
Neither interleukin-4 receptor a expression on CD4
+ T cells, or

macrophages and neutrophils is required for protective immunity

to Trichinella spiralis

Introduction

Divergent evolutionary traits among gastrointestinal (GI)

nematodes have afforded them the unique ability to

occupy a variety of niches within the host intestine. As a

consequence, each parasite elicits an array of effector

responses but with no single dominant mechanism which

brings about expulsion.1,2 However, CD4+ T cells, pre-

dominantly of the T helper type 2 (Th2) subset, play a

central role in mediating the protective immune response

to parasitic helminths.1,3–5 The Th2 cells induced by GI

helminth infection produce a profile of cytokines, the

most influential in regulating clearance of gut dwelling

nematodes being interleukin-4 (IL-4) and IL-13. Binding

of IL-4 and/or IL-13 to IL-4 receptor a (IL-4Ra) acti-

vates signal transducer and activator of transcription-6

(STAT6), a dependent pathway in protection against GI

helminths including Trichinella spiralis and Nippostrongy-

lus brasiliensis. However, the induction of a Th2-type

immune response leading to the expulsion of worms is

more complex than initially anticipated. Studies using

IL-4Ra and STAT6-deficient mice have demonstrated

that STAT6 signalling, which initiates the expulsion of

N. brasiliensis is not associated with induction of Th2

responses, and intestinal mastocytosis is limited.6 In con-

trast, the absence of STAT6 activation during T. spiralis

infection severely impairs both mast cell responses and

cytokine responses that induce intestinal mastocytosis.7

The intricacy of IL-4 and IL-13 responsiveness can fur-

ther be attributed to the wide range of cell types express-

ing IL-4Ra,8 hence the need to address signalling of the

receptor on specific cell types and their role in helminth

immunity.

Expulsion of adult T. spiralis has previously been

shown to be dependent on IL-4Ra expression on both

bone-marrow-derived and non-bone-marrow-derived
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Summary

The T helper type 2 (Th2) mediated expulsion of the gastrointestinal

nematode Trichinella spiralis requires interleukin-4 receptor a (IL-4Ra)

expression on both bone-marrow-derived and non-bone-marrow-derived

cells. To more definitively investigate the role of IL-4/IL-13 responsiveness

in the development of protective immunity to T. spiralis, cell-specific

IL-4Ra signalling on CD4+ T cells (Lckcre IL-4Ra)/flox) and macrophages/

neutrophils (LysMcre IL-4Ra)/flox) was analysed on the BALB/c back-

ground. Infection of wild-type and control IL-4Ra)/flox mice induced a

Th2-type immune response with elevated IL-4 cytokine production, para-

site-specific immunoglobulin G1 (IgG1), total IgE, intestinal mastocytosis

and enteropathy. In contrast, global IL-4Ra-deficient BALB/c mice showed

reduced worm expulsion, antibody production, intestinal mastocytosis

and gut pathology. BALB/c mice generated with cell-specific deletion of

IL-4Ra on CD4+ T lymphocytes or macrophages/neutrophils, controlled

gastrointestinal helminth infection by eliciting a protective immune

response comparable to that observed with wild-type and IL-4Ra)/flox con-

trols. Together, this shows that the development of host protective Th2

responses accompanied by parasite loss is independent of IL-4Ra expres-

sion on CD4+ T cells and macrophages/neutrophils.

Keywords: cell-specific interleukin-4 receptor a transgenic mice; gastroin-
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cells.9 However, treatment with exogenous IL-4

