
Disruption of Th2 immunity results in a gender specific
expansion of IL-13 producing accessory Natural Killer cells
during helminth infection

Matthew R. Hepworth1 and Richard K. Grencis1

1Department of Immunology, University of Manchester, AV Hill Building, Oxford Road, M13 9PT

Abstract
Host gender has previously been identified as a determining factor in the resolution of Trichuris
muris infection in mice lacking Interleukin-4 (IL-4KO BALB/c). Worm expulsion in these mice is
delayed, but occurs in females. In this study we were able to demonstrate delayed expulsion
occurs at day 26 post infection and is associated with the production of the key Th2 associated
cytokine IL-13 by both CD4+ T cells and an auxiliary DX5+ Natural Killer (NK) cell source - as
well as a concurrent reduction in pro-inflammatory cytokines. NK cell number was comparably
increased in both sexes, but NK cells from male mice were found to express higher levels of the
chemokine receptor CXCR3. Depletion of CD4+ T cells completely prevented parasite expulsion,
whereas loss of NK cells resulted in a mild, but significant delay. Furthermore, IL-18 - a cytokine
with the capacity to enhance both Th1 and Th2 responses - was found to be dispensable for worm
expulsion in female mice but was a key factor for the suppression of the Th2 response in male
IL-4KO mice. In contrast neutralisation of IFN-γ resulted in a complete restoration of typical WT
BALB/c expulsion kinetics. This study sheds further light on the role of accessory NK cells in
supplementing the IL-13 driven immune response when normal Th2 immunity is disrupted, and
further identifies host gender as a key factor in determining the generation of ‘NK help’.
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INTRODUCTION
Multiple factors determine the ability of a host to generate a protective type 2 response in
response to infection with the gut nematode Trichuris muris. Genetic components -
including the haplotype and strain of the mouse - are directly correlated with the host’s
ability to generate a Th2 response and expel worms from the intestinal niche (1). Resolution
of T. muris infection is typically characterised by the production of type 2 cytokines such as
IL-4 and IL-13 which subsequently results in intestinal goblet cell hyperplasia and an
increased turnover of the intestinal epithelium mediating parasite loss (2). Previous studies
with BALB/c mice deficient in IL-4 demonstrated the ability of these mice to mount an
effective immune response against T. muris due to a compensatory increase in IL-13,
whereas mice lacking IL-13 were rendered susceptible to chronic infection (3). Interestingly
however, this compensatory mechanism was only present in female KO mice of this strain -
and not their male counterparts - suggesting, an important influence of host sex on the
development of Th2 responses to gastrointestinal nematodes (4). Gender differences have
previously been noted in other murine models of parasitic disease with a prominent female
bias towards resistance in nematode infections, including Nippostrongylus brasiliensis and
Trichinella spiralis (reviewed in (5)).

Europe PMC Funders Group
Author Manuscript
J Immunol. Author manuscript; available in PMC 2010 March 15.

Published in final edited form as:
J Immunol. 2009 September 15; 183(6): 3906–3914. doi:10.4049/jimmunol.0900577.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



The immune response to T. muris was found to be impaired in female IL-4KO BALB/c
mice as expulsion was significantly delayed beyond day 21 post infection (p.i.) and was
associated with high IFN-γ production whereas, WT BALB/c mice had few remaining
worms (4). It has become clear that upon disruption of normal CD4+ T cell mediated Th2
responses other cell types may be induced to produce type 2 cytokines in order to
compensate for, or supplement, the insufficient response. For example, T. muris expulsion
can be mediated via IL-13 derived from both CD4+ T cell and DX5+ NK cells in mice
where B7 co-stimulation is abrogated, dependent on neutralisation of subsequent IFN-γ
production (6, 7). These findings are in line with reports that NK cells are stimulated to
produce IL-13 by IL-2 in the absence of IFN-γ (8). Intraepithelial NK cells have also
previously been identified as an important source of IL-13 in driving intestinal pathology
during T. spiralis infection (9) and IL-13 producing NK-T cells are responsible for
pathology in a model of Ulcerative Colitis and the development of allergen induced airway
hyperreactivity (10, 11).

In this study we demonstrate a gender-biased expulsion of T. muris, which occurs in a
delayed manner at 26 days p.i. and is characterised by a dramatic increase in IL-13
production and concurrent decrease in the pro-inflammatory cytokines TNF-α and IL-6 in
the presence of high levels of IFN-γ. The delayed immune response in resistant female
IL-4KO animals was accounted for by a late increase in IL-13 derived from both CD4+ T
cells and DX5+ NK cells, but was absent from male counterparts. Equivalent expansion of
NK cells was detected in both male and female IL-4KO mice but male NK cells expressed
higher levels of the IFN-γ associated chemokine receptor CXCR3 and IFN-γ mRNA ex
vivo, despite comparable levels of this cytokine in both sexes following antigen
restimulation. Depletion of both NK cells and CD4+ cells suggested only T cells are
essential for resistance to chronic infections in these mice, although NK depletion delayed
parasite expulsion significantly in comparison to controls. Interestingly, a delay in worm
expulsion was also noted in male WT BALB/c mice compared to female WT BALB/c,
although both fully expelled worms prior to IL-4KO mice. In addition male WT mice also
demonstrated increased IL-13+ NK cell numbers in the draining lymph node upon infection.

