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Abstract

In rodents, Trichinella spiralis and Nippostrongylus brasiliensis infect the small
intestine and Trichuris muris resides in the colon. The intestinal host response in
these animals is characterized by changes in mucosal architecture and
inflammation and is associated with worm expulsion. The requirement of T
cell-mediated host response in worm expulsion has been demonstrated over
many years. Subsequent studies have shown that Th2-type, but not Th1-type,
responses mediate resistance to the nematodes. Investigations using neutralizing
antibodies and genetically manipulated mice have characterized the contri-
bution of individual Th2-type cytokines in not only worm expulsion, but also
specific cellular changes that occur in the mucosa, such as alterations in epithelial
phenotype and smooth muscle. There is also increasing appreciation of the
contribution of non-bone marrow-derived cells in innate and adaptive host
responses in these models.

Introduction

Nematode infections of the rodent gastrointestinal tract
represent unique models of chronic inflammation in
which sequential alterations in the mucosa are often
associated with changes in the host–nematode relation-
ship, with the end result being expulsion of the parasite.
As outlined by Derek Wakelin’s review article in Nature
about 25 years ago (Wakelin, 1978), there has been a long-
standing interest in the generation of immunity to
intestinal parasites and the contribution of lymphoid
and myeloid cells to this process. In more recent work, the
contribution of individual cytokines and other mucosal
cells types has been characterized.

Over the last decade, there has been increasing general
interest in investigation of the interactions between host
mucosal cells and microorganisms that lead to acute
and/or chronic inflammation. Pathogenic bacteria initiate
acute inflammation after interacting with surface epi-
thelial cells and the molecular mechanisms of this process
are being elucidated (Mahida, 2001). The capacity of the
enormous population of normal resident intestinal

bacteria to cause spontaneous chronic inflammation has
been demonstrated in rodents with specific genetically-
manipulated defects in cytokine production (Blumberg
et al., 1999; Mahida, 2001). These models have generated
considerable interest because the histological changes in
their inflamed intestine bear a number of similarities to
those seen in human inflammatory bowel disease
(ulcerative colitis and Crohn’s disease). Indeed, it has
been suggested that failure to acquire nematode infec-
tions of the gastrointestinal tract may have a role in the
development of inflammatory bowel disease (Elliott et al.,
2000) and a recent study has reported that Trichinella
spiralis infection reduces the severity of inflammation in a
model of colitis (Khan et al., 2002).

This article will focus mainly on rodent intestinal
infections by T. spiralis, Nippostrongylus brasiliensis and
Trichuris muris, while illustrating the major contributions
of Derek Wakelin. The intestinal response to infection is
complex and characterized by changes in mucosal
architecture, cell populations, fluid secretion, and
generation of an immune response. Aspects of this
response bear some similarity to human inflammatory
bowel disease and coeliac disease.

The host contribution in intestinal nematode infections
has been studied at cellular, genetic and molecular levels.
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Lymphocytes have been studied for many years and more
recently there has been increasing interest in individual
cytokines and also non-bone marrow-derived cells.

T cells

Early studies (reviewed in Wakelin, 1978) demon-
strated the importance of T cells in the generation of
immunity to intestinal parasites, for example, delayed
worm expulsion in athymic mice. Subsequent studies in
T. spiralis infection showed that immunity was mediated
by CD4+ T cells (Grencis et al., 1985). In N. brasiliensis and
T. spiralis infection, there is also enteropathy of the small
intestine, in which architectural changes characterized by
villus atrophy and crypt hyperplasia occur (Ferguson &
Jarrett, 1975; Garside et al., 1992). In thymus-deprived
rodents (Ferguson & Jarrett, 1975) or those treated with
cyclosporin (Garside et al., 1992), the course of infection is
prolonged but the villi and crypts appear near normal,
suggesting a role of T cells (rather than parasites) in the
intestinal architectural changes that occur. As outlined
below, T cells also regulate changes in intestinal epithelial
cells and smooth muscle.

The expression of distinct profiles of cytokines is now
known to allow separation of CD4+ cells into two
subpopulations, Th1 and Th2 cells (Mosmann & Coffman,
1989). Th1 cells secrete interleukin(IL)-2 and interfer-
on(IFN)-g, whereas Th2 cells produce IL-4, -5, -6, -9, -10
and -13. Within 2 days of T. spiralis and N. brasiliensis
infection, there is a Th1-type response by mesenteric
lymph node cells (Ishikawa et al., 1998). The host mucosal
response that has been studied the most is one at later
time points (6 to 7 days after infection, around the time of
worm expulsion), when there is a Th2-type response
(Finkelman et al., 1997). The availability of genetically
manipulated mice has facilitated the investigation of the
role of individual Th1- and Th2- type cytokines.

