figure 1).
NK cells are one of the important determining factors that mediate the gender-based
differences in the immune response against T. muris infection [46,47]. T. muris-infected
female IL-4 knockout (KO) BALB/c mice clear the worms much faster than T. muris-infected
male IL-4KO mice. NK cells in male IL-4KO mice had higher expression of CXCR3, the
chemokine receptor associated with enhanced IFN-γ and Th1 immunity, compared to
female counterparts [48,49]. In addition, following T. muris infection, the female IL-4KO
mice had higher levels of IL-13 produced by DX5+ NK cells compared to the male IL-4KO
mice [47]. The higher levels of NK cell-derived IL-13 are responsible for the development
of resistance against T. muris infection in the female IL-4KO mice.
Innate Lymphoid Cells (ILCs)
ILCs, non-cytotoxic lymphocytes, are present in lymphoid and non-lymphoid tissues,
and they are also abundant at mucosal and non-mucosal barriers [11]. These cells were
recently identified and classified into three groups: group 1 ILCs (ILC1s), group 2 ILCs
(ILC2s) and group 3 ILCs (ILC3s). Among these groups, ILC2s support Th2-associated
responses as well as anti-helminth immunity control [50]. The innate and adaptive immune
responses against T. muris were believed to be separate mechanisms, but recent research
suggests that ILC2s act as a link between these two types of immune responses. During
intestinal helminth infections, mature ILC2s produce IL-4, IL-5, IL-9, and IL-13 as well
as amphiregulin in response to epithelial cell-derived cytokines such as IL-25, IL-33, and
TSLP [51] (Figure 1). The presence of MHC class II on ILC2s facilitates the communication
between ILC2s and CD4+ T cells to mount Th2 response to helminth infections [52]. The involvement of ILC2s in the secretion of Th2 cytokines reinforces the idea that ILC2s are
involved in generating efficient immune responses against T. muris and worm expulsion.
In contrast, in the inducible costimulatory molecule (iCOS)-T mice, loss of ILC2s caused by
diphtheria toxin treatment did not affect T. muris expulsion, suggesting ILC2s might not be
essential for T. muris clearance [53]. Furthermore, a lack of vitamin A led to a significant
increase in IL-13-producing ILC2s and T. muris resistance; therefore, nutritional stress can
be beneficial in response to parasite infections through ILC2 development [54]. This mechanistic finding using the T. muris model can partly explain why vitamin A supplementation
had no protective effect on soil-transmitted helminthic re-infection [55,56].
2.2.2. Adaptive Immunity
T Cells
T cells are important in host protective immunity to many intestinal helminths, including T. muris. Transferring T-cell enriched populations (but not B-cell enriched populations)
collected from MLN cells of T. muris-infected donors to naïve mice with T. muris infection
conferred immunity and worm expulsion [57]. Nude mice, with congenital absence of
thymus, lack T cells and are incapable of generating resistant immune responses. Inoculation of splenocytes or MLN cells or thymocytes from T. muris-infected donors restored a
resistant phenotype in these nude mice, and their T. muris infection was either completely
or partially cleared. These studies confirmed the indispensable role of T cells in T. muris
expulsion [58]. Additionally, T. muris-infected severe combined immunodeficiency (SCID)
mice failed to expel worms even after receiving CD4+ T cells from BALB/c on day 34 p.i.,
implying that CD4+ T cells mediate worm expulsion by affecting T. muris larvae [59].
Instead of cytotoxic T cells, protective immune responses against T. muris infection are
mainly regulated by helper T cells, since using neutralizing antibodies for CD4+ T cells but not
for CD8+ T cells led to the production of susceptible-associated immune
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responses [60–62]. In addition, the adoptive transfer of CD4+ T cells from resistant BALB/c
mice to the normally susceptible SCID mice resulted in worm elimination. These findings
confirm that CD4+ T cells, and not CD8+ T cells, were critical for generating effective immunity against T. muris infection [59]. The ability of CD4+ T cells to proliferate and polarize in
response to stimuli declines with age, resulting in T. muris susceptibility [63]. Among the CD4+
T-cell subsets, the Th2 type of immune response is mainly linked with protective immunity
in intestinal helminth infection. The key cytokines of the Th2 immune response, IL-4, IL-5,
IL-9 and IL-13, are essential in providing immunity against extracellular parasitic infections
(Figure 1). Though innate immune cells of the myeloid lineage, namely basophils, eosin-ophils
and mast cells, secrete at least one of these cytokines, CD4+ Th2 cells and ILC2s in particular are the major sources of Th2-associated cytokines. It was demonstrated that mice that
lacked either IL-4 or IL-13 expression were susceptible to infection with T. muris [64,65]. In
particular, IL-4 stimulates enterocytes to produce mucin, whereas IL-13 causes goblet cell
hyperplasia [11,66] (Figure 1). IL-9 is a pleiotropic cytokine and was primarily studied in the
context of Th2-associated immuno-pathological conditions such as parasitic infections. Later
studies provided evidence that a distinct subset of CD4+ cells exists that mainly secretes IL-9.
