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Abstract
The protective immune response that develops following infection with many tissue-dwelling
intestinal nematode parasites is characterized by elevations in IL-4 and IL-13 and increased numbers
of CD4+ T cells, granulocytes and macrophages. These cells accumulate at the site of infection and
in many cases can mediate resistance to these large multicellular pathogens. Recent studies suggest
novel potential mechanisms mediated by these immune cell populations through their differential
activation and ability to stimulate production of novel effector molecules. These newly discovered
protective mechanisms may provide novel strategies to develop immunotherapies and vaccines
against this group of pathogens. In this review, we will examine recent studies elucidating
mechanisms of host protection against three widely-used experimental murine models of tissue-
dwelling intestinal nematode parasites: Heligmosomoides polygyrus, Trichuris muris and Trichinella
spiralis.
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1. Introduction
Tissue-dwelling intestinal nematode parasites pose a major health problem throughout
developing countries and a food safety concern worldwide. As well as contributing directly to
morbidity and impaired childhood development, infection with these metazoan parasites may
also impair effective immune responses against microbial pathogens, including
Mycobacterium tuberculosis (MTb) and Human Immunodeficiency Virus (HIV), as well as
those of veterinary importance (Urban et al., 2007). These helminth parasites range throughout
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the world and it is estimated that over 2 billion people are currently infected. They include such
diverse species as: Trichuris (whipworms), Strongyloides (threadworms), Necator and
Ancylostoma (hookworms), Ascaris, Anisakis, microfilaria and Trichinella. Each occupies a
distinct micro-environment in the host, which is associated with an immune response that may
contribute to the development of a protective response to the invading metazoan parasite. In
this review, we will examine several murine models of tissue-dwelling intestinal nematode
parasites, focusing on recent findings elucidating the host protective immune response elicited
against each of them.

In most murine models, and to the extent to which this has been examined in human disease,
tissue-dwelling nematodes generally trigger a T helper (Th) 2-type protective immune response
identified by the characteristic production of Th2 cytokines, including IL-4, IL-5, IL-9 and
IL-13. These cytokines may be produced by both Th and non-T cells including B cells,
eosinophils, mast cells and basophils. Additional candidate Th2 cytokines include IL-21
(Wurster et al., 2002; Pesce et al., 2006; Frohlich et al., 2007), IL-31 (Perrigoue et al., 2007),
IL-33 (Humphreys et al., 2008) and IL-25, the latter of which may be produced by a distinct
Th25 cell (Owyang et al., 2006; Tato et al., 2006; Wang et al., 2007). With varying degrees of
importance, all of these cytokines can contribute to the development of Th2-type responses,
an important exception being IL-31, which has recently been shown to down modulateTh2-
type responses (Perrigoue et al., 2007). Innate immune cells may initially produce several Th2
cytokines at early stages of the immune response, thereby contributing to an environment that
supports Th2 cell differentiation from naïve T cells; however several studies now suggest that
IL-2 and autocrine IL-4 are sufficient for Th2 cell differentiation (Noben-Trauth et al., 2002;
Cote-Sierra et al., 2004; Liu et al., 2005), although this putative role of IL-2 may need to be
re-examined given recent findings that anti-IL-2 antibody (S4B6) may enhance the agonistic
effects of IL-2 rather than block IL-2 activity (Phelan et al., 2008). Innate cells producing Th2
cytokines may act in an autocrine manner and may also activate other innate cells including
macrophages and dendritic cells. Generally Th2 cells, as a source of Th2 cytokines, are required
to amplify and sustain the Th2-type response. Epithelial cells in the skin and mucosal tissues
have recently been shown to promote the development of Th2 cells, in particular through their
secretion of thymic stromal lymphopoietin (TSLP) which can condition dendritic cells or act
directly on T cells to promote Th2 cell differentiation (Watanabe et al., 2004; Rimoldi et al.,
2005; Allakhverdi et al., 2007; Holgate, 2007; Liu et al., 2007; Omori and Ziegler, 2007; Zaph
et al., 2007).