IL-18 is a cytokine with pleiotropic effects that can stimulate the production of IL-13 by NK
cells and T cells in combination with IL-2 - and has been linked to resistance to T. muris (6,
12). In contrast studies from our laboratory have previously demonstrated a repressive effect
of IL-18 on IL-13 production and Th2 immunity during T. muris infection, suggesting a
classical role of IL-18 as a potent inducer of Th1 responses (13, 14). In line with this, IL-18
has been shown to be essential for priming of NK cells and for IFN-γ mRNA translation and
protein production following IL-12 stimulation (15). Interestingly, polymorphisms in the
IL-18 receptor signalling complex gene IL18RAP have recently been shown to be strongly
associated with the evolutionary selection pressure driven by macroparasites, such as
helminths, identifying IL-18 signalling as a key factor in determining susceptibility to
helminth infections (16). In this study IL-18 was dispensable for resistance in female
IL-4KO mice but surprisingly was responsible for the suppression of IL-13 responses in
male IL-4KO mice. Critically however, only neutralisation of IFN-γ was sufficient to fully
restore optimal WT BALB/c expulsion kinetics in mice lacking IL-4. Thus, taken together
the data presented here further implicates NK cells as an auxiliary source of IL-13 in sub-
optimal or disrupted Th2 immune responses and identifies an important role for IL-18 in a
novel gender biased IL-4KO mouse model.

Hepworth and Grencis Page 2

J Immunol. Author manuscript; available in PMC 2010 March 15.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



MATERIALS AND METHODS
Mice

IL-4KO BALB/c mice and WT BALB/c control mice were originally obtained from Dr. N.
Noben-Trauth, NIH, USA (17) and subsequently bred and maintained under specific
pathogen free conditions in the animal facilities of the University of Manchester, UK. Mice
were used for infections between the ages of 6 and 8 weeks and each experimental group
contained 5 mice unless indicated. All experiments were performed under the regulations of
the Home Office Scientific Procedures Act (1986).

Parasite maintenance and infection
Adult T. muris was recovered from the intestines of immunodeficient SCID mice and
embryonated eggs generated as previously described (18). Briefly, the caecum and proximal
colon were removed and adult worms extracted into RPMI 1640 media (Invitrogen) and
incubated for 4 hours at 37°C. The eggs were removed via centrifugation and allowed to
embryonate at RT for 8 weeks prior to use. Supernatant containing Excretory/Secretory
antigen (E/S) was concentrated using a Centriprep YM-10 (Amicon, Gloucester, UK) and
dialysed into PBS. Antigen concentration was determined using a Nanodrop (Nanodrop
technologies). Mice were infected via oral gavage with 100-200 infective T. muris eggs and
worm burdens were assessed at multiple time points p.i. via manual extraction of worms
from the caecum and proximal colon after longitudinal dissection.

Lymphocyte restimulation and cytokine analysis
Mesenteric lymph nodes (MLNs) were removed from infected and naive mice and single
cell suspensions were resuspended and plated at 5 × 106 cells/ml in RPMI 1640
supplemented with 10% FCS, 2mM L-glutamine, 100U/ml penicillin and 100μg/ml
Streptomycin (Invitrogen). Cultures were re-stimulated with 50μg of T. muris E/S for 24
hours at 37°C / 5% CO2. Cells were subsequently removed via centrifugation and
supernatants stored at -20°C until further use. The concentrations of IFN-γ, IL-4, IL-5, IL-6,
IL-9, IL-10, IL-13 and TNF-α were measured via Cytokine Bead Assay kit (CBA, BD
Biosciences) following the manufacturer’s instructions and assessed using a BD
FACSCalibur. IL-17A was measured via sandwich ELISA using commercially available
paired antibodies (BD Biosciences).

Antibody analysis
Parasite specific IgG1 and IgG2a were assessed via ELISA. Briefly, Immunlon IV plates
(Thermo lifesciences) were coated at 4°C overnight with 5μg/ml of T. muris E/S in
carbonate/bicarbonate buffer, pH 9.6. Plates were subsequently blocked to prevent non-
specific binding with 3% BSA in 0.05% Tween 20 PBS and sera from mice were added to
wells in twofold dilutions. Parasite specific antibodies were detected using biotinylated rat
anti-mouse IgG1 (Serotec) or biotinylated rat anti-mouse IgG2a (BD Biosciences). Plates
were developed with TMB and the O.D. at 450nm, with reference to 570nm, was measured.

Histological Analysis
Sections of caecum were removed and stored for 12 hours in 4% Neutral Buffered Formalin
prior to processing and embedding in paraffin wax. Tissue sections of 4μm were cut and
dewaxed using citroclear and dehydrated prior to staining with Periodic Acid and Schiff’s
reagent to visualise goblet cells. Sections were mounted and the number of goblet cells per
20 crypt forming units (CFU) was counted for each section. Crypt lengths were measured
and calculated using Image J software (NIH).
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Isolation of intraepithelial lymphocytes (IELs)
The caecum and intestine were flushed with ice cold Ca2+-free HBSS with 2% FCS, cut
longitudinally and trimmed of fat and Peyer’s patches and subsequently cut into 3cm
sections. Tissue sections were incubated in HBSS supplemented with 1mM DTT and 0.8M
EDTA at 37°C for 30 minutes with vigorous shaking. Supernatant containing epithelium
was then removed and remaining tissue incubated for a further 30 minutes with DTT and
EDTA. Cells from five mice were pooled and passed through a 40μm strainer prior to
resuspension in RPMI 1640 media containing 25mM HEPES for use in flow cytometry or
cell sorting.