Cytokines

IFN-g and IL-12

Mice deficient in the Th1-type cytokine IFN-g expel
T. spiralis more rapidly than wild-type (Urban et al.,
2000). IL-12 is a heterodimeric cytokine produced by
dendritic cells and macrophages and promotes the
development of Th1-type responses. In mice over-
expressing IL-12, there was delayed worm expulsion,
associated with an increase in the expression of IFN-g
and a decrease in the production of IL-4 and IL-13 (Khan
et al., 2001a). Thus, alteration of the Th response to a Th1-
type leads to susceptibility to worm infection. A number
of studies have also reported on the contribution of
individual Th2-type cytokines in worm expulsion and
mucosal response.

IL-4, IL-5 and IL-13

Systemic and mucosal eosinophilia occurs in T. spiralis
and N. brasiliensis infection (Wakelin, 1993) and this
response has been shown to be mediated by IL-5
(Coffman et al., 1989). However, IL-5 does not signifi-
cantly affect worm expulsion (Herndon & Kayes, 1992).

Recent studies using IL-5-deficient mice suggest that IL-5
plays a more important role in protecting the host against
secondary exposure to the parasite (Vallance et al., 2000),
implying that eosinophilia may be important for this
response previously characterized by Derek Wakelin
(Wakelin & Lloyd, 1976). In contrast to eosinophilia, the
parasite-induced increase in IgE levels is regulated by
IL-4 (Coffman et al., 1989). However, IL-4 knockout mice
expel N. brasiliensis normally (Lawrence et al., 1996;
Barner et al., 1998; McKenzie et al., 1998; Urban et al., 1998)
and expulsion of T. spiralis in IL-4-deficient mice has been
reported not to be significantly different from wild-type
(Khan et al., 2002) or delayed (Lawrence et al., 1998).
Interestingly, IL-4 knockout mice were susceptible to
T. muris infection (Bancroft et al., 1998), in contrast to their
wild-type littermates, which were highly resistant and
expelled the parasite.

IL-13 is a cytokine that is related to IL-4 and appears to
be a key player in Th2-type responses. However, unlike
IL-4 knockout mice, mice deficient in IL-13 have an
impaired ability to expel N. brasiliensis (Urban et al., 1998;
McKenzie et al., 1998). Surprisingly, administration of IL-4
induces the expulsion of N. brasiliensis from immunodefi-
cient mice (Barner et al., 1998; Urban et al., 1998). The
expression of a receptor shared by IL-4 and IL-13 and a
predominant role of the latter cytokine in signalling via
this receptor have been proposed to explain these
findings.

IL-4 and IL-13 share a number of common biological
functions, which can be explained by the fact that they
share some receptor components. Two types of IL-4
receptor have been recognized, types I and II. Type I IL-4
receptor(R), which is expressed by bone marrow-derived
cells consists of IL-4Ra-chain and the common cytokine
receptor g chain (which is also expressed by receptors for
IL-2, -7, -9 and -15). Type I IL-4R binds IL-4, but not IL-13.
The type II IL-4R contains IL-4Ra-chain and IL-13Ra-
chain and binds both IL-4 and IL-13 and is expressed by
non-bone marrow-derived cells. Receptor binding by IL-4
or IL-13 leads to activation of members of the Janus family
of tyrosine kinases (JAKs) that initiate the phosphoryl-
ation cascade. Following phosphorylation, the transcrip-
tion factor STAT6 dimerizes and migrates to the nucleus
to activate genes responsive to IL-4 and IL-13.