Microbes, including many bacteria, protozoa and viruses, stimulate the development of a
distinct Th1-type response where IFN-γ is produced and macrophages, CD8+ T cells, natural
killer (NK) cells and neutrophils are primary players. In this milieu, macrophages are activated
to up-regulate inducible nitric oxide synthase (iNOS) which generates nitric oxide and, together
with neutrophils, are considered the first responders in the Th1-type response. Neither
neutrophils nor macrophages were conventionally thought to be primary players in the Th2-
type response. More recently, however, it has become clear that macrophages are indeed
activated by IL-4, IL-13 and IL-21 (Mantovani et al., 2005; Pesce et al., 2006). These cytokines
trigger signaling pathways in the macrophages which result in an alternative activation pathway
with the production of molecules quite different from those produced following toll-like
receptor (TLR)- or IFN-γ-mediated activation. Other results suggest that neutrophils are also
activated during Th2-type responses and, under some experimental conditions, may mediate
nematode parasite killing (Al-Qaoud et al., 2000; Saeftel et al., 2001; Saeftel et al., 2003;
Galioto et al., 2006; Porthouse et al., 2006; Padigel et al., 2007). Although not as well studied,
neutrophils may also undergo differential activation depending on the immune environment
(Tsuda et al., 2004; Tsuda et al., 2008).
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Thus, activated innate immune cell populations involved in clearance of helminth parasites are
similar to those involved in immune responses to many bacteria, protozoa and viruses, but their
differentiation and effector function in response to metazoan pathogens is different, as is the
case for the adaptive T and B cell immune response. The ability of immune cells to alter their
function depending on the type of invading pathogen is likely a considerable evolutionary
advantage. In many cases, large multi-cellular parasites require a different set of immune
effectors for their clearance compared with responses required to control bacteria, protozoa
and viruses. For example, the phagocytosis and intracellular killing of microbes is different
from the sequestration and killing of multi-cellular tissue-dwelling parasites. The array of
control mechanisms may include: i) walling off the parasite from the surrounding tissue by
creating an immune cell and/or connective tissue barrier; ii) impairing the ability of the parasite
to migrate to or remain in its preferred tissue destination; iii) release of toxins or other factors
that may directly damage or stress the parasite. It is notable that multi-cellular parasites may
cause considerable tissue damage as they migrate through the host. Rapid induction of
mechanisms of tissue healing and repair are required and, not surprisingly, recent studies have
suggested that wound healing mechanisms are regulated by Th2-type immune responses
(Gratchev et al., 2001; Wynn, 2004; Sakthianandeswaren et al., 2005).

The intestine is a unique immune environment where the resident mucosal immune system is
subject to constant stimuli from luminal bacteria which may also invade the mucosal tissue
during nematode parasite infection. Robust regulatory immune cell populations, including both
macrophages and T regulatory (T reg) cells, have recently been identified that can control the
development of Th1-type or Th17-type inflammation. Several recent reviews and papers have
discussed these important regulators of potentially harmful gut inflammation (Belkaid, 2007;
Denning et al., 2007). In this mucosal milieu, the Th2-type response and associated allergic
inflammation mediated by Th2 cytokines may be similarly controlled. Alternatively, if these
regulatory cell populations preferentially dampen Th1-type inflammation, the intestinal milieu
may actually favor the development of potent and polarized Th2-type responses. More studies
are needed to examine the effects of these regulatory populations on the development of the
Th2-type immune response.

2. Intestinal nematode parasites
The predominant nematode genera of geohelminths, including Ascaris, Trichuris, Necator,
and Ancylostoma, ultimately infect the human intestine. However, the different species occupy
different micro-environmental niches including migration through specific tissue sites. In
experimental murine models, the Th2-type response in the intestine is generally protective, in
some cases resulting in effective expulsion of the parasite. Although most components of the
Th2-type response exhibit stereotypical activation against the range of these metazoan
pathogens, only certain effector functions are capable of mediating specific protective effects
against a particular parasite. In this review, we will primarily examine the host protective
response that occurs during the tissue-dwelling phase of three widely used experimental mouse
models: Heligmosomoides polygyrus, Trichuris muris and Trichinella spiralis.

2.1. Heligmosomoides polygyrus
Heligmosomoides polygyrus is a natural murine intestinal trichostrongylid nematode parasite
with a strictly enteral life cycle. The infective L3s are free living and orally ingested to initiate
the infection (this exposure is experimentally mimicked by inoculation with a ball-tipped
feeding tube). Primary inoculation results in chronic infection, but if the parasites are cleared
with an anthelmintic drug treatment at 2 weeks after primary inoculation, a subsequent
secondary challenge results in expulsion of the parasite by 2 weeks post-secondary inoculation.
As such, this parasite is an excellent model for studying the memory Th2 response to
nematodiasis. An interesting characteristic of the infection is that the parasitic L3 invades the
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mucosa of the duodenum and migrates to the sub-mucosa juxtaposed to the muscularis layer
for a period of 8 days (Gause et al., 2003; Anthony et al., 2006). During this time the larva
develops into an adult and subsequently migrates back to the lumen. In the initial 36-h period
after challenge inoculation, L3s penetrate pits of the cardiac region of the stomach and by 12
h induce a pronounced infiltrate in the mucosa and sub-mucosa composed of eosinophils, mast
cells and neutrophils (Liu et al., 1974). Whether this initial penetration affects subsequent L3
invasion of the duodenum is unclear.