Flow cytometry and cell sorting
CD4+ T cells and DX5+ NK cells were isolated via staining of pooled mesenteric lymph
node cells from 5 mice. Cell were blocked for non specific binding via incubation with anti-
Fc block (anti CD16/32, BD Biosciences) for 10 minutes on ice and subsequently stained
with anti CD3ε FITC, anti DX5 PE, anti CD4 PercP and anti MHC class II APC (BD
Biosciences) for 30 minutes on ice. Cells were washed and resuspended in RPMI 1640
supplemented with 25mM HEPES and CD4+ T cells (CD3+ CD4+) and NK cells (CD3-
DX5+) were isolated using a BD FACS DIVA cell sorter. All MHC class II positive cells
were gated out of the total cell population prior to sorting to prevent contamination with
Antigen Presenting Cells . Epithelial cells and intraepithelial lymphocytes (IELs) were
identified and sorted via staining with the lectin UEA-1 (Vector) and anti CD45 PE antibody
(BD Biosciences), respectively. Following sorting isolated cells were analysed for purity
using a BD FACSCalibur and were consistently found to be over 95% pure. Sorted cells
were then placed directly into TRIzol reagent (Invitrogen) for RNA extraction. DX5+ NK
cell phenotype was assessed via staining with anti IL-2Rβ FITC (BD biosciences) or with
purified rat anti-mouse CXCR3 (R&D Systems) followed by biotinylated mouse anti-rat
IgG2a and Streptavidin APC (BD Biosciences).

RNA extraction and Real Time PCR
RNA was extracted from sorted cells stored in TRIzol reagent via Chloroform and
Isopropanol precipitation and reverse transcribed using ImProm-II RT (Promega). Real time
PCR reactions were performed using the following primers to determine the levels of HPRT
(Sense 5′ GCGTCGTGATTAGTGATGATGAAC 3′ / Antisense 5′
GAGCAAGTCTTTTCAGTCCTGTCCA 3′), IL-13 (Sense 5′
AGGAGCTTATTGAGGAGCTGAAGCA 3′ / Antisense 5′
TGGAGATGTTGGTCAGGGAATCCA 3′), IFN-γ (Sense 5′
GGCCATCAGCAACAACATAAGCGT 3′ / Antisense 5′
TGGGTTGTTGACCTCAAACTTGGC 3′) and CXCL10 (Sense 5′
ATGAGGGCCATAGGGAAGCTTGAA 3′ / Antisense 5′
CCGGATTCAGACATCTCTGCTCAT 3′). Products were amplified using SYBR green
master mix (Finnzymes) with 0.1μg cDNA and 50pmol of primers. All reactions were
performed with the following cycle conditions: 40 cycles of 94°C 10 seconds, 60°C 20
seconds and 72°C for 15 seconds. Melting curves were checked to confirm specific gene
amplification and relative expression determined compared to house keeping genes and
control sample via the comparative 2-ΔΔC(t) method.

In vivo depletion of cells and cytokines
CD4+ T cells were depleted from IL-4KO BALB/c mice via intraperitoneal (i.p.)
administration of 500μg anti-CD4 mAb (YTS 169) every 2 days beginning on the day of
infection until termination. Control animals received 500μg of total Rabbit Ig (Sigma
Aldrich) as an isotype control. NK cells were depleted via intravenous injection of 750μg
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anti-asialo GM1 antibody (Cedarlane laboratories) at days 10, 14, 18 and 22 post infection.
Depletion of cells in treated groups was confirmed via flow cytometry and
immunohistochemistry of caecal tissue (data not shown). IFN-γ was neutralised via i.p.
treatment with 500μg anti-IFN-γ (XMG 1.6) every 2 days from infection until termination -
control mice received 500μg of rat IgG isotype control (GL113). IL-18 was neutralised via
i.p. injection of 750μg mouse anti-mouse IL-18 (SK11 3AE - kindly donated by Prof.
Irmgard Förster, University of Düsseldorf), or mice were treated with technical grade mouse
Ig (Sigma Aldrich) every 4 day from infection until termination.

Statistics
Statistical significance for the data presented, representative of three independent
experiments unless indicated, was calculated using a Kruskal Wallis ANOVA followed by a
Dunn’s post hoc test. Values of p=<0.05 were considered significant.