These cells were thus termed Th9 cells. These studies suggested that TGF-β, in the presence of
IL-4, reprograms CD4+ T cells into Th9 cells [67,68]. Along with IL-4 and IL-13, IL-9 is also
critical for T. muris pathology as evidenced by the inhibition of worm expulsion upon using
neutralizing IL-9 antibodies [69]. In addition, the number of CD4+ intraepithelial lymphocytes
(IELs) in BALB/c mice was increased on day 21 post-infection (close to the peak of expulsion),
while IELs in susceptible mice (AKR) were mostly CD8+ [31].
B Cells
B cells regulate immune responses against T. muris infection by acting as APCs, by
secreting cytokines and by producing T. muris-specific antibodies (Figure 1). In mixed
Th1/Th2 conditions, such as in T. muris-infected C57BL/6 mice, B cells are required for
the enhancement of Th2 responses, while B cells are not essential for the generation of
an efficient immune response to T. muris in mice with dominant Th2 responses (BALB/c
mice) [70]. In support of this, anti-IL-12 antibody treatment in B cell-deficient mice resulted in parasite elimination, as it inhibited the production of the susceptibility-associated
Th1 response [71].
Similar to many intestinal parasites, T. muris is a macro-pathogen, and therefore
macrophages are not able to ingest them. Thus, antibody-dependent cell-mediated cytotoxicity (ADCC) has been identified as a potential alternative method of inducing immune
reactions against Trichuris sp. Antibodies, such as IgG, IgA, and IgE, produced by B cells
coat parasitic antigens, facilitating the process of ADCC [11,62,72] (Figure 1).
Furthermore, resistant and susceptible mice have different types of antibodies. Resistant mice produce high levels of IgG1, a Th2-associated antibody, while IgG2 is increased
in susceptible mice with Th1 immune response [71]. Interestingly, an IgA and IgG1 transfer
from resistant mice partially restores resistant phenotype in susceptible mice, which is
probably because of antibody-induced larval trapping and antibody-mediated neutralization of parasitic antigens [25]. However, [59] demonstrated that T. muris antibodies are
dispensable for resistance to T. muris infection.
Regulatory T Cells (Tregs)
Though T. muris infection is mainly characterized by Th2 immune response, T. murisinfected mice also develop Tregs response. In chronically infected mice, Tregs cells suppress
T. muris-induced intestinal damage by inhibiting Th2 responses, and therefore, these
cells facilitate worm survival. Resistant mice also promote a Tregs response to suppress
host pathology induced by Th2 cytokines [73,74]. A prior study investigated the role of
Tregs in immune polarization during low-dose T. muris infection by using Tregs depletion
strategies. Early (during the first 8 days or second 8 days) and late depletion of Tregs
in T. muris-infected mice (with a low dose of infection) have different immune outcomes.
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Early Tregs depletion leads to decreased Th1 and enhanced Th2 immune response, and
ultimately accelerated T. muris expulsion. In contrast, late depletion of Tregs (after infection
establishment) increased worm burden in T. muris-infected mice. These results confirm that
Tregs can restrict Th2 cell expansion during T. muris infection before the establishment of T
cell polarization [75]. Furthermore, the main cytokine manufactured by Tregs is IL-10. It has
been indicated that IL-10-deficient mice with high-dose T. muris infection had increased
severity of colitis and heavy worm burden, implying IL-10 contributes to the development
of Th2 immune response as well as regulation of IFN-γ-induced inflammations [54,76].
3. Effects of T. muris on the Cells in the Intestinal Epithelial Layer
3.1. Effects on Epithelial Cells
Epithelial cells play an important role in T. muris infection, notably in the stages
of early infection. Mice with deficient nuclear factor-κB (NF- κB) signaling in intestinal
epithelial cells fail to generate an effective immune response and expel the worm, showing
that epithelial cells need to be stimulated prior to the involvement of the classical immune
cells [77]. Intestinal epithelial cells secrete several important cytokines such as IL-25, IL-33
and TSLP that are vital in the development and activation of the Th2 immune response
during T. muris infection [22] (Figure 1).