eliminated the bone-marrow-derived dependence and

emphasized the importance of IL-4/IL-13 responsiveness

of non-immune cells, which may include intestinal

epithelial cells, smooth muscle cells, fibroblasts and goblet

cells. Furthermore, IL-4 treatment failed to induce a mast

cell response or worm expulsion in T-cell-deficient,

T. spiralis-infected mice7 suggesting that the IL-4Ra-inde-

pendent contribution of T cells possibly includes the pro-

motion of mast cell responses through the secretion of

IL-310 and/or IL-13. The latter cytokine may act on den-

dritic cells or macrophages to inhibit the production of

IL-12 and its subsequent suppression of mastocytosis.10–12

Alternatively, T-cell-secreted IL-13 as well as IL-4 may

also directly stimulate intestinal cells.9

To investigate the role of IL-4/IL-4Ra signalling on

CD4+ T cells and elucidate the role of IL-4/IL-13 respon-

siveness by macrophages and neutrophils in the expulsion

of GI helminths, we infected transgene hemizygous

Lckcre IL-4Ra)/flox and LysMcre IL-4Ra)/flox BALB/c mice

with T. spiralis and analysed their immune responses. The

Lckcre IL-4Ra)/flox mice have impaired IL-4-induced

CD4+ T-cell proliferation and Th2 differentiation as a

result of a null mutation of IL-4Ra specific to CD4+ T

cells. Other T-cell populations (CD8+, cd, natural killer T)

demonstrated partial deletion of the receptor, while

normal IL-4 and/or IL-13 responsiveness by non-T cells

was maintained.13 In contrast, LysMcre IL-4Ra)/flox mice

demonstrate selective impairment of IL-4Ra functioning

only on macrophages and neutrophils while maintaining

CD4+ T helper cell proliferative responses similar to the

wild-type controls.14 In this study, we report that protec-

tive and pathological responses to T. spiralis are indepen-

dent of IL-4 responsiveness on CD4+ T cells.

Furthermore, we demonstrate that IL-4/IL-13 signalling

on macrophages and neutrophils is not a prerequisite for

the development of immunity to T. spiralis.

Material and methods

Generation and genotyping of conditional IL-4Ra-
deficient mice

Gene targeting in BALB/c embryonic stem cells and Cre/

loxP-specific site-specific recombination was performed to

generate IL-4Raflox/flox mice using previously described

techniques.15 Lckcre mice16 and LysMcre mice17 were first

backcrossed to BALB/c for nine generations and inter-

crossed with IL-4Raflox/flox mice in specific pathogen-free

conditions in individual ventilated cages. These mice were

further mated with IL-4Ra-deficient (IL-4Ra)/)) mice to

generate Lckcre IL-4Ra)/flox and LysMcre IL-4Ra)/flox mice,

respectively. Transgene negative littermates (IL-4Ra)/flox)

and BALB/c mice were used as wild-type controls where

specified. Hemizygous IL-4Ra)/flox, Lckcre, LysMcre and

global IL-4Ra)/)15 mice were originally obtained from

Prof. F. Brombacher, University of Cape Town, South

Africa. All mice were bred, maintained and housed in the

University of Strathclyde animal facility under standard

conditions with free access to food and water and all pro-

cedures were performed under Home Office regulations.

All mice used in experiments were 8- to 10-week-old

females.

Parasite infection

Trichinella spiralis larvae were maintained by serial pas-

sage in CD1, C57BL/6 and BALB/c mice and were recov-

ered from infected mice as described previously.18 All

experimental strains were infected orally with 400 T. spi-

ralis larvae and killed at various times post-infection.

Histology

Intestinal pathology was assessed as described previ-

ously.19 First, small intestines were weighed and then

samples of jejunum were taken 10 cm from the pylorus,

opened longitudinally, and then fixed in Clarke’s fixative

(25% acetic acid/75% ethanol). After 24 hr, the fixative

was replaced with 70% ethanol and the gut sections were

permeabilized using 1 M HCl at 60� for 7 min followed

by staining with Schiff’s reagent (Sigma, Poole, UK). Sec-

tions were microdissected and villus and crypt lengths

were measured using an eyepiece micrometer. Ten villi

and crypt areas were measured for each sample and the

mean length was determined for each. The mean number

of mitotic figures in 10 randomly selected crypt areas was

also determined.

Recovery of adult worms from small intestine

The remainder of the gut was opened longitudinally,

wrapped in gauze squares and incubated in Hanks’ bal-

anced salt solution at 37� for 3 hr to induce migration of

worms from the gut epithelium into solution. Following

incubation, the gauze squares containing the guts were

agitated to release any trapped worms. Worms were

counted using a scored Petri dish and an inverted dissect-

ing microscope.