The memory response triggers a characteristic immune cell infiltrate that surrounds the parasite
in the duodenum by 4 days after secondary inoculation. Thus, in the memory Th2-type
response, as in the Th1-type response, immune cells are rapidly recruited to the host:parasite
interface. The rapidly developing immune cell architecture includes neutrophils that
accumulate immediately adjacent to the parasite (see Figs. 1 and 2) and alternatively activated
macrophages (AAMacs) (CD206+, IL-4Rα+) that form a thick band around the neutrophils
and parasite. Just beyond the AAMacs is another band of immune cells composed of dendritic
cells, CD4+ T cells, eosinophils (Morimoto et al., 2004) and a population of apparently
undifferentiated macrophages expressing macrophage markers F4/80 and CD11b but not the
mannose receptor CD206 or the IL-4R (Kreider and Gause, unpublished data). This overall
pattern is highly consistent. The rapid accumulation of AAMacs is CD4+ T cell-dependent and
occurs primarily during the memory response, with only a few AAMacs detected during a
comparable period after a primary response (Anthony et al., 2006). This infiltrate shares many
features with the more conventional granulomas that typically develop during Th1-like
responses as in Mycobacterium tuberculosis infection (Fig. 1). In both responses, macrophages
are the dominant cell type and both neutrophils and macrophages are the first responders.

Analysis of the infiltrate using laser capture micro-dissection has shown high levels of Th2
cytokine gene expression in both regions where the neutrophils are located and in the outer
band where the CD4+ T cells accumulate (Morimoto et al., 2004; Anthony et al., 2006).
Immune histological staining demonstrates high IL-4R surface expression by macrophages
that also express CD206 (the mannose receptor), a characteristic marker of AAMacs. Thus,
the cellular composition of the infiltrate surrounding this parasite is similar to the granuloma
formed during a Th1-like response to M. tuberculosis, but the differentiation state of the effector
cells is characteristic of a Th2-type response. As such, this infiltrate is referred to as a Th2-
type granuloma (Anthony et al., 2007). The ability of immune cells, including macrophages,
to rapidly respond and accumulate at the site of parasite invasion in peripheral tissues is thus
a major feature of both the Th1-type response and the Th2-type response. It also demonstrates
the plasticity of the immune system, in which immune cells can rapidly differentiate into
characteristic and quite different phenotypes depending on the cytokine milieu and the
particular type of infectious agent. Besides H. polygyrus, experimental mouse models of filarial
infection also show the development of distinct granulomas that contribute to parasite damage
(Rajan et al., 2002; Chirgwin et al., 2003; Chirgwin et al., 2006; Rao and Klei, 2006).