As would be predicted from above, IL-4Ra gene-
deficient mice fail to expel N. brasiliensis (Barner et al.,
1998; Urban et al., 1998). Moreover, in STAT6-deficient
mice there was failure to expel N. brasiliensis (Urban et al.,
1998) and treatment of RAG2 knockout mice with rIL-13
led to worm expulsion (Barner et al., 1998). Since RAG2
knockout mice lack functional T and B cells, this implied
that IL-13 could be acting on non-bone marrow-derived
cells. Subsequent studies using chimeric mice have
shown that selective expression of IL-4Ra on non-bone
marrow-derived cells allowed mice to expel N. brasiliensis
(Urban et al., 2001). However, selective expression of
IL-4Ra only on bone marrow-derived cells led to delayed
worm expulsion. Thus, it appears that the action of IL-4
and IL-13 on non-bone marrow-derived cells is required
for expulsion of N. brasiliensis. The responding non-bone
marrow-derived mucosal cells are likely to be epithelial
cells and smooth muscle cells as changes are seen in
these cell populations during infection (see below).
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STAT6-mediated functional effects of IL-4 and IL-13 on
intestinal epithelial cells have recently been reported
(Madden et al., 2002). These functional effects included an
increase in permeability and changes in glucose absorp-
tion and chloride secretion. These studies were per-
formed following in vivo administration of cytokines.
However, in vitro studies using the well characterized T84
epithelial cell line have shown that IL-4 and IL-13 increase
epithelial permeability via a phosphatidylinositol
3-kinase pathway, independent of STAT6 (Ceponis et al.,
2000). Thus, in vivo effects of IL-4 and IL-13 on non-bone
marrow-derived cells that lead to worm expulsion are
likely to be complex. It is conceivable that the epithelial
cells are influenced by IL-4 and IL-13-mediated effects on
myofibroblasts, which lie close to the basal surface of
epithelial cells and which have been shown to be capable
of influencing epithelial barrier function and chloride
secretion (Beltinger et al., 1999; McKaig et al., 1999).

It is of interest that, in contrast to N. brasiliensis, T. spiralis
expulsion was reported to require IL-4Ra expression by
both bone marrow- and non-bone marrow-derived cells
(Urban et al., 2001). Derek Wakelin’s previous work had
demonstrated the importance of bone marrow-derived
cells in expulsion of T. spiralis (Wakelin & Wilson, 1977).
The nature of the non-lymphoid cells in the bone marrow
that contribute to expulsion of T. spiralis remain to be
characterized.

IL-10 and NF-kB

Whilst N. brasiliensis and T. spiralis infect the small
intestine, Trichuris muris resides in the caecum and colon
and is associated with an inflammatory infiltrate and
crypt hyperplasia (Artis et al., 1999). Previous studies by
Derek Wakelin characterized immunity to this parasite
(Wakelin, 1967; Bellaby et al., 1996). Further work has
shown that the presence or absence of a Th2-type
response determines whether worm expulsion or chronic
T. muris infection occurs (Else et al., 1994; Bancroft et al.,
1998, 2000; Richard et al., 2000).

IL-10 knockout mice are reported to be highly
susceptible to T. muris infection, with a high degree of
morbidity and mortality, which was reduced by the use
of broad spectrum antibiotics (Schopf et al., 2002),
implying an important role for the resident luminal
bacteria. Recently, individual members of the NF-kB
family of transcription factors have been studied (Artis
et al., 2002). Homo- or heterodimeric forms of NF-kB are
normally sequestered in the cytoplasm by members of
the IkB family of proteins. Following an appropriate
stimulus, IkB is phosphorylated and degraded, leading
to migration of NF-kB to the nucleus, where it
influences the expression of a wide range of genes
that regulate inflammatory and immune responses, such
as expression of cytokines, chemokines and adhesion
molecules (Mahida & Johal, 2001). The NF-kB family
consists of NF-kB1 (p105/p50), NF-kB2 (p100/p52), c-
Rel, RelA and RelB. In contrast to c-Rel knockout mice,
NF-kB1-gene deficient and NF-kB2-gene deficient mice
were unable to clear T. muris, leading to chronic
infection (Artis et al., 2002). Severe colitis, similar to that
seen in murine models of inflammatory bowel disease
was present in NF-kB1-deficient mice. Interestingly,

although goblet cell hyperplasia was seen in infected
wild-type and NF-kB2 knockout mice, there was
significant reduction in the number of goblet cells in
NF-kB1-deficient mice following infection with T. muris.
The susceptibility of NF-kB1- and NF-kB2-deficient (but
not c-Rel-deficient) mice to chronic infection and
inflammation may not be explained by reduced
expression of IL-4 and -13 because antigen-specific
expression of these cytokines by mesenteric lymph node
cells was impaired in mice deficient in c-Rel, NF-kB1
and NF-kB2.