In vitro cytokine production

Spleen and mesenteric lymph nodes were removed under

sterile conditions and single-cell suspensions were pre-

pared by forcing the tissue through sterile Nitex mem-

branes in RPMI-1640 (Gibco, Paisley, UK) supplemented

with 25 mm HEPES, 10% fetal calf serum, 5 mM L-gluta-

mine, 100 U/ml penicillin, 100 mg/ml streptomycin,

5�5 pg/ml amphotericin B and 0�05 M b-mercaptoethanol

(all Gibco). Viable cells were counted using the Trypan
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Blue exclusion assay and 1 · 105 cells/100 ll were incu-

bated in sterile 96-well microtitre plates with or without

100 lg/ml T. spiralis antigen. Briefly, T. spiralis antigen

was prepared by homogenizing T. spiralis larvae followed

by several rounds of centrifugation at 9000 g for 5 min

and rehomogenization of the pellet in phosphate-buffered

saline. Following a 24 hr incubation at 37� with 5% CO2,

the cells were centrifuged at 400 g. The cell supernatants

were collected and frozen in fresh 96-well plates at )20�
for future analysis.

Cytokine enzyme-linked immunosorbent assays

Cytokines present in tissue culture supernatants were

detected using sandwich enzyme-linked immunosorbent

assays (ELISAs) for IL-4 (Biosource International Inc,

Camarillo, CA), IL-13 (BD Pharmingen, Abingdon, UK)

and IFN-c (Biosource International Inc).

Mast cell quantification

Consecutive samples of jejunum were sampled and fixed

in Carnoy’s fixative, followed by processing using stan-

dard histological techniques. Sections were stained with

0�5% Toluidine Blue (Sigma) in 0�5 M HCl for mast cell

visualization and counterstained with 0�5% Safranin O

(Sigma) for 2 min.19 The number of mucosal mast cells

was counted in 10 villus/crypt units and data

were expressed as mean number of mucosal mast cells

per vullus/crypt unit.

Measurement of antibody responses

Parasite-specific IgG1 and IgG2a and total IgE levels were

determined as described previously, with minor modifica-

tions.19 Briefly, T. spiralis larval homogenate was used as a

target antigen at 2 lg/ml. Sera were diluted one-third start-

ing at one-tenth. Isotypes of IgG1 and IgG2a were detected

using horseradish peroxidase-conjugated anti-mouse IgG1

and IgG2a at a 1/10 000 dilution (Southern Biotech,

Cambridge, UK). Total IgE levels were measured using a

sandwich ELISA as described previously.19 Absorbance was

measured at 450 nm (reference 540 nm) using a Spectra-

max ELISA reader (Molecular Devices, Wokingham, UK).

Statistical analysis

Data are presented as means + SEM. The significant dif-

ferences between means were determined using the

Mann–Whitney U-test. A P-value of < 0�05 was consid-

ered significant.

Results

Expression of IL-4Ra on T cells is not required for
expulsion of T. spiralis

The dependency of IL-4Ra expression on CD4+ T cells

and its role in the expulsion of GI nematodes remains

controversial.9 Using recently generated Lckcre IL-4Ra)/flox

mice,13 we investigated the role of IL-4/IL-4Ra signalling

on CD4+ T cells during a T. spiralis infection. Phenotypic

evaluation was assessed by the establishment (day 6 post-

infection) and expulsion (day 16 postinfection) of the

gut-dwelling nematode. No significant difference in para-

site establishment was evident among the strains. How-

ever, wild-type IL-4Ra)/flox mice induced a resistant

phenotype with complete expulsion of parasite load

16 days after infection (Fig. 1a). Global IL-4Ra)/) mice

were unable to resolve their worm burden at this time-

point and continued to harbour a significant number of

adult worms (Fig. 1b). In contrast, Lckcre IL-4Ra)/flox
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Figure 1. Expulsion of Trichinella spiralis in mice deficient for interleukin-4 receptor a (IL-4Ra) expression on CD4+ T cells

(Lckcre IL-4Ra)/flox). Establishment and expulsion of T. spiralis was measured in (a) IL-4Ra)/flox (BALB/c wild-type, bearing one floxed and

one disrupted IL-4Ra allele), (b) global IL-4Ra)/) and (c) Lckcre IL-4Ra)/flox mice at days 6 and 16 postinfection. Adult T. spiralis worms

were recovered from excised intestine to determine the total worm numbers per strain. Data are expressed as the mean worm burden

±SEM. Four mice were used per group. *P < 0�05, significantly different from day 6 postinfection.
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mice expelled the adult worms with kinetics similar to

that observed in the wild-type (Fig. 1c). These results

show that IL-4Ra signalling on non-CD4+ T cells is suffi-

cient to induce the protective responses to T. spiralis

infection.