Although the CD4+ T cell-dependent Th2-type memory response is required for host protection
against this parasite, the components that actually mediate worm expulsion remain unclear. It
is possible that multiple immune mechanisms are involved at different stages of parasite
development that together contribute to an effective response. In the tissue-dwelling phase,
recent studies suggest that AAMacs play an important role in contributing to larval stress and
ultimately to adult worm expulsion (Anthony et al., 2006). AAMacs may mediate protective
effects through a number of potential mechanisms. AAMacs express certain chitinase and
found in inflammatory zone (FIZZ) family member proteins (ChaFFs). This intriguing family
of molecules includes chitinases, chitinase-like proteins that have lost their enzymatic activity
e.g., Ym-1, and resistin-like molecules including RELMα and RELMβ. Both Ym-1 and
RELMα are expressed at high levels in AAMacs during H. polygyrus infection. Although some
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studies have suggested that Ym-1 may have eosinophil chemotactic ability (Owhashi et al.,
1998; Owhashi et al., 2000; Boot et al., 2005), its actual in vivo function remains uncertain.
Ym-1 is the most highly expressed gene in AAMacs, suggesting high production levels of this
molecule may be important in the function of these cells. It also binds heparin, indicating that
it may be important in mediating interactions between cells and the extracellular matrix (Hung
et al., 2002). We have recently found that Ym-1 is highly expressed on H. polygyrus developing
larvae (Kreider and Gause, unpublished data), and whether this may affect parasite activity is
under examination. FIZZ1/RELMα is also expressed by AAMacs and together with Ym-1 is
considered a key marker for AAMac differentiation (Raes et al., 2002; Nair et al., 2003). Its
function is also unclear, although some studies suggest it may contribute to fibrosis as it can
induce myofibroblast differentiation in vitro including increased Type I collagen production
(Blagoev et al., 2002; Rajala et al., 2003; Liu et al., 2004). Recent studies suggest that the H.
polygyrus protective immune response against tissue-dwelling larvae is also arginase-
dependent (Anthony et al., 2006). Thus it will be important in future studies to determine which
molecules associated with AAMac activation are arginase-dependent since these may
contribute to parasite vulnerability during the tissue-dwelling phase. Arginase metabolism can
result in increased polyamine production, a known down-regulator of Th1-type inflammation
(Hasko et al., 2000; Cordeiro-da-Silva et al., 2004). It is thus possible that polyamines produced
by AAMacs may help support the localized Th2-type response by controlling Th1-type
cytokines, in this way promoting through a regulatory mechanism host protection against
tissue-dwelling nematode parasites (Zhang et al., 1997; ter Steege et al., 1999). In addition,
increased production of proline from arginase activity may contribute to fibrosis (Hesse et al.,
2001) and this and other wound-healing functions of AAMacs may help to wall off the invading
parasite, impairing its ability to obtain nutrients. It should be noted that these effector
mechanisms may be most important during secondary infections, such as the memory response
to H. polygyrus and other memory T cell-independent mechanisms may be more important in
mediating resistance during primary infections.

2.2. Trichuris muris
This parasite is also a natural murine parasite but with a different life history and ecological
niche compared to H. polygyrus. Mice ingest (experimentally inoculated) environmentally-
resistant eggs that hatch into L1 in the ileum of the small intestine. The larvae then migrate to
the cecum and proximal colon where they invade the mucosal epithelial cells at the crest of the
crypt. Here they live in tunnels, previously thought to be composed of live cells (Lee and
Wright, 1978), but which now appear to be a wall of dead cells kept structurally intact by actin
associated with the apical brush border that invaginates as the parasite penetrates the epithelium
(Tilney et al., 2005). Within this tunnel of actin-rich brush border epithelium, the parasites
moves and feeds, ultimately reaching an adult length up to 2 cm. The corresponding immune
response is mouse and parasite strain-dependent, with some mouse strains supporting a Th2-
type immune response that leads to parasite expulsion, and others initiating a Th1-type response
associated with susceptibility. In BALB/c mice, the Th2-type response can be deviated to a
Th1-type response by blockade of costimulatory molecules (Urban et al., 2000), similar to the
switch between Th2 to Th1-type response that follows B7 blockade during Leishmania
major infection (Corry et al., 1994). An essential difference is that in L. major infection the
Th1-type response results in resistance while in T. muris infection the Th2-type response is
protective. In other studies, specific T. muris isolates can differentially affect Th responses,
indicating that the specific parasite variant, as well as the mouse strain, can influence whether
a protective Th2-type response is elicited (Bellaby et al., 1996).

Thus, both H. polygyrus and T. muris dwell in mucosal intestinal tissues but they occupy
distinct ecological niches (see Fig. 2). In the case of T. muris, the epithelial cell micro-
environment and the adjacent lamina propria are probably of particular importance. In fact,
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changes in immune cell number and constitution in these tissues can vary in resistant and
susceptible strains. In particular, CD4+ Th cells preferentially accumulate in the epithelium of
resistant mice around the time of worm expulsion while macrophages appear to markedly
increase in the lamina propria (Little et al., 2005). Although further studies are required to
examine whether macrophages mediate resistance to T. muris, as they do in the immune
response to H. polygyrus, it is clear that Th cells polarized in resistant mice are a major source
of the Th2 cytokines required for worm expulsion. Their accumulation in the epithelium and
lamina propria of the large intestine at the time of worm expulsion may provide the levels of
localized Th2 cytokines required to trigger effector functions that mediate resistance. This may
include novel Th2 cytokines such as amphiregulin, a member of the epidermal growth factor
(EGF) family, that directly induces epithelial cell proliferation and parasite clearance via EGF
receptors on epithelial cells (Zaiss et al., 2006). Recent studies have also suggested that
intestinal epithelial cells may support the development of this localized Th2-type response.
Blockade of IκB kinase (IKK)-β, the catalytic subunit of the IKK complex that mediates NF-
κB activation, in epithelial cells inhibits TSLP production and the development of the Th2-
type response leading to elevations in IFN-γ and IL-17, and severe intestinal inflammation
(Zaph et al., 2007). Similar results were obtained with mice deficient in TSLPR (Tpte2−/
−mice), suggesting that TSLP produced by intestinal epithelial cells (IECs) may be a critical
NF-κB-dependent cytokine required for the development of the protective Th2-type response
against T. muris (Zaph et al., 2007). Another cytokine recently implicated in protection against
T. muris is IL-33, which can increase TSLP when administered to infected SCID mice and
induce a protective Th2-type response in normally susceptible AKR mice (Humphreys et al.,
2008).