IL-25, structurally similar to IL-17, is produced by intestinal epithelial cells that
stimulate Th2 immune response to gastrointestinal helminth infections via activation
of ILC2s or multipotent progenitor (MPP) cells [22,78–80]. Of note, Saenz et al. have
eloquently demonstrated how IL-25 develops Th2 responses; IL-25 increases the number
of a lineage-negative (Lin2) MPP cells in gut-associated lymphoid tissue. MPPtype2 cells
differentiate into monocyte/macrophage and granulocyte lineage APC cells that in turn
promote proliferation and differentiation of T cells to the Th2 phenotype in vivo [80].
Furthermore, IL-25 KO mice are prone to chronic T. muris infection with the dominant Th1
cytokines, which can be shifted towards Th2 immunity by MPPtype2 cell transfer. As a
result, MMPtype2 was identified as a determinant factor in generating resistant immune
responses against T. muris infection [80].
IL-33 is produced by intestinal epithelial cells and released after injury-mediated
cellular necrosis. IL-33 acts biologically by activating NF- κB and MAP kinases via the
IL-1 receptor ST2 and has been related to the activation of Th2 immunity in response to
helminth infections [22,81]. Compared to susceptible mice, resistant mice have higher
levels of IL-33 on day 3 T. muris p.i. Furthermore, by giving recombinant IL-33 early in the
T. muris infection, immune responses in susceptible mice can be reversed. In contrast, late
IL-33 treatment does not cause worm expulsions, showing that IL-33 is one of the initial
signals during T. muris infection that primes Th2 responses. Moreover, IL-33 treatment
of T. muris-infected SCID mice is not sufficient to produce resistant-associated responses,
indicating that the ability of IL-33 to induce Th2 responses is dependent on T cells. In
parallel, elevated IL-33 production in resistant mice has been associated with an increase in
TSLP (Th2-inducing cytokine) [82].
TSLP is one of the intestinal epithelial cell-derived cytokines that enhances Th2 cell differentiation by acting on a wide range of immune cells, including DCs, basophils, monocytes,
granulocytes, T cells, and B cells [22]. In T. muris infection, resistant mice have a significant increase in epithelial-derived TSLP level [27]. In addition, during acute T. muris infection, TSLP
receptor-deficient mice demonstrate the susceptible phenotype [83]. In vitro, TSLP prevents
LPS-induced IL-12 synthesis and secretion from murine DCs [77,83–85]. Antibody-mediated
inhibition of IL-12p40 or IFN-γ restored resistant phenotype in TSLP-deficient mice [83,86].
In addition to DCs, TSLP selectively activates basophil responses through which it can
promote Th2 cytokine-mediated responses. It has also been shown that the susceptibility of
TSLPR KO mice to T. muris infection is associated with a decrease in basophil numbers [34].
Moreover, along with cytokines, chemokines produced by intestinal epithelial cells are
equally vital during the pathogenesis of T. muris infection. The levels of colonic epithelial
chemokines, including CCL2, CCL3, CCL5, and CCL20, are substantially higher in resistant
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mice than in mice with susceptible infection. Chemokines are effective inducers of DC
recruitment, and it has been indicated that giving T. muris-resistant mice anti-CCL5 and
anti-CCL20 antibodies inhibits DC recruitment in the colon [27].
3.2. Effects on Goblet Cells and Mucus Layer
The gastrointestinal epithelium is coated by a viscoelastic mucus layer produced
mainly by goblet cells and represents the first line of defense against invading pathogens [87].
Acute and chronic T. muris infections result in changes in the components of the intestinal
mucus barrier [88]. T. muris exposure causes up-regulation of cell surface mucins secretion
(Muc4, Muc13 and Muc17), which can potentially contribute to the increased thickness of
the glycocalyx. Moreover, in acute infection, Th2 cytokine (IL-13) stimulates expression of
secretory mucins into the mucus layer via GABA-α3 [88]. This increase in mucins expression and in glycocalyx thickness during acute infection enables the host to clear T. muris
through worm trapping in mucus, impairing worm motility and inhibiting the feeding
capacity of the worm [89].