Macrophage/neutrophil-specific IL-4Ra-deficient mice
induce a protective phenotype to T. spiralis

We have shown that IL-4Ra signalling on CD4+ T cells is

not a prerequisite for the expulsion of T. spiralis. To

determine whether a resistant phenotype is dependent on

IL-4/IL-13 responsiveness of bone marrow-derived macro-

phages/neutrophils,14 we infected LysMcre IL-4Ra)/flox

mice with 400 T. spiralis larvae and monitored their

worm burden over time. Following a similar establish-

ment of parasitic helminths at day 6 postinfection, both

BALB/c wild-type (Fig. 2a) and LysMcre IL-4Ra)/flox

(Fig. 2b) mice reduced their worm burdens to similar levels.

Taken together, this suggests that the expression of

IL-4Ra is not required for parasite expulsion from either

CD4+ T cells or macrophages/neutrophils.

Enteropathy induced by helminth infection is
independent of IL-4Ra responsiveness on CD4+ T
cells and macrophages/neutrophils

Interleukin-4 and IL-13 play a key role in the develop-

ment of gut pathology following infection with T. spira-

lis.20–22 To investigate the role of CD4+ T-cell and

macrophage/neutrophil-specific IL-4Ra expression in

trichinellosis-induced enteropathy, we assessed the devel-

opment of villus atrophy and crypt hyperplasia in

Lckcre IL-4Ra)/) and LysMcre IL-4Ra)/) mice, respec-

tively. Both cell-specific knock-outs induced a protective

pathological response indicative of the wild-type control.

Wild-type mice (BALB/c and IL-4Ra)/flox) developed sig-

nificant changes to their intestinal architecture with villus

atrophy and crypt hyperplasia noticeably associated with

the establishment of GI helminths at 6 days after infection

(Fig. 3a,d). Villus atrophy was ameliorated in global

IL-4Ra)/) mice as described previously;20 however, the

significant elevation of crypt hyperplasia in all strains

suggests that this response is IL-4Ra-independent. The

results here show that neither IL-4 signalling on

Lckcre IL-4Ra)/flox nor IL-4/IL-13 signalling on macro-

phages/neutrophils is responsible for T. spiralis-induced

intestinal pathology (Fig. 3b,c,e).

Mast cell hyperplasia is unaffected in both Lckcre

IL-4Ra)/flox and LysMcre IL-4Ra)/flox mice

Mast cells contribute both to protective responses in

T. spiralis infection and in the development of intestinal

pathology.18,23,24 However, IL-4/IL-4Ra responsiveness is

required for the generation of a mast cell response.20

Using mice selectively lacking IL-4Ra expression on CD4+

T cells, we investigated the intestinal mastocytosis in

response to the GI nematode T. spiralis. Following infec-

tion, IL-4Ra-dependent mast cell hyperplasia was more

profound within the IL-4Ra)/flox and Lckcre IL-4Ra)/flox

mice with mast cell numbers significantly decreased in

global IL-4Ra)/) mice (Fig. 4a–c).

Interleukin-12 acting on macrophages is known to sup-

press mastocytosis.11,12 To evaluate whether the absence

of IL-4/IL-13 responsiveness on macrophages exacerbates

intestinal mastocytosis, we infected LysMcre IL-4Ra)/flox

mice with T. spiralis. However, T. spiralis-induced intesti-

nal mastocytosis in LysMcre IL-4Ra)/flox mice (Fig. 4d)

resembled that observed in the BALB/c controls (Fig. 4e)

with increasing numbers of the effector cell in the small

intestine 14 days postinfection. Here, the data demon-

strate that IL-4/IL-13 signalling via IL-4Ra on macro-

phages/neutrophils does not impair intestinal

mastocytosis, which accompanies parasite infection.