Several mechanisms may be involved in the ultimate expulsion of T. muris. In resistant strains
developing a Th2-type response, IL-13 promotes increased migration and turnover of IECs.
This “epithelial escalator” propels IECs up the crypt column dislodging T. muris from its
ecological niche into the lumen (Cliffe et al., 2005). The IL-13-induced rapid IEC turnover is
blocked in susceptible strains by IFN-γ-induced CXCL10 (IP10), resulting in the accumulation
of proliferating epithelial cells in the crypt column and thickening of the IEC layer. This
function of the Th2-type immune response to accelerate epithelial cell turnover is particularly
well-suited to expel T. muris, which dwells in the epithelial cell layer. In fact, Cliffe et al.
(2005) provided evidence suggesting that this protective mechanism alone is sufficient for T.
muris expulsion as blockade of CXCL10 triggered increased epithelial cell turnover and worm
expulsion in severe combined immunodeficient (SCID) mice lacking B and T cells. The Th1-
type response both suppresses the “epithelial cell escalator” and promotes thickening of the
IEC layer, both of which are beneficial for T. muris persistence in the host. As such, it is not
surprising that T. muris may have evolved ways of promoting a Th1-type response (Grencis
and Entwistle, 1997) and subsequent epithelial cell proliferation (Artis et al., 1999) during
infection.

Another potential host protective mechanism against T. muris may involve RELMβ. In the
intestine, RELMβ is specifically expressed by goblet cells and in resistant strains its expression
is markedly up-regulated following T. muris infection. Both IL-4 and IL-13 up regulate
RELMβ expression by goblet cells, indicating that expression of this molecule by differentiated
epithelial cells is yet another component of the Th2-type enteric immune response. Intriguingly,
RELMβ binds directly to pores or pore-like structures associated with chemosensory function
of Strongyloides stercoralis (Artis et al., 2004). In vitro studies further showed that rRELMβ
impaired chemoattraction of S. stercoralis suggesting that binding of RELMβ to nematode
parasites in vivo may interfere with environmental cues that support parasitism (Artis et al.,
2004). In future studies, it will be of interest to examine whether RELMβ bound to T. muris
in vivo may prevent niche localization and movement between epithelial cells impairing the
ability of the parasite to reside in its micro-environment.
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2.3. Trichinella spiralis
The infective stage of T. spiralis is part of a nurse cell-larva complex found in striated muscle
of prey eaten by carnivores. Digestive enzymes in the stomach release the larva from the muscle
tissue and the parasitic L1s migrate to small intestinal sites at the base of villi where they reside
in a syncytium of epithelial cells (see Fig. 2). The larvae rapidly develop over a period of 30
h into adults with female worms measuring about 3 mm in length. Newborn larvae are produced
from female worms within 5 days after mating and larva production continues until host
protective immunity expels the adult worms. The larvae, produced in the intestine, migrate to
striated muscle where they induce differentiation of the muscle cell into a nurse cell
approximately 17 days after inoculation. The resistance of this infective stage of the parasite
in muscle tissue is partially dependent on CD4+ T cell-regulated levels of IL-10 and TGF-β
that normally control the level of inflammation surrounding the parasite-modified nurse cell
(Beiting et al., 2007).