Smooth muscle

An increase in intestinal propulsive activity has been
reported following nematode infection (Farmer, 1981;
Collins, 1996) and is likely to represent the mechanism by
which worm expulsion occurs. There is also an increase in
size and number of smooth muscle cells. In T. spiralis-
infected rats, a marked increase in alpha- and gamma-
smooth muscle actin per smooth muscle cell has been
reported. Since smooth muscle actin mediates contractile
responses, an increase in its expression is likely to
facilitate propulsive forces required for worm expulsion.
In T. spiralis-infected rats, there is increased contractility
of longitudinal muscle of parasite-bearing jejunum
(proximal small intestine) but a reduction in contractility
of muscle from worm-free ileum (distal small intestine;
(Marzio et al., 1990)). The gradient in muscle tension
created along the intestine (increased in jejunum and
decreased in ileum) may promote propulsion of worms in
the lumen. In mice, ex-vivo studies have shown that the
increase in contractility of jejunal longitudinal smooth
muscle has two components, first peaking at day 6
followed by a sustained phase of increased contraction,
which lasts until day 21. Both components of muscle
contractility were affected by the absence of T cells
(Vallance et al., 1998).

Over-expression of IL-12, with resulting shift in Th cell
response from Th2 to Th1 inhibited T. spiralis infection-
induced muscle hypercontractility and goblet cell
hyperplasia and delayed worm expulsion, supporting a
role for Th2-type responses in these processes (Khan et al.,
2001a,b). In intestinal smooth muscle of T. spiralis-
infected, but not control mice, there is expression of IL-4
and IL-13, which has been proposed to be derived from
infiltrating T cells (Khan et al., 2001c). Disaggregated
smooth muscle cells express IL-4Ra, through which
IL-4 and IL-13 appear to mediate increased muscle
contractility in T. spiralis infection. Whilst the IL-4-
mediated effect was STAT6-dependent, IL-13-mediated
effect was reported to be largely STAT6-independent
(Akiho et al., 2002).

Epithelial cells

A single monolayer of epithelial cells is present on the
luminal aspect of the intestinal mucosa and represents the
first line of host defence that any pathogen in the lumen
has to deal with. There are four main types of epithelial
cells, absorptive enterocytes, goblet cells, Paneth cells and
enteroendocrine cells, which are derived from stem cells
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in the crypt. Apart from Paneth cells (which reside in the
crypt base for approximately 20 days) the epithelial cells
migrate up the villus or to the surface of the colon as they
differentiate and are replaced every 2–5 days. Goblet and
Paneth cells are important in host protection against
microorganisms and in the maintenance of mucosal
integrity. These two cell types mediate these functions via
secretory products such as mucin glycoproteins, intesti-
nal trefoil factor (Podolsky et al., 1993) from goblet cells
and antimicrobial peptides and proteins expressed by
Paneth cells (Ouellette, 1997). Alterations in intestinal
epithelial cell numbers and phenotype have been
characterized in rodent models of parasite infection.

In T. spiralis and N. brasiliensis infection, there is an
increase in goblet cell numbers, which is regulated by
T cells (Garside et al., 1992; Ishikawa et al., 1993; 1997).
Goblet cell size also increases and in N. brasiliensis
infection, there are alterations in the mucin glycoproteins
present in these cells. In contrast to changes in goblet cell
numbers, the alterations in mucin glycoproteins are
independent of T cells (Ishikawa et al., 1994). Mucins from
goblet cells may play an important role in the trapping of
worms in the mucus layer and inhibiting worm motility
and feeding (Miller, 1987). In both T. spiralis and N.
brasiliensis infection, goblet cell hyperplasia occurs
around the time of Th2-type response in mesenteric
lymph node cells. Transfer of Th2-enriched, but not Th1-
enriched mesenteric lymph node cells led to further
enhancement of goblet cell hyperplasia (Ishikawa et al.,
1997). Of the Th2-type cytokines, neutralization of IL-5
did not affect goblet cell hyperplasia, but IL-13 and STAT6
appear to be important (McKenzie et al., 1998; Khan et al.,
2001b). As indicated above, over-expression of IL-12
inhibits goblet cell hyperplasia in T. spiralis-infected mice
(Khan et al., 2001a,b). In T. muris infection, NF-kB1
appears to be important in colonic goblet cell hyperplasia,
which may be independent of IL-4 and IL-13 expression
(Artis et al., 2002).