Lckcre IL-4Ra)/) and LysMcre IL-4Ra)/) mice induce a
Th2-type immune response

Interleukin-4, IL-13 and IL-4Ra play a central role in the

generation of a protective Th2 response to T. spiralis.20

To determine whether the expression of IL-4Ra on CD4+

T cells or macrophages/neutrophils alters the T helper

phenotype, cytokine and antibody responses were mea-

sured. Following infection, a Th2-type immune response

characterized by an increase in parasite-induced IL-4 pro-

duction from lymph node cells and parasite-specific

serum IgG1 and total IgE levels was induced in wild-type

mice (Fig. 5a). Infected global IL-4Ra-deficient mice con-

stitutively produced significant levels of IL-4 although a

slight antigen-specific response was induced, a parasite-
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Figure 2. Mice expel Trichinella spiralis in the absence of interleukin-4

(IL-4)/IL-13-responsive macrophages/neutrophils. (a) BALB/c wild-

type and (b) LysMcre IL-4Ra)/flox mice were infected with 400 freshly

isolated T. spiralis larvae and their worm burden was monitored at

days 6 and 14 postinfection. Data are expressed as the mean worm

burden ± SEM. Four mice were used per group. *P < 0�05, signifi-

cantly different from day 6 postinfection.
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specific IgG1 response was not elicited and no IgE could

be detected (Fig. 5b). In contrast, some aspects of type 2

immunity induced in Lckcre IL-4Ra)/flox mice were simi-

lar to that observed within the control mice (Fig. 5c).

Levels of parasite-induced IL-4 from lymph node cells

and specific IgG1 were elevated, despite the absence of

IL-4-responsive CD4+ T cells. Nevertheless, total IgE anti-

body responses were significantly reduced compared with

control mice and although antigen-induced IL-4 levels in

Lckcre IL-4Ra)/flox mice had increased by day 6 and were

similar to control mice at this time, they were not signifi-

cantly increased over values on day zero (Fig. 5b).

Reduced levels of antigen-specific IgE have previously

been reported in Lckcre IL-4Ra)/flox mice.13 The pheno-

typic characterization of Lckcre IL-4Ra)/flox mice demon-

strated impaired proliferation and Th2 differentiation in

response to IL-4.13 Consequently, the poor level of

Th2 cells could explain the decreased total IgE antibody

response because it is known that Th2 cells characteristically

induce B cells to switch to produce IgG1 and IgE.25–27

However, unlike IgG1, IgE is strictly dependent on IL-4

signalling.28

The absence of IL-4Ra expression on macrophages and

neutrophils showed no influence on type 2 immunity fol-

lowing infections. As shown in Fig. 5, BALB/c (Fig. 5d)

and LysMcre IL-4Ra)/flox (Fig. 5e) mice in response to

T. spiralis provoked a significant IL-4 cytokine production

day 6 postinfection. The response was followed by a

marked elevation in type 2 antibody responses (Fig. 5d,e).

Neither Lckcre IL-4Ra nor LysMcre IL-4Ra-deficient

mice demonstrated an increase in IL-13 and IFN-c
following infection (data not shown) compared with

their wild-type counterparts.

Discussion

Expression of IL-4Ra on both bone-marrow-derived and

non-bone-marrow-derived cells is required to induce

expulsion of the GI nematode, T. spiralis.9 In this study,

we provide evidence that the absence of IL-4Ra expres-

sion on CD4+ T cells and macrophages/neutrophils is

not required for the development of protective immu-

nity against T. spiralis. Mice specifically lacking IL-4/IL-

4Ra signalling on CD4+ T cells and IL-4/IL-13

non-responsive macrophages/neutrophils induced a Th2-

type immune response with intestinal mastocytosis and

gut pathology reminiscent of resistant strains. The CD4+

T helper cells play a central role in protective immunity

to the GI nematode T. spiralis.3–5,29 Following infection,

these cells express Th2 cytokines in the mesenteric
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lymph node30 and are subsequently recruited to the gut

mucosa.31 Functionally linked by their requirement for

the IL-4Ra subunit,32 the Th2 cytokines IL-4 and IL-13

regulate protection against GI helminths within the

mucosal habitat.1,33,34 Surprisingly, the absence of

IL-4Ra expression on bone-marrow-derived T cells and

mast cells is not required to contribute to IL-4-induced

T. spiralis expulsion.7,34,35 Our findings specifically dem-

onstrate that the abrogation of IL-4Ra signalling on

CD4+ T cells is not a prerequisite for the induction of

protective effector responses against this parasite.