As with host protective immunity to both T. muris and H. polygyrus, worm expulsion is CD4
+ T cell-dependent and requires Th2 cytokines. In particular, both IL-4 and IL-13 are important
in mediating protection against T. spiralis and only when the effects of both these cytokines
are inhibited is worm survival prolonged (Finkelman et al., 2004). Goblet cell hyperplasia,
eosinophilia and mucosal mastocytosis are characteristic of this Th2-type response and,
interestingly, although elevated, other Th2 cytokines are not required. Blocking IL-5 does not
impair host protection (Grencis et al., 1991; Herndon and Kayes, 1992; Dixon et al., 2006),
suggesting eosinophils are not essential, although eosinophils can kill larvae in vitro (Grove
et al., 1977; Gurish et al., 2002). Similarly, eosinophilia does not appear to play a major
protective role in the responses to either H. polygyrus (Urban et al., 1991) or T. muris (Betts
and Else, 1999). Blocking IL-9 also does not impair T. spiralis expulsion (Khan et al., 2003),
but IL-9 can under some circumstances act as an adjuvant to promote protective immunity
(Leech and Grencis, 2006). Expulsion of T. muris is impaired, however, following IL-9
blockade (Richard et al., 2000). Studies with B cell deficient (μMt) mice indicate that neither
B cells nor a specific antibody are required for T. spiralis expulsion, although under these
conditions mast cell degranulation (as detected by serum mast cell protease levels) is reduced
by as much as 50–60% (Finkelman et al., 2004). Mast cells, however, as well as CD4+ T cells,
appear to play an essential role leading to worm expulsion (Knight et al., 2002; Brown et al.,
2003; McDermott et al., 2003), and there is some support for a role for parasite-specific IgE
in both the intestinal response to adult T. spiralis and L1 in the tissue (Gurish et al., 2004).

Mucins are highly branched glycoproteins that form the mucus layer covering epithelial cells
and may contribute to protection during the lumen-dwelling stages of T. spiralis (Knight et al.,
2008). Mice infected with T. spiralis (Shekels et al., 2001) and rats infected with
Nippostrongylus brasiliensis (Kawai et al., 2007) both show increased expression of Muc2 and
Muc3, but expression remains high in infected animals deficient in T cells or cytokine signaling
necessary for clearance of the parasite. Increased expression of enzymes involved in mucin
glycosylation is T cell-dependent in these rats, suggesting that the quality as well as the quantity
of mucins may affect protection (Kawai et al., 2007). Studies of helminth infection in mucin-
deficient mice have not yet been reported, so the protective role of these glycoproteins remains
speculative.

Other possible effectors against T. spiralis are intelectins, a family of galactofuranose-binding
lectins found primarily in goblet cells and Paneth cells of the intestine. Resistant BALB/c mice,
but not susceptible C57BL/10 mice, show increased expression of intelectin-2 early during T.
spiralis infection, suggesting a role in parasite recognition or expulsion (Pemberton et al.,
2004). Similar results are found for resistant BALB/c versus susceptible AKR mice infected
with T. muris (Datta et al., 2005); furthermore, intelectin-2 is induced by STAT6 in both lung
and intestine of BALB/c mice infected with N. brasiliensis (Voehringer et al., 2007). However,
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transgenic mice over-expressing intelectins show no change in the clearance of N.
brasiliensis or M. tuberculosis (Voehringer et al., 2007), leaving a protective role for these
molecules still undefined.

During infection with T. spiralis, the jejunum becomes edematous and inflamed around the
time of expulsion. It has been hypothesized that the increased intestinal permeability associated
with this Th2-type inflammation is an important host protective mechanism (the leak-lesion
hypothesis; (Murray et al., 1971). Indeed, IL-4/IL-13 signaling during infection with T.
spiralis can trigger increased epithelial cell resistance and Na+-linked glucose absorption
leading to increased luminal fluids (Madden et al., 2004) similar to what has been described
for resistance to adult H. polygyrus (Shea-Donohue et al., 2001). Recent studies with another
intestinal parasite that resides in the lumen, N. brasiliensis, suggests that AAMacs may also
affect intestinal physiology by promoting smooth muscle contractility (Zhao et al., 2008).
Whether their ability to impair N. brasiliensis egg production (Zhao et al., 2008) results from
changes in intestinal physiology and/or macrophages damaging developing tissue-dwelling
larvae in the lung prior to their migration to the intestinal lumen needs to be examined.
Depletion of mast cells, with anti-c-kit antibody or by using mast cell deficient mice (Ha et al.,
1983; Alizadeh and Murrell, 1984; Grencis et al., 1993; Donaldson et al., 1996; Finkelman et
al., 2004), indicates that an absence of mast cells inhibits worm expulsion and blocks intestinal
permeability during T. spiralis infection, consistent with the hypothesis that mast cells are
instrumental in promoting IEC permeability. Mast cells secrete β-chymases (chymotrypsin-
like serine proteases) which have been proposed to increase gut permeability. Recent studies
suggest that the β-chymase, mouse mast cell protease 1 (mMCP-1), is essential as T. spiralis-
infected mMCP-1 deficient mice did not show increased epithelial cell permeability or effective
worm expulsion (Knight et al., 2000; Lawrence et al., 2004; Knight et al., 2008). The tight
junctions that form between epithelial cells regulate the flow of fluids and solutes through the
paracellular channels. Previous studies have indicated that serine proteases, such as mMCP-1,
may degrade proteins, such as occludin, which are required for tight junction formation
(McDermott et al., 2003). mMCP-1 may thus function by disrupting tight junction structure,
thereby promoting paracellular permeability.