In the acute T. muris-resistant infection model, goblet cell hyperplasia occurs via
activation of the transcription factors Math1 and sterile alpha motif (SAM) pointed domain
containing ETS transcription factor (SPDEF), which promote the differentiation of stem cells
to the secretory cell phenotype [88,90,91]. Conversely, the transcription factor of enterocyte
differentiation, Hes-1, had increased expression levels in the chronic T. muris-susceptible
infection model [88,92]. Goblet cell hyperplasia is believed to be primarily regulated by
Th2 cytokines [93,94] (Figure 1), although IL-4/IL-13 independent goblet cell hyperplasia
was indicated in some studies [95]. In addition, recently, IL-22, a tissue-protective cytokine,
was shown to lead to goblet cell hyperplasia upon T. muris infection. It has been shown
that T. muris-infected IL-22-deficient mice had decreased goblet cell hyperplasia, reduced
mucins production (but not Muc2), and failed to expel worms [96]. This expansion of
goblet cells in mice with acute T. muris infection is accompanied by an up-regulation in
the secretion of mucins (Figure 1), while during chronic infection, the decreased goblet
cell numbers lead to a depleted mucus barrier even though there is hypersecretion of
cell surface mucins from the goblet cells [88]. Hasnain and colleagues have shown that
Muc2, the primary mucin produced by intestinal goblet cells, plays a critical function in
the removal of the T. muris helminth. Delayed T. muris elimination, even with an intact
Th2-mediated immune response in Muc2-deficient mice, confirmed a distinctive functional
role for Muc2 in host immunity. Along with Muc2, Muc5ac (a mucin typically expressed
in the lungs and stomach) expression was up-regulated during infection shortly before
worm clearance in resistant mice [90] (Figure 1). In spite of producing robust Th2 responses,
Muc5ac-deficient mice were completely unable to expel T. muris and harbored long-term,
chronic infection, showing the important role of Muc5ac in T. muris expulsion. Interestingly,
the susceptible phenotype in Muc5ac-deficient mice, even with anti-IFN-γ administration,
did not shift into a Th2-dominated response. Most significantly, human MUC5AC has a
direct adverse impact on the viability of T. muris worms [97].
In addition to quantitative changes in mucus layer components, the quality of mucins
is also altered by T. muris infection. Chronically infected mice have low-charged mucins,
whereas mice with acute T. muris infection have highly charged mucins [88]. Furthermore,
there is altered glycosylation from sulpho- to sialomucins in the cecum during chronic
T. muris infection. Sulphomucins, on the other hand, are associated with acute T. muris
infections and are regulated by IL-13. Notably, sulphate glycan-containing Muc2 is less
vulnerable to proteolytic degradation by T. muris ESPs compared to sialomucins [98].
Even with the dominant Th2 immune responses in mice with gene deletion of sulphate
anion transporters 1 (Sat-1), susceptible immune responses have been observed to T. muris
infection due to decreased mucin sulphation [98]. These findings showed that changes in
mucin glycosylation induce structural changes in the mucus barrier, which can protect the
underlying epithelium from parasite degradation and thereby contribute to host defense.
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In addition to mucins, other goblet cell secretory products are also important in the
regulation of immune responses against T. muris infection. Mice with resistant phenotype
express resistin-like molecule-β (RELMβ), which confirms that the expression of RELMβ
is not part of a helminth-mediated response, but rather is limited to environments with
dominant Th2 protective responses [99,100]. RELMβ production was impaired in mice
lacking both IL-4 and IL-13 signals (IL-4Ra KO), but not in the absence of only the IL-4
signal (IL-4 KO mice), implying that IL-13 plays an important role in inducing the RELMβ
expression. RELMβ also has a direct inhibitory impact on worms by attaching to helminth
chemosensory elements and disrupting the parasitic chemotaxis function in vitro [99].
However, it does not seem to play a role in T. muris expulsion, possibly due to the parasite’s
active penetration and feeding in the epithelial cells [99,101]. In contrast, studies on
chronic T. muris infection have demonstrated that RELMβ can enhance Th1 response
by triggering intestinal macrophages and subsequently releasing the pro-inflammatory
cytokines, namely IL-12/23, IL-6 and TNF-α, and thus promote chronic T. muris infection.
RELMβ KO mice have reduced T cell-derived IFN-γ and TNF-α and thus decreased
T. muris-mediated colonic inflammation. Hence, RELMβ-deficient mice are unable to
develop chronic infection [101]. In addition, T. muris expulsion was linked to the expression
of antimicrobial peptides (AMPs) generated by goblet cells (Figure 1), including angiogenin
4 (Ang4) [102,103]. Apart from the production of mucins, RELMβ and AMPs, goblet cells
also produce indoleamine 2,3-dioxygenase (IDO), a tryptophan-degrading enzyme that is
linked to the pathogenesis of T. muris chronic infection. IDO inhibition in T. muris-infected
SCID mouse increased rates of colonic epithelial cell turnover that resulted in substantial
parasite expulsion [103].