RESULTS
Female WT and IL-4KO BALB/c mice show increased resistance to T. muris in comparison
to male equivalents

We have previously reported a profound gender difference in the expulsion of T. muris in
IL-4KO BALB/c mice (4). In order to define the underlying mechanisms we infected WT
and IL-4KO BALB/c male and female mice with 150 infective T. muris eggs and assessed
worm burdens and immune responses at key time points post infection. Figure 1A confirms
comparable establishment of T. muris in the caecum and proximal colon of male and female
WT and IL-4KO mice 14 days p.i. Furthermore, 21 days p.i. IL-4KO mice retained full
worm burdens, confirming a lack of expulsion in these mice at this time point as previously
described (4). In line with previous reports female WT BALB/c mice had almost completely
expelled their worm burdens by this time point. Surprisingly however, male WT mice still
retained high numbers of worms at this time point indicating expulsion in male WTs is
delayed in comparison to females beyond day 21, with expulsion complete by day 26 p.i.
WT BALB/c mice worm expulsion was associated with a strong Th2 restricted response as
frequently reported (19) (data not shown). Female IL-4KO BALB/c mice were previously
demonstrated to expel T. muris between day 21 and 35 p.i., whereas, male IL-4KOs are
unable to expel the worms and develop a chronic adult infection (full worm burdens retained
at day 35 p.i. - data not shown). Expulsion in female KO mice occurs at approximately day
26 p.i. (Fig 1A) and is associated a marked increase in the type 2 cytokines IL-9 and IL-13
and reductions in the pro-inflammatory cytokines TNF-α and IL-6, while IFN-γ and IL-10
levels remained comparable to males in these mice (Fig 1B). Expulsion in female KO mice
was also associated with an increase in intestinal goblet cell number, previously reported to
be driven by IL-13 (Fig 1C) (20). No significant differences in crypt length, associated with
increased IFN-γ driven epithelial cell proliferation, were detected between male and female
mice at this time (Fig 1C)(21).

NK cells provide an additional source of IL-13 during delayed expulsion
IL-13 is a principal cytokine in mediating T. muris expulsion (2). Depending on
circumstances NK and NK-T cells are able to produce the type 2 cytokine IL-13 and
contribute to a Th2 response (8-11, 22). Previous studies have reported IL-13 production
from NK cells following ablation of B7 co-stimulation in female BALB/c mice - resulting in
a loss of resistance to T. muris - which manifested only following subsequent neutralisation
of the resulting high IFN-γ levels (6, 7). In order to determine whether NK cells also
contribute IL-13 during delayed expulsion in the gender biased IL-4KO model, mice were
infected with T. muris and MLNCs were pooled (n=5) and sorted via flow cytometry in
order to obtain purified CD4+ T cell and DX5+ NK cells. Total ex vivo lymph node
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numbers were comparable between groups over the course of infection, with peak cellularity
observed at day 18 p.i. irrespective of expulsion kinetics (Fig 2A). Similarly, CD4+ T cell
numbers were found to increase during infection, before returning to naive levels by day 26
p.i. (Fig 2A). Intriguingly, NK cell numbers were found to dramatically increase at day 18
p.i. in both male and female IL-4KO MLNs, as well as in male but not female WT lymph
nodes (Fig 2A). The relative expression of IL-13 mRNA in male and female WT and
IL-4KO BALB/c mice over the course of T. muris infection is shown in Figure 2B. At day
14 p.i. IL-13 mRNA was only detectable in the WT BALB/c mice, in line with rapid
expulsion kinetics in WT mice compared to mice lacking IL-4. Female WT mice had a large
increase in total IL-13 mRNA at day 18 p.i., coinciding with worm expulsion, which was
derived only from the CD4+ T cell population and not DX5+ cells (Fig 2B). Surprisingly,
expression in male WTs was distinctly lower at this time point. In contrast, only a low
expression of IL-13 mRNA was detected in IL-4KO mice at day 18 p.i. At day 26 p.i. high
expression of IL-13 mRNA was detected in total lymphocytes of female IL-4KO mice,
derived from both the CD4+ T cell and DX5+ NK cell populations, whereas, male IL-4KO
mice produced only negligible amounts of IL-13 mRNA in line with their inability to
generate type 2 cytokines in response to T. muris. Interestingly, male WT BALB/c at this
same time point demonstrated a comparably high expression of IL-13 mRNA, also
detectable in both CD4+ T cells and DX5+ NK cells (Fig 2B). In order to confirm the
gender specific IL-13 expression at day 26 p.i. at the site of host:parasite interaction we
isolated the infected caecal and colonic tissue and separated epithelial cells and
intraepithelial lymphocytes via their respective expression of the lectin UEA-1 or
lymphocyte marker CD45. In agreement with data from the MLN, IL-13 mRNA was only
detectable in male WT and female IL-4KO BALB/c at this time point and was restricted to
the intraepithelial lymphocyte population (Fig 2C).