Th2 cytokines, including IL-4 and IL-9, promote mastocytosis (Finkelman et al., 2004). For
example, IL-9 transgenic mice have pronounced mast cell hyperplasia and also exhibit
increased intestinal permeability (Faulkner et al., 1997; Temann et al., 2002; Temann et al.,
2007). At the initial stages of the immune response i.e., within the first few hours, mast cells
and basophils may be important sources of Th2 cytokines. IgE cross-linking may be an
important factor in enhancing mast cell/basophil activation in previously primed mice. As the
response progresses, however, Th2 cytokine production by CD4+ T cells is of increasing
importance. Recent findings also raise the possibility that exposure of non-bone marrow-
derived cells, including IECs, to even low levels of IL-4 and IL-13 may increase their sensitivity
to mast cell mediators, including mMCP-1 (Strait et al., 2003; Finkelman et al., 2004). Thus,
Th2 cytokines may enhance the mast cell response by promoting mast cell activation and
hyperplasia and by increasing the sensitivity of target cells to mast cell mediators.

3. Conclusions and discussion
The components of the Th2-type response that are most effective against a tissue-dwelling
intestinal nematode parasite are greatly influenced by the life cycle. This includes the specific
micro-environment of the parasite and characteristics such as parasite behavior and tissue sites.
It is also possible that different groups of parasites have physical and metabolic characteristics
that make them differentially susceptible to specific effector cell functions. Unlike T. muris
and T. spiralis, H. polygyrus migrates past the epithelial cell boundary to reside in the sub-
mucosa where it remains until it develops into an adult that emerges into the lumen. A

Patel et al. Page 8

Int J Parasitol. Author manuscript; available in PMC 2010 March 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



pronounced memory Th2-type granuloma develops within 4 days after inoculation, while a
Th2-type granuloma of similar intensity follows about 8 days after a primary infection: too late
to have much effect on the adult worm that has already migrated back to the intestinal lumen.
Once in the lumen, adult worms are likely affected by other components of the Th2-type
response, including changes in gut physiology induced by IL-4 and IL-13, such as increased
mucous secretion into the gut, increased luminal fluid flow and increased smooth muscle
contractility, which contribute to a generally inhospitable environment for adult worms (Shea-
Donohue and Urban, 2004).

As both Trichuris and Trichinella reside in the intestinal epithelium, one might initially expect
those to have similar protective immune mechanisms. In fact, the niches they occupy are quite
different as Trichuris dwells in the colon while Trichinella inhabits the small intestine.
Trichinella larvae need to migrate from the intestine to muscle tissue, whereas Trichuris worms
remain in the lumen laying eggs to be passed in the host's feces. Also, Trichinella is much
smaller and more mobile than Trichuris. All these factors may influence the effector
mechanisms involved in protection (Richard Grencis, personal communication). For example,
increased fluid flow may create an inhospitable environment for the smaller Trichinella, while
the “epithelial escalator” may be more effective against the larger Trichuris encased in its
tunnel of dead cells. It should also be noted that the mast cell response is reduced in
Trichuris compared to Trichinella, perhaps because the colon does not support mastocytosis,
mast cell effects on colonic smooth muscle and epithelial secretion are muted, or Trichuris has
direct suppressive effects on the immune response. Future studies are needed to further
characterize differences in the effective properties of the host Th2-type response against these
two intestinal epithelial parasites. An additional area of particular importance includes
examination of how the immune response differs in the colon and small intestine.