3.3. Effect on Enteroendocrine Cells
Intestinal enteroendocrine cells (EECs) are specialized epithelial cells, dispersed
throughout the gastrointestinal tract that produce various hormones and neuropeptides.
EECs have different subsets based on their secretions, including 5-hydroxytryptamine
(5-HT) producing enterochromaffin (EC) cells, cholecystokinin (Cck) producing I cells and
glucagon-like peptide 1 producing L cells [104].
EECs via its chemosensory function detect helminths and interact with the immune
system to orchestrate an immune response [105]. Similar to other epithelial cells, T. muris
infection drives EEC hyperplasia [106], and specifically, the number of EC cells and 5-HT
levels are higher in T. muris-infected mice [107] (Figure 1). Our laboratory demonstrated
that CD4+ T cells play an important role in regulation of EC biology in T. muris infection [107]. Moreover, we showed that EC cell/5-HT responses in inflammation induced
by the T. muris are influenced by Th1 or Th2 cytokine predominance, in susceptible and
resistant mice, respectively, suggesting the importance of immunological profile in regulation of EC cell biology [108]. In addition, studies from our lab demonstrated that IL-13
mediates the immunological regulation of ECs in response to T. muris infection [109].
Our lab has further demonstrated that during T. muris infection, the increased synthesis of 5-HT in EC cells is regulated by the gut microbiota via a TLR2-dependent mechanism.
The decreased number of EC cells and lower amount of 5-HT in the gut of TLR2-deficient
mice and anti-TLR2 antibody-treated mice during acute T. muris infection implied that
TLR2 is a key innate immune receptor in regulating the response of EC cells to T. muris
infection [110]. T. muris excretory–secretory products (ESPs) induced 5-HT production in
BON-1 cells (a model of human EC cells). In addition, the ESPs showed a direct effect
on Tlr2 mRNA and protein expressions, while 5-HT levels were attenuated upon TLR2
antagonist treatment. Therefore, it seems likely that ESPs from T. muris can influence EC
cell response and 5-HT production via a TLR2 signaling pathway. In addition to influencing
EC cells through ESPs, T. muris may also indirectly influence 5-HT production via altering
the microbial composition. As studies have shown that Th2 cytokines, particularly IL-13,
play an important role in 5-HT production from EC cells via the IL-13 receptor, it would be
interesting to explore the interaction between TLR2 and IL-13 signaling in future studies.
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We have also demonstrated that in the T. muris infection model, treatment with peripheral Tph (rate limiting enzyme of 5-HT synthesis) inhibitor and telotristat etiprate (LX1606)
enhanced worm expulsion, and increased IL-10 production and goblet cell numbers [111].
However, the precise mechanisms by which 5-HT promote T. muris expulsion remain to
be determined.
4. Effects of T. muris on Intestinal Muscle Function
Experimental rodent helminth infection models have been documented to have altered
intestinal smooth muscle function. Th2 immune response in the resistant T. muris mouse
models influences the intestinal microenvironment, including smooth muscle contraction,
and thus ultimately the process of worm expulsion [112] (Figure 1). Previously, using
the small intestinal helminth Trichinella spiralis-infected mice, Vallance et al. showed that
the development of intestinal muscle hypercontractility and worm expulsion is highly
dependent on CD4+ T cells since muscle contraction was attenuated and worm expulsion
delayed in athymic CD4-deficient mice [113]. Further investigation into the effects of immunological mechanisms on intestinal muscle function during T. spiralis infection revealed
that the Th2 cytokines IL-4 and IL-13, but not IL-5, contribute to signal transducer and
activator of transcription factor 6 (Stat6)—dependent intestinal muscle hypercontractility
and worm expulsion [114,115]. Interestingly, during T. spiralis, the infection shift of the
immune response from Th2 towards Th1 inhibits infection-induced muscle hypercontractility, prolongs worm survival and delays worm expulsion [116]. Similarly, chronic T. muris
infection in susceptible AKR mice have a Th1 immune response that is associated with
reduced muscle contractility and excitatory innervation. Additionally, after the induction
of Th1 immune response, impairment in intestinal muscle function persists even after
T. muris was expelled [117]. These findings suggest that in countries with endemic parasitic
infestations, gut disorders with underlying low-grade inflammation and dysfunctional
muscle contractility such as irritable bowel syndrome might be caused by a Th1-biased
chronic parasitic infection [117].