In addition to mucin glycoproteins, goblet cells also
express intestinal trefoil factor (ITF), which is a member of
the trefoil factor family that encompasses small peptides
sharing a distinctive motif of six cysteine residues, which
form intrachain disulphide bonds to create a character-
istic three-loop structure that gives the peptide family its
name (Podolsky et al., 1993; Thim, 1997; Wong et al., 1999).
Although expression of ITF mRNA transcripts has been
reported not to be altered in N. brasiliensis infection
(Tomita et al., 1995), immunohistochemical studies have
shown that there is an increase in the number of strongly
ITF-expressing goblet cells in the small intestine of
T. spiralis infected mice (Kamal et al., 2001).

Alterations in Paneth cells have also been described
(Roberts-Thomson et al., 1976). Because of their likely
importance in innate immunity, Paneth cells have been a
focus of considerable interest recently (Ouellette, 1997;
Ouellette & Bevins, 2001). In T. spiralis infection, there is
an increase in the number of antimicrobial peptide
(cryptdin)-expressing Paneth cells and also of cells with
morphological features of both Paneth and goblet cells
(Kamal et al., 2001). An increase in these cells also
occurred in nude mice but not in infected mice with
combined deficiency in T-cell receptor (TCR) b and d
genes. Transfer of mesenteric lymph node cells from

wild-type to TCR(b/d)-/- mice led to an increase in Paneth
and intermediate cell numbers, implying that a thymic-
independent population of mucosal T cells may be
important in regulating these changes. The changes in
Paneth cell numbers become maximal at a lower infection
threshold with T. spiralis larvae than changes in the
villus:crypt ratio (Dehlawi & Wakelin, 2002).

The ability of T. spiralis to invade the intestinal
epithelium has been studied in vitro using intestinal
epithelial cell lines (ManWarren et al., 1997; Li et al., 1998).
Infective larvae migrate into the epithelial monolayers,
inducing damage and death of cells that came into
direct contact with the larvae. There was also induction
of the expression of pro-inflammatory cytokines, which
are likely to act as initial signals that lead to the
inflammatory changes seen in the intestinal mucosa in vivo
(Li et al., 1998).

Mast cells

Infection with T. spiralis and N. brasiliensis is associated
with intestinal mastocytosis. In rats, the mucosal mast
cells have been shown to be functionally active during
worm expulsion by demonstration of the release, into the
mucosa and systemic circulation, of mast cell protease II
(Woodbury et al., 1984). The importance of mast cells is
illustrated by delay in worm expulsion in mast cell-
deficient mice (Kamiya et al., 1985). The complexity of the
mast cell response is demonstrated by alterations in
protease expression and migration to different sites of the
mucosa. Thus the findings from one study (Friend et al.,
1996) suggest that jejunal mast cells sequentially express
mucosal mast cell protease (mMCP)-2, cease expressing
mMCP-5, and finally express mMCP-1 as the cells
progressively appear in the submucosa, lamina propria
and epithelium, respectively. In the recovery phase of the
disease, mast cells sequentially cease expressing mMCP-
1, express mMCP-5, and finally cease expressing mMCP-2
as they present at the tips of the villi, the base of the villi,
and the submucosa, respectively. The importance of
mMCP-1 has been shown by delayed expulsion of
T. spiralis in mice lacking this protease (Knight et al.,
2000). By contrast, mast cells do not appear to be required
for expulsion of T. muris (Betts & Else, 1999).

Conclusion

Derek Wakelin’s outstanding contribution over many
years to the investigation of T. spiralis, N. brasiliensis and
T. muris infections in rodents has led to an appreciation
of the fact that they represent unique models in which
intestinal innate and adaptive host responses are closely
related. The adaptive host response, characterized by the
expression of Th2-type cytokines has been extensively
studied and there has been recent interest in the
contribution of non-bone marrow-derived cells.
Although there are a number of similarities in the
intestinal response to these three infections, there are
also distinct differences, especially in components of the
mucosal response that determine whether the outcome is
worm expulsion or chronic infection. Many of the
mucosal changes induced by the three nematodes bear
similarities to those seen in some human inflammatory
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diseases. Further studies in these models may therefore
increase our understanding of the mechanisms of
chronic inflammatory diseases in the human gastroin-
testinal tract.
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