NK cells from male IL-4KO mice are more responsive to CXCL10
As NK cell numbers in the draining lymph node were comparable in both sexes of IL-4KO
mice at day 18 p.i.. yet only female NK cells synthesised detectable IL-13 mRNA we
hypothesised that “programming” of NK cells during this expansion may differ between the
sexes. In order to address this the phenotype of NK cell markers was assessed via flow
cytometry. DX5 cells from both male and female mice were IL-2Rβ+, suggesting these cells
represent NK cells and not Basophils, which have previously been reported to be negative
for this receptor chain (23) (data not shown). Of the panel of markers investigated NK cells
derived from the two sexes of IL-4KO mice were found to differ only in their expression of
CXCR3, the receptor for the IFN-γ induced chemokine CXCL10. Few NK cells from WT
mice and female IL-4KO BALB/c mice expressed this marker (∼10%), whereas, NK cells
derived from male IL-4KO mice intensely expressed CXCR3 on 25 ± 4.7% of cells (Fig
3A), suggesting NK cells from male IL-4KO BALB/c may be more responsive to CXCL10.
CXCL10 is an IFN-γ induced chemokine stimulated during the onset of Th1 responses and
previously found to inhibit IL-13 mediated expulsion of T. muris (2, 24). CXCL10
expression in total MLNCs was found to be increased compared to naïve mice in both male
and female IL-4KO mice at the crucial day 28 time point (Fig 3B), with higher expression of
this chemokine in males (average 234 fold) than females (average 149 fold). Despite
comparable production of IFN-γ protein at this time point in response to antigen
restimulation, we assessed whether this increase in CXCL10 responsiveness on NK cells
resulted in an increase in the proportion of NK cells expressing IFN-γ mRNA ex vivo.
MLNCs derived from male mice at day 28 p.i. had high levels of IFN-γ mRNA, whereas
expression was almost undetectable in females (Fig 3C). Increased ex vivo expression of
IFN-γ at the mRNA level was detected in both CD4+ T cells (110 fold) and NK cells (30
fold increase), suggesting a proportion of NK cells derived from male mice are activated in a
classical IFN-γ+ manner.
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Expulsion of T. muris from IL-4KO BALB/c mice requires CD4+ T cells, but not NK cells
In order to address the relative importance of CD4+ T cell and NK cell derived IL-13 these
cells were depleted via treatment with either anti-CD4 mAb or anti asialo-GM1. After 28
days female IL-4KO mice that received the control Rabbit Ig expelled their worm burdens
as per usual, whereas control male IL-4KO mice retained high parasite numbers (Fig 4A).
Depletion of CD4+ T cells resulted in a failure to expel worms from the lumen in females in
a comparable manner to susceptible male KOs. Depletion of CD4+ T cells in female mice
also led to an enhanced production of the pro-inflammatory cytokines TNF-α, IL-6 and
IL-17A (Fig 4B). Conversely, treatment with anti-asialo GM1 antibody resulted in a mild,
but significant, increase in the retained worm numbers in comparison to controls, suggesting
NK cells contribute to, but are not essential for, expulsion in these mice (Fig 4A).

IL-18 is not essential for IL-13 mediated resistance in female IL-4KO mice but suppresses
worm expulsion in male IL-4KOs

The cytokine IL-18 has been shown to enhance both Th1 and Th2 associated cytokines
depending on the associated cytokine milieu. We have previously reported an increase in
production of IL-18 and its receptor (IL-18R), as well as the pro-cytokine cleaving enzyme
necessary for IL-18 maturation (Caspase 1), in mice susceptible to T. muris infection (13).
Conversely, IL-18 has also been recently reported to enhance IL-13 production in an IL-4
independent manner (25). Furthermore, a key role for this cytokine has been suggested in
enhancing IL-13 production and mediating expulsion of T. muris (6). It was thus
investigated whether IL-18 is also necessary for the novel gender biased induction of CD4+
and accessory DX5+ cell derived IL-13. Figure 5A shows worm expulsion in female
IL-4KO BALB/c mice is unaffected by neutralisation of IL-18, suggesting the mechanisms
of IL-13 production in these mice is not dependent on this cytokine. Surprisingly however,
neutralisation of this cytokine in male IL-4KO mice led to a restoration of worm expulsion,
which occurred at day 28 p.i., comparable with that of females (Fig 5A). Worm expulsion in
WT BALB/c mice was unaffected by neutralisation of IL-18, irrespective of host gender
(data not shown). Restoration of worm expulsion in male IL-4KOs was associated with a
trend toward increased production of IL-9 and IL-13 and a statistically significant reduction
of TNF-α, IL-6 and IFN-γ (Fig 5B). The decrease in pro-inflammatory cytokines following
neutralisation of IL-18 was also mirrored in female mice at day 18 p.i. suggesting IL-18 may
also enhance these cytokines in resistant females (data not shown). Histological analysis
confirmed an increase in IL-13 driven goblet cell hyperplasia at day 28 p.i. in male IL-4KOs
following IL-18 neutralisation (Fig 5C). Finally, neutralisation of this cytokine in both sexes
of IL-4KO significantly increased the early production of parasite specific IgG1 and IgG2a
antibody, suggesting an effect of this cytokine on both Th1 and Th2 associated cytokine
driven antibody class switching (Fig 5D).