The dissimilarities in immune-mediated muscle response in distinct helminth infections came into sight when our lab showed that another cytokine IL-9, which is not a Stat6
activator, regulates intestinal muscle function in T. spiralis and T. muris infection rather
differently [69] (Figure 1). IL-9 treatment enhanced jejunal muscle contraction and augmented worm expulsion in T. spiralis infection. There were also increases in IL-4 and IL-13
production from in vitro stimulated spleen cells isolated from IL-9-treated mice. However,
endogenous IL-9 is not essential for intestinal muscle contraction in T. spiralis-infected mice
since removal of IL-9 by anti-IL-9 vaccination or by anti-IL-9 antibody had no effect on
worm expulsion or muscle contraction. From these observations, it can be hypothesized
that IL-9 administration increases hypercontractility in T. spiralis infection either by its
additive effect with other Th2 cytokines or by increasing the levels of IL-4 and IL-13. In
contrast, neutralization of IL-9 by anti-IL-9 vaccination significantly reduced colonic muscle
hypercontractility and suppressed worm expulsion in T. muris infection [69]. Our findings
were further supported by the observation of faster worm expulsion in IL-9 overexpressing
transgenic T. muris-infected mice compared to wild-type mice [118]. Thus, it can be affirmed that in regard to intestinal muscle contraction, while IL-9 is vital in the development
of increased colonic muscle contraction in T. muris infection, it is not essential in T. spiralis
infection [69]. In addition, [119] also demonstrated that IL-33-ST2 signaling stimulates EC
cells to synthesize and secrete 5-HT, which activates enteric neurons and promotes gut
motility, resulting in T. muris expulsion.
Another school of thought is that the expulsion of worms is also dependent on
intestinal epithelial cell proliferation and turnover in addition to peristalsis. Increased
epithelial proliferation and rapid turnover shift the epithelium away from the crypts
and facilitates T. muris expulsion from within their epithelial niche [25,106]. In addition,
increased intestinal muscle contraction could probably help in shedding the T. murisinfected epithelial cells [25]. Thus, it is evident that T. muris infection elicits an immune
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response that regulates intestinal smooth muscle function and worm expulsion in concert
with other mechanisms that are yet to be explored.
5. Interaction of T. muris with Gut Microbiota
In healthy conditions, complex and diverse gut bacterial communities affect intestinal physiology and immunity. During parasite infections, gut microbiota share the gut
ecosystem with intestinal parasites, with both having an impact on the host physiology
and immune landscape. This proximity between microbiota and intestinal parasites gives
them a chance to interact. These parasite–microbiota interactions can shift host immune
responses against gut microbiota towards either pro-inflammatory or anti-inflammatory
responses. On the other hand, the gut microbiota affect colonization, reproduction and
infectivity of parasites and change parasitism towards mutualism. Contemporary methods
such as 16s sequencing have shed light on the parasites–microbiota interactions and how
these interactions affect the host health [120,121]. Gut microbiota can have direct effects
on the life cycle of T. muris, by attaching to polar caps and facilitating egg hatching and
ultimately favoring the establishment of T. muris infection [122]. T. muris itself alters the
microbiota composition towards a less favorable environment in the gut that impedes
further T. muris establishment. Thus, these microbiota facilitate the development of chronic
infection by inhibiting egg hatching of a second dose of infection and controlling numbers
of established T. muris infection [123]. Furthermore, it was recently discovered that T. muris
selects and acquires some specific intestinal bacterial subsets from the gut environment
of the murine host that facilitate its survival [123]. In addition, [124] showed that relocation of C57BL/6 mice, from a laboratory to a farm-like environment, causes changes
in microbiota composition and diversity that contribute to the microbial enhancement of
Th1 immunity and increase T. muris susceptibility. These findings confirmed that T. muris
survival is immensely influenced by host microbiota and these microbiota may have a role
in immune responses generated against T. muris infection. Further studies are required to
elucidate the role of T. muris-induced altered gut microbiota in regulating anti-helminth
immune responses.