Recently generated Lckcre IL-4Ra)/flox mice have a null

mutation of IL-4Ra on CD4+ T cells, an incomplete

deletion on CD8+ T cells and other T-cell subpopula-

tions, and normal expression on non-T cells.13 Never-

theless, Lckcre IL-4Ra)/flox mice in response to infection

with T. spiralis, developed Th2-type immune responses,

i.e. villus atrophy, crypt hyperplasia and intestinal mast-

ocytosis, similar to those observed within the wild-type

animals. Only T. spiralis-induced IgE production was

substantially reduced in the absence of IL-4-responsive

CD4+ T cells compared with wild-type animals. By

comparison, no IgE production could be detected in

infected global IL-4Ra)/) mice. Immunoglobulin E anti-

body production is strictly dependent on IL-4 signal-

ling,28 highlighting the importance of IL-4Ra expression

on B cells to induce antibody isotype class switching.

Interestingly, Gurish et al.36 using IgE-deficient mice

directly demonstrated that this antibody enhanced

T. spiralis clearance and regulated mast cell responses

in vivo. However, the level of jejunal mastocytosis was

independent of IgE responses,36 which supports our
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Figure 5. Intraepithelial invading helminths elicit a T helper type 2 (Th2) immune response independent of interleukin-4Ra (IL-4Ra) signalling

on either CD4+ T cells or macrophages/neutrophils. Sera and mesenteric lymph nodes were removed from uninfected and infected (day 6 post-
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and cytokine responses. Parasite-specific IL-4, immunoglobulin G1 (IgG1) and total IgE were measured and the data expressed as the mean value

+ SEM. Three to five mice were used per group. *P < 0�05, significantly different from naı̈ve; wP < 0�05, significantly different from BALB/c

IL-4Ra)/flox and Lckcre IL-4Ra)/flox. ND, not detectable.
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findings that a significant reduction in IgE antibody

does not influence intestinal mastocytosis.

Infection of global IL-4Ra-deficient mice induced an

impaired Th2 immune response reminiscent of previous

study findings.15,20 The absence of the IL-4Ra subunit

was hallmarked by observations of delayed parasite expul-

sion, reduced parasite-specific IL-4 cytokine production,

IgG1 secretion, intestinal mastocytosis and gut pathology.

The complete absence of IL-4Ra responsiveness versus

cell-specific deletion on CD4+ T cells suggests that non-

CD4+ T-cell IL-4Ra-dependent responses are sufficient to

induce protection against T. spiralis. The expression of

IL-4Ra on non-haemopoietic cells is a general require-

ment for the expulsion of GI nematodes.9 Intestinal epi-

thelial cells, smooth muscle cells37–39 and enteric nerve

cells40 responding to IL-4 and/or IL-13 have previously

been linked with the resolution of GI nematodes. How-

ever, because of the importance of these cytokines in the

induction of protective responses, the individual contri-

butions of non-bone-marrow-derived cells remain

unknown. Recently, Horsnell et al., in response to N. bra-

siliensis,41 using a smooth muscle cell-specific IL-4Ra)/)