IFN-γ is responsible for delayed expulsion kinetics in IL-4KO mice
IL-4KO BALB/c mice produce large amounts of the Th1 associated cytokine IFN-γ in
response to T. muris irrespective of the ultimate resolution of infection. As IFN-γ is a potent
suppressor of Th2 responses, and as IL-18 neutralisation of susceptible male IL-4KO
BALB/c restored T. muris expulsion only in a delayed manner, it was hypothesised that
IFN-γ is the ‘master suppressor’ of normal expulsion kinetics in these mice. Figure 6A
confirms that following neutralisation of IFN-γ both male and female IL-4KO BALB/c
mice demonstrate normal expulsion kinetics comparable with other WT resistant strains of
mice, with full expulsion occurring between day 18 and day 21 p.i. Treatment with anti-IFN-
γ also restored normal Th2 responses at day 18 p.i., associated with increased IL-9 and
IL-13, and reduced pro-inflammatory cytokines (Fig 6B). Enhancement of expulsion
kinetics in both male and female mice correlated with an earlier increase in goblet cell
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hyperplasia, which was significantly increased over the corresponding control mice (Fig
6C).

DISCUSSION
Resolution of gastrointestinal nematode infection has been relatively well characterised and
it is clear that the development of a Th2 immune response, and particularly the production of
IL-13, is essential for the expulsion of many helminths - including T. muris. One question
still to be fully addressed is how the host immune system copes when normal Th2 immunity
is lesioned or suboptimal. In line with previous data we were also able to demonstrate the
onset of IL-13 driven Th2 immunity in response to parasite infection in the absence of the
classical type 2 cytokine IL-4 (4, 26-29). There are many factors which can influence and
mediate IL-13 production and here we shed further light on the generation and role of
accessory IL-13+ NK cells, in circumstances of sub-optimal Th2 responses immunity, by
using a novel gender biased, IL-4 independent model (summarised in Figure 7). This model
is of particular interest in that the development and regulation of Th2 immunity to T. muris
in these mice is subject to a striking gender bias. Host gender is an important factor in
determining immunity to parasitic infections (reviewed in (5, 30)) and the majority of
infections show a bias towards increased resistance in female mice (4, 5). Host gender has
been shown to be an important determining factor in the development of an adaptive
immune response and expulsion of T. muris, particularly in mice with disruptions in
important Th2 associated cytokines. Thus, female mice lacking IL-4 or TNF receptor
subunits have been shown to be resistant to T. muris whereas, their male counterparts are not
(4, 31). As well as confirming the female bias of IL-4KO BALB/c mice we also noted a
surprising influence of host sex on the kinetics of a Th2 response in WT mice - as male WT
BALB/c mice demonstrated delayed IL-13 production and consequently significantly
delayed worm expulsion in comparison to females (Fig 1A and 2B), a finding also
previously observed in C57BL/6 WT mice (31). These differences are likely to be directly
linked to the interaction of sex hormones and the immune system as initial data suggests
androgens may influence the development of Th2 responses to T. muris in male IL-4KO
mice (Hepworth and Grencis, Manuscript In Preparation).

We were able to clearly demonstrate an important contribution of DX5+ NK cells in
providing an additional source of IL-13 during the IL-4 independent Th2 response and
identified an important correlation with host sex. Specifically, female IL-4KO BALB/c
mice, but not male equivalents expelled T. muris - associated with IL-13 production from
both T cells and NK cells which was “delayed” until approximately day 26 p.i., therefore
providing evidence for a role of a typically innate cell in aiding and supplementing the
development and action of a delayed adaptive response. The data presented here suggests
NK cells are stimulated to produce IL-13 alongside T cells in situations where the Th2
response is sub-optimal or delayed. Interestingly, male WT mice also suffered a delay in the
onset of expulsion and also had detectable IL-13 mRNA in the DX5+ cell population
whereas in ‘optimal’ expelling females IL-13 production was restricted to CD4+ T cells.
Furthermore, delayed expulsion was mirrored in CD45+ cells at the site of infection. This
data is supportive of previous work demonstrating the importance of NK cell derived IL-13
in the intraepithelial lymphocyte population during T. spiralis infection (9).

An increase in NK cell numbers was noted in both male and female IL-4KO BALB/c mice,
as well as in male WT mice, 18 days p.i. in the MLN. However, as male IL-4KO BALB/c
mice did not produce IL-13 during the infection we hypothesised NK cells from male
IL-4KO mice may have received different “programming” to that of male WT and female
IL-4KO mice. Over 80% of NK cells - irrespective of gender and host background - were
found to express IL-2Rβ necessary for NK cell activation and proliferation (32) (data not

Hepworth and Grencis Page 8

J Immunol. Author manuscript; available in PMC 2010 March 15.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



shown), thus, differentiating them from reported type 2 cytokine producing basophils which
also express DX5 but lack expression of this receptor (23). Interestingly significant
differences were found in the expression of the chemokine receptor CXCR3 on NK cells
which was expressed at higher levels on male IL-4KO NK cells in comparison to females.
Expression of CXCR3 on NK cells has previously been demonstrated to occur as a result of
enhanced IFN-γ and Th1 cell dependent interactions (33, 34). Furthermore, the ligand for
this receptor, CXCL10, is important in the IFN-γ driven suppression of intestinal epithelial
turnover which prevents expulsion of T. muris, hinting at an intriguing link between these
two mechanisms (2). Levels of this chemokine were found to be high in both male and
female IL-4KO mice, although males expressed markedly higher levels. Furthermore,
despite seemingly comparable levels of IFN-γ protein following antigen restimulation at
day 28p.i. male NK cells were observed to express increased levels of IFN-γ mRNA ex
vivo, which was only mildly increased over naïve controls in females at this time. The
increase in CXCR3 expression in males could be related to the continuous high levels of
pro-inflammatory cytokines in these mice as TNF-α and/or IL-18 can synergise with IFN-γ
to enhance expression of CXCR3 and its ligands (35-37). Further studies to address
differences in other important markers of NK activation such as NKG2D and CD94 could
also prove informative (38).