T. muris can also change the physical environment of the intestine and impact the
habitat of gut microbiota [121]. T. muris infection can have consequences on some subsets
of the gut microbiota survival by imposing physical changes in the mucus layer by altering
the structure and quantity of mucins being produced [90,97,121]. T. muris-induced physical
changes in the mucus layer alter the accessibility of intestinal microbiota to nutrients
and impair the attachment of microbiota to the intestinal epithelium. Studies showed
that T. muris infection is linked to abundant Mucispirillum [125,126] and Clostridiales in
the gut. In vitro findings of accelerated growth of Clostridiales strains in a mucin-rich
environment confirmed that T. muris-mediated changes in the mucus layer are beneficial to
Clostridiales [127].
Chronic T. muris infection in IL-10-deficient mice raises Lactobacillaceae populations.
Conversely, in acute T. muris infection, the cecal microbial diversity did not change significantly [128]. These findings suggest that the dominant immune response generated
against chronic or resistant T. muris infection and changes in the intestinal microenvironment may play an important role in altering the host microbiota. However, no studies
have explained the consequences of microbiota-induced gut physical changes on T. muris
infection outcomes [120].
Large intestinal parasites may also alter the structure and composition of the gut
microbiota indirectly by regulating the synthesis and secretion of antimicrobial peptides
(AMPs) by the host goblet cells. T. muris increases the expression of the AMP, Ang4 from
goblet cells, in resistant mice, and it was shown that elevated Ang4 expression is linked with
increased T. muris expulsion [129]. However, the mechanism by which T. muris-induced
increased Ang4 expression contributes to worm clearance is not very clear. Reportedly,
Ang4 promotes the clearance of worms by either having a direct toxic effect on enteric
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parasites [130] or by altering the microbial composition and ultimately affecting the host
immune response to T. muris [121].
Furthermore, the microbial changes during T. muris infection contribute to intestinal
pathology such as colitis. Using Nod2 KO mice that develop spontaneous colitis, it was
observed that T. muris infection induces Th2 immunity that leads to the expansion of the
beneficial bacteria Clostridiales that competitively inhibits colitogenic Bacteroides vulgatus
and ultimately decreases the severity of colitis [127]. These findings showed that study of
the bidirectional relationships between T. muris and microbiota is vital for understanding
gut pathology and employing these interactions as a therapy for gastrointestinal disorders.
6. Role of T. muris in the Modulation of Immune and Inflammatory Disorders
The incidence of autoimmune, allergic and inflammatory diseases is on the rise in
industrialized societies, where infectious diseases such as helminth infections have decreased [131]. Using this rationale, the proposed “hygiene hypothesis” suggests that the
rising incidence of immunopathological disorders may partially be due to increased hygiene, sanitation and de-worming strategies [131,132]. The hygiene hypothesis is supported
by studies with the pig whipworm T. suis, where T. suis was seen to alleviate the severity
of inflammation in inflammatory bowel disease (IBD) patients, even though the sample
size was relatively small [133,134]. In a similar thread, Vegas-Sanchez et al. observed that
the simultaneous induction of dextran sulphate sodium-induced colitis and T. muris infection in mice results in improvement of colitis due to the host’s tolerance to T. muris [135].
This makes T. muris an appropriate model to study the beneficial effects of host–parasite
immune interactions in modulating IBD. In Th1-mediated Crohn’s Disease (CD), a type of
IBD, it is proposed that helminthic infections such as T. muris can activate the production of
Th2 cytokines that can antagonize the disease-promoting Th1 environment in the gut [134]
(Figure 2). Studies demonstrated that other helminths such as Heligomosomoides polygyrus,
Schistosoma mansoni, Hymenolepis diminuta and T. spiralis shift the immune response towards
Th2 production and reduce the severity of colitis [136–139]. Our laboratory also demonstrated that previous treatment with T. spiralis antigens in mice decreased the intensity
of colitis and the mortality rate significantly [140]. Infection by helminth parasites also
induces regulatory Tregs, and these cells consequently secrete regulatory cytokines such
as IL-10 and TGF-β. These regulatory cells and their anti-inflammatory cytokines may
also contribute to beneficial effects of helminth in inflammatory disorders [141] (Figure 2).