There are also a number of common features of the Th2-type response that seem to mediate
protection against all three tissue-dwelling parasites. In particular, IL-4 and IL-13 are essential
for worm expulsion as are Th2 cells. However, other Th2 cytokines, for example IL-5 and
associated eosinophilia, are not essential. It is certainly possible that eosinophils play a more
important role in resistance to other tissue-dwelling parasites and also the associated blood
eosinophilia may be an important effector mechanism when parasites are present in the
circulation. The pleiotropic effects of IL-4 and IL-13 are broad however, and IL-4/IL-13-
dependent effector mechanisms may vary greatly in importance with the particular tissue-
dwelling intestinal helminth. In the case of Trichinella, IL-4/IL-13-mediated increases in
sensitivity to mast cell mediators may be of considerable importance, while IL-4/IL-13-
dependent epithelial cell turnover may be dominant in the response to Trichuris, and IL-4/
IL-13-mediated Th2 granuloma formation and alternative macrophage activation may be more
important in the response to H. polygyrus. Many of these components of the Th2-type response,
such as eosinophilia, AAMacs and neutrophils, are present during infection with these different
intestinal nematode parasites whether or not they play an important role in worm expulsion.
This suggests that the host immune response is not so fine-tuned that it distinguishes between
these different metazoan pathogens. Rather, it appears that a generalized Th2-type response is
elicited, with only a subset of the activated components actually mediating protection against
the specific infecting nematode parasite. The variability in the immune response that is
observed between these different tissue-dwelling parasitic nematodes may be more a result of
the specific region and micro-environment of the gut that is infected than any differences in
specific responses to the type of parasite.

The recent identification of ChaFFs expressed at high levels during intestinal nematode
infection raises the possibility that new effector mechanisms dependent on these intriguing
molecules may be characterized in vivo. It may be broadly significant if RELMβ or other
ChaFFs generally impair migration of tissue-dwelling parasites in vivo. In the case of H.
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polygyrus, rapid up-regulation of IL-4 and IL-13 in the memory response may stimulate
RELMβ release from goblet cells when H. polygyrus larvae are initially penetrating the
epithelial barrier and migrating to the sub-mucosa, thereby blocking their ability to home to
their preferred site. This mechanism may have some precedence in parasite binding by passive
maternal antibodies, which can protect neonates against invasion of parasitic H. polygyrus L3
(Harris et al., 2006). Alternatively, RELMβ may impair adult feeding or fecundity in the lumen.
Similarly, RELMβ or other ChaFFs may also contribute to expulsion of Trichuris or
Trichinella, impairing their homing or feeding abilities at particular stages of their life cycles.
In vivo studies with antagonists or mice deficient in one or more of these potential inhibitors
of helminth chemosensory capability are required to further explore this potentially important
area. Other molecules recently found to be elevated during helminth infections such as
intelectins may play an essential role in protective immunity against these parasites (Artis,
2006; Knight et al., 2008).

Major advances have been made in the past several years towards understanding the immune
mechanisms that contribute to host protection against intestinal nematode parasites. These
insights may prove useful in the development of new immunologically-based treatments
including vaccines that enhance resistance to intestinal nematode parasites.
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Fig. 1.
Th1- and Th2-type granulomas have distinct cell types and phenotypes. (A) At day 4 after
primary inoculation with Heligmosomoides polygyrus, the tissue-dwelling larva is surrounded
by a neutrophilic infiltrate and macrophages. Th2 cells are not found at this early timepoint.
(B) At day 4 after secondary challenge, the H. polygyrus larva provokes a Th2-type granuloma,
characterized by Th2 cells, more eosinophils, and alternatively activated macrophages
(AAMacs). (C) The response to Mycobacterium tuberculosis is typical of a Th1-type
granuloma. Th1-derived IFN-γ results in classically activated macrophages, which use
inducible nitric oxide synthase (iNOS) to generate microbicidal products that destroy
phagocytosed bacteria.
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Fig. 2.
Different components of the Th2-type response are effective against different helminthic
parasites. Responses involve Th2 cells (dark green), neutrophils (light blue), macrophages
(dark blue), alternatively activated macrophages (AAMacs; red), eosinophils (purple), goblet
cells (light green), epithelial cells (pink), epithelial syncytium (maroon), mast cells (orange)
and secreted factors. (A) The localized memory response to the Heligmosomoides polygyrus
tissue-dwelling larva is characterized by AAMacs. AAMac-mediated protection is arginase-
dependent and includes secretion of the chitinase-like protein Ym-1 and resistin-like molecule
α (RELMα). (B) An IL-13-dependent “epithelial escalator” uses increased cell turnover to
displace the burrowing head of Trichuris muris. Epithelial cell thymic stromal lymphopoietin
(TSLP) may stimulate Th2 responses and inhibit Th1-type inflammatory responses, and goblet
cell resistin-like molecule β (RELMβ) may bind the worm. Eosinophils accumulate in the
lamina propria but are not required for parasite expulsion. (C) Th2 cytokines induce mast cell
protease 1 (mMCP-1) which disrupts epithelial cell tight junctions, and goblet cell hyperplasia,
together creating a “leaky” gut environment that favors expulsion of Trichinella spiralis from
the syncytium of epithelial cells where it rapidly matures and reproduces.
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