IL-18 is a pleiotropic cytokine that can enhance both type 1 and type 2 cytokine production
depending on the cytokine milieu. IL-18 precursor is constitutively produced and secreted
following enzymatic cleavage, and is mainly derived from monocytes, dendritic cells and
intestinal mucosal cells (39-42). IL-18 exerts its effects predominantly on T cells and
macrophages and is typically associated with the induction of IFN-γ production (43). We
previously reported a repressive effect of IL-18 on IL-13 during T. muris infection and
observed an increase in active IL-18 and receptor expression in susceptible mice disrupted in
Th2 immunity (13). However, recent studies determined IL-18 can stimulate T cell derived
IL-13 in the absence of IL-4 (25). Furthermore, it has previously been demonstrated that NK
cells are also stimulated to produce IL-13 by IL-18 in combination with IL-2 (12, 15, 25,
44), a mechanism which is tightly regulated by IFN-γ (8). In line with these results two
studies from Gause et al elegantly demonstrated enhancement of IL-13 in T. muris infected
mice following ablation of B7 costimulation which required co-neutralisation of IFN-γ (7).
IL-13 production in B7/IFN-γ neutralised mice was shown to be dependent upon IL-18, and
found to be derived from both NK and T cell sources (6). In contrast to these recent studies
we found neutralisation of IL-18 in female IL-4KO mice did not effect worm expulsion and
IL-13 production, which occurred as usual approximately 26 days after infection and in the
presence of high levels of IFN-γ. Surprisingly, however, neutralisation of IL-18 restored
worm expulsion in previously susceptible male IL-4KO BALB/c mice, restoring delayed
kinetics comparable to resistant females and reflected by an increase in IL-9 and IL-13
production and a decrease in pro-inflammatory cytokines. Thus, these findings demonstrate
IL-18 can act to directly suppress worm expulsion in the absence of IL-4, and that this action
is gender dependent.

Worm expulsion in IL-4KO mice consistently occurred in the presence of high levels of the
Th1 cytokine IFN-γ. IFN-γ was found to be crucial for the suppression of optimal Th2
immunity in this model as neutralisation of this cytokine resulted in the complete restoration
of WT BALB/c expulsion kinetics (with worm expulsion occurring at 18 days p.i.) in both
male and female IL-4KO BALB/c mice. However, as we have previously demonstrated an
IFN-γ independent role of IL-18 in suppressing Th2 immunity to T. muris and T. spiralis it
is not yet clear whether these two cytokines suppress resistance via similar or disparate
mechanisms in this system (13, 45).
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Susceptibility to T. muris was also consistently correlated with the pro-inflammatory
cytokines IL-6 and TNF-α in this gender-biased model of immunity. IL-4KO BALB/c mice,
but not WT control littermates, of both sex produced high levels of IL-6 and TNF-α in
response to T. muris and worm expulsion in female mice at day 26-28 p.i. was directly
correlated not only with an increase in the resistance mediating cytokines IL-9 and IL-13 (2,
46), but also with a significant decrease in production of these pro-inflammatory cytokines
from MLN cells (Fig 1B, Fig 5B and Fig 6B). This data suggests the decrease in pro-
inflammatory cytokines is a consistent hallmark of worm expulsion in IL-4KO mice, with
similar reductions seen upon restoration of worm expulsion following administration of anti-
IFN-γ or anti-IL-18 mAbs (Fig 5B and Fig 6B). Indeed similar sex differences in TNF-α
production have been noted in other parasitic infections including T. gondii (47), and of
particular interest, it has also been shown that disruption of TNF receptor (p55 or p75)
signalling results in a strong female sex bias towards resistance to T. muris (31).
Furthermore, following CD4 T cell depletion we observed an increase in pro-inflammatory
cytokines, including IL-17. IL-17 is critical for the development of intestinal inflammation
in mouse models of colitis (48), and is dramatically increased in T. muris infected mice
following disruption of epithelial cell signalling (49), resulting in a loss of Th2 immunity.
The major source of IL-17A is Th17 cells, however, other cells such as CD4-γδ T cells can
also produce IL-17 (50, 51). As these cells would not be depleted by anti-CD4 treatment one
possibility is that following depletion IL-17 is produced by these or other cell types,
contributing to the pro-inflammatory environment observed. Interestingly, recent reports
suggest RELM-β - a goblet-cell-derived cysteine rich secreted protein which is highly
induced during T. muris infection - may directly stimulate production of IL-6 and TNF-α, as
well as directly enhance the IL-23-IL-17 axis, via interactions with lamina propria
macrophages (52, 53).