However, in the genetically susceptible Mdr1a−/− (epithelial transporter gene) mice model,
which develops spontaneous colitis, infection with T. muris augmented the progression of
colitis indicated by a significant increase in histological damage score, pro-inflammatory
cytokines, and infiltration of mucosal CD4+ T-cell and DCs [142] (Figure 2). Similarly,
Wilson and colleagues revealed the development of a lethal colitis in Il-10−/− mice infected with T. muris, though the amount to which the parasite enhanced the colitis is not
clear [143]. The conflicting results seen with T. muris infection and colitis severity might
be explained by the difference in colitis models, stage of colitis, persistence and burden of
worms. Furthermore, T. muris chronic infection in the susceptible AKR mice model shows
marked phenotypic and transcriptional similarities to experimental models of IBD with the
greatest similarity to the T-cell transfer model of colitis [144]. T. muris-infected AKR mice
had up-regulated expression of genes involved in innate and adaptive immune response,
chemotaxis and apoptosis with the predominant activity of the Th1/Th17 pathway [144].
These findings validate T. muris infection as a model of experimental colitis as well as
a model for determination of factors that promote development and severity of chronic
colitis [111,144,145] (Figure 2).
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muris intestinal infection in C57BL/6J mice leads to the production of Th1 cell-dependent
IFN-γ and myeloid cell-derived IL-10 in the lung without any airway pathology. This
immune response resulted in the inhibition of papain-induced acute allergic airway inflammation (Figure 2). During T. muris infection, IFN-γ from the Th1 cells might have inhibited
the Th2 immune response in allergic airway inflammation. Moreover, the group also
observed that low dose T. muris infection is protective against the house dust-mite model of
murine asthma only when the mice were infected with T. muris prior to sensitization [146]
(Figure 2). Helminth therapy with T. suis in relapsing remitting multiple sclerosis (MS)
patients was shown to increase serum IL-4 and IL-10 and decrease in disease severity
with no serious adverse events of the helminth infection [148]. In the animal model of
rheumatoid arthritis (RA), helminth therapy with S. mansoni and S. japonicum showed
attenuation of disease severity via up-regulation of IL-4 and IL-10 [149]. Collectively, these
findings suggest a potential beneficial role for “helminthic therapy” in allergic diseases,
IBD and autoimmune diseases such as MS and RA. Furthermore, it is evident from various
studies that the T. muris infection model in rodents is an extremely useful and convenient
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tool in teasing out the underlying complex immunological mechanisms of inflammatory,
autoimmune and allergic diseases.
7. Conclusions
The T. muris model has been used to uncover reciprocal host–parasite interactions,
host defense, inflammation and protective immune mechanisms. The T. muris life cycle
and immune response generated against T. muris infection are affected by various factors,
including host genetic background, host strain, gender, dose of infection and T. muris
worm strains. A wide range of innate immune cells responds to T. muris infection via
presenting Ags to adaptive immune cells, participating in ADCC and by producing cytokines. Adaptive immune cells, by producing Th2 cytokines, are key players in generating
a resistant immune response to T. muris infection. Th2 cytokines contribute to worm expulsion by accelerating epithelial turnover, and increasing mucin secretion and intestinal
muscle contractility.
T. muris completes its life cycle mainly in the large intestine in close contact with the
intestinal epithelium. Thus, mucus layer, enterocytes and specialized epithelial cells act as
the first line of defense to restrict T. muris infection and invasion prior to the recruitment
of classical immune cells to the site of infection. Among epithelial cells, goblet cells are
one of the key players essential for T. muris clearance by producing the mucins Muc2 and
Muc5ac. However, some immunological mechanisms in response to T. muris infection
are not yet understood. In particular, it remains unclear how T. muris infection initiates
immune responses and which immune factors are involved in the early stages of T muris
infection. Furthermore, the gut microbiota are another critical aspect in the study of
immune responses in the T. muris model. The complex interactions between gut microbiota
and T. muris influence the survival of T. muris in the host and also change the microbial
composition. Due to limited study in the field of parasite–microbiota interactions, it is not
very clear whether the altered microbiota play a role in the response of the immune system
to T. muris infection. Considering the recent demonstration of the influence of 5-HT in
modulation of gut microbial composition [150], it will be also interesting to explore whether
T. muris-induced changes in gut microbiota can contribute to host defense in this infection.
Based on the principles of “hygiene hypothesis”, T. muris infection can be beneficial in protecting the host from autoimmune, allergic and inflammatory diseases. It has
been suggested that T. muris infection may alleviate Th1-mediated inflammation such as
CD by activating Th2 responses [131,132]. Using the chronic T. muris model, it was seen
that the Th1 immune response was also beneficial for counteracting the Th2-mediated
airway allergic inflammation [146]. These promising findings indicate the potential for
the T. muris model to further understand the pathological mechanisms of complex immunological disorders and also as a future candidate of helminth therapy for immune and
inflammatory diseases.
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