mice (SM-MHCcre IL-4Ra)/lox mice), demonstrated that

the absence of IL-4Ra signalling specifically on smooth

muscle cells in response to N. brasiliensis led to dyscoor-

dination of Th2 cytokine responses, goblet cell hyperplasia

and acetylcholine responsiveness, which collectively drive

smooth muscle contractions. Nippostrongylus brasiliensis-

infected SM-MHCcre IL-4Ra)/lox mice elicited a delayed

protective response and subsequent clearance of the gut

dwelling nematode.41 That elegant study reiterates the

importance of IL-4Ra expression on non-bone-marrow-

derived cells and supports the growing evidence that no

single non-bone-marrow-derived cell type is solely

responsible for the expulsion of intestinal dwelling nema-

todes.2,42

Expulsion of T. spiralis, however, requires the addi-

tional dependence of IL-4Ra signalling on bone marrow-

derived cells. The importance of IL-4Ra expression on T

cells and mast cells has been excluded,9 while further

investigation of receptor signalling on other BM cell

types, such as natural killer cells and dendritic cells, have

yet to be addressed. A role for T cells and mast cells

remains pivotal because both cell types must be present

to induce T. spiralis expulsion albeit in an IL-4-indepen-

dent manner.7 Mice deficient for IL-4, which still produce

IL-13, are effective at resolving T. spiralis infections7 yet

neither T cells (CD4+ T cells) nor mast cells respond to

IL-13 because both cell types lack the IL-13Ra1 subunit

that is necessary to bind the cytokine.34,35

Interleukin-13 and mast cells are important for the

development of protective responses and enteropathy to

T. spiralis infection.20,43 However, IL-13 binding to

IL-4Ra on either dendritic cells or macrophages has pre-

viously been proposed to inhibit IL-12 cytokine produc-

tion, and suppression of mastocytosis.11,12 Nevertheless in

this study, IL-4Ra-dependent protective immunity, in

both wild-type and cell-specific IL-4Ra transgenic mice,

was driven by the Th2 cytokine IL-4 while only residual

levels of parasite-induced IL-13 were detected following

infection. Both IL-4 and IL-13 are capable of inducing

IL-4Ra-dependent immunity.7,20,44 The recent generation

of LysMcre IL-4Ra)/flox mice has allowed us to address

the contribution of IL-4Ra signalling specifically on mac-

rophages and neutrophils while signalling on B and T

lymphocytes as well as dendritic cells remains normal.14

Here, we have eliminated a disease-exacerbating role for

IL-4/IL-13 responsiveness on macrophages and neutroph-

ils by demonstrating that LysMcre IL-4Ra)/flox mice in

response to T. spiralis infection develop a protective

immune response. Expulsion of the GI nematode was

accompanied by a robust Th2-type immune response and

intestinal mastocytosis driven by IL-4. Similar resistance,

independent of macrophage/neutrophil IL-4Ra expression

has been demonstrated with N. brasiliensis.14 In response

to N. brasiliensis, LysMcre IL-4Ra)/flox mice induce type 2

immunity with goblet cell hyperplasia equivalent to their

littermate controls.14

Having eliminated the importance of IL-4Ra expression

on T cells (CD4+ T cells), mast cells 34,35 and macrophag-

es, we propose a role for receptor signalling on dendritic

cells. Both IL-4 and IL-13 are known to regulate dendritic

cell maturation in an IL-4Ra-dependent manner.45–47

This is particularly significant because dendritic cells con-

trol the Th1/Th2 balance of antigen-specific effector cells

by responding to instructional signals from neighbouring

cells at the site of infection.48 Mast cells, like dendritic

cells, are strategically located at portals of pathogen entry

and recent evidence identifying mast cell mediators

responsible for modulating dendritic cell antigen-present-

ing and Th-polarizing functions49 provide a substantial

argument that DCs are key to T. spiralis immunity. Fur-

thermore, Feili-Hariri et al.50 demonstrated that bone-

marrow-derived dendritic cells grown in the presence of

granulocyte–macrophage colony-stimulating factor plus

IL-4 strongly induce Th2 cells both in vitro and in vivo.

However, in GI nematode infections the source of IL-4

inducing a protective phenotype has yet to be elucidated.

Recently, we showed that mast-cell-derived IL-4 makes a

major contribution to the generation and amplification of

Th2 responses.50 An inter-relationship between mast cells

and dendritic cells favourably supports previous hypothe-

ses that mast cells produce the initial source of IL-4 for

induction of a Th2 response.24 Given the constantly

increasing list of biological substances that activate mast

cells,51 it seems highly likely that GI helminths directly

initiate the cascade of immune-mediated responses lead-

ing to their expulsion.

In summary, we have eliminated a role for IL-4Ra
responsiveness on CD4+ T cells and macrophages/
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neutrophils in resolving T. spiralis infections. Further-

more, we demonstrated that neither IL-4/IL-4Ra signal-

ling on CD4+ T cells nor IL-4/IL-13 responsiveness on

macrophages/neutrophils are required to induce Th2-type

immune responses to GI nematodes.
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