In summary the findings presented here provide new and important insight in regards to the
auxiliary mechanisms that compensate for sub-optimal Th2 responses as well as the
complex interplay between host gender and the immune response against parasitic
nematodes. These data have considerable implications for circumstances where the Th2
compartment is lesioned, and strongly implicate host sex as an important factor in the
generation of IL-13 producing accessory cells. We have also identified IL-18 as a key factor
in regulating this gender bias in Th2 immunity towards T. muris and thus, suggest that the
interactions between IL-18 and the enhancement of type 2 cytokines may be regulated by
other factors, such as host sex hormones. Further studies are needed in order to determine
the exact mechanisms that form the basis of this gender difference and which control the
recruitment and activation of accessory cells in the generation of IL-4 independent and sub
optimal Th2 immunity.
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Figure 1.
Female IL-4KO BALB/c mice develop a Th2 immune response leading to the expulsion of
T. muris whereas male mice develop chronic nematode infections. A) Male and female mice
from WT and IL-4KO BALB/c received 150 infective T. muris eggs and worm burdens in
the caecum and large intestine assessed at day 14, 21 and 26 post infection B) The
concentrations of Th2 (IL-9, IL-13 and IL-10) and Th1/pro-inflammatory (IFN-γ, TNF-α
and IL-6) cytokines were measured in supernatants of mesenteric lymph node cells isolated
from infected IL-4KO mice after 26 days and re-stimulated for 24 hours with T. muris E/S
antigen C) Caecal histology including goblet cell hyperplasia and crypt length was measured
at day 26 post infection in IL-4KO mice of both sex following PAS staining, scale bar =
50μm. Naiive values are indicated in red and represent the mean value for male and female
naïve mice which did not differ significantly from one another. * - p≤0.05, ** - p ≤0.01, ***
- p≤0.001.
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Figure 2.
Natural Killer Cells provide an additonal source of IL-13 during delayed expulsion of T.
muris. A) The total lymphocyte number of mesenteric lymph nodes and the relative numbers
of CD4+ T cells and DX5+ NK cells were calculated after normalising cell percentages
derived via flow cytometry to total cell counts. Cell numbers of total cells and respective
subpopulations of naive and pooled (n=5) T. muris infected lymph nodes 14, 18 and 26 days
p.i. from male and female WT or IL-4KO BALB/c mice are indicated B) The relative
expression of IL-13 mRNA transcripts in the pooled MLNs was determined ex vivo via real
time PCR using the 2-ΔC(t) method. IL-13 expression was determined relative to the
housekeeping gene HPRT and to that of naive mice of the same sex. C) IL-13 expression
was determined in UEA-1+ epithelial cells and CD45+ lymphocyte populations isolated
from the pooled caecums of infected mice at day 26 p.i. via EDTA/DTT treatment and
Percoll gradient centrifugation. Data is representative of two independent experiments.
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Figure 3.
Natural Killer cells derived from male IL-4KO mice express higher levels of the CXCL10
receptor (CXCR3). A) Mesenteric lymph node cells (n=4) were extracted from the MLNs of
male and female WT and IL-4KO BALB/c mice at day 18 p.i. and stained for the NK
marker DX5 and the chemokine receptor CXCR3. DX5+ cells were gated and the
percentage of DX5+ CXCR3+ cells assessed (top panel). Plots indicate isotype control
(dotted line), female (blue line) and male (red fill) MFI and percentage of DX5+ CXCR3+
cells. Representative FACs plots from each group are shown (bottom panel) B) The relative
expression of CXCL10 was assessed in pooled total MLNCs (n=4) from male and female
IL-4KO mice at day 28 p.i. in comparison to naïve controls via real time PCR following
normalisation to HPRT. C) Expression of IFN-γ mRNA in total MLNCs and sorted CD4+ T
cell and DX5+ NK cell populations was assessed in male and female IL-4KO mice at day 28
p.i. * - p≤0.05
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Figure 4.
CD4+ T cells, but not asialo-GM1+ cells, are essential for IL-13 driven immunity in female
IL-4KO BALB/c mice. IL-4KO BALB/c mice females were injected with Control Rabbit Ig,
anti-asialo GM1 or anti CD4 antibodies to neutralise NK and CD4+ T cells, respectively. A)
Worm burdens of susceptible male IL-4KO control mice and female IL-4KO mice were
assessed after treatment at day 28 p.i. (n=5) B) Levels of pro-inflammatory cytokines in E/S
restimulated MLNC cultures were measured via CBA assay (IL-6 and TNF-α) and ELISA
(IL-17) from culture restimulations of MLNCs, * - p≤0.05, ** - p ≤0.01, *** - p≤0.001.
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Figure 5.
Neutralisation of IL-18 restores resistance in male IL-4KO comparable with female IL-4KO
mice. A) Male and female IL-4KO BALB/c mice received anti-IL-18 or the control Ig and
worm burdens were assessed in the caecum and proximal colon at day 18 and 28 p.i. B) The
concentration of Th2 (IL-9 and IL-13), Th1 (IFN-γ) and pro-inflammatory cytokines (IL-6
and TNF-α) in E/S restimulated MLNC supernatants and C) goblet cell number were
assessed following treatment with anti-IL-18 - scale bar = 50μm. D) Levels of parasite
specific IgG1 (top panel) and IgG2a (bottom panel) in the sera were assessed via antigen
specific ELISA, * - p≤0.05, ** - p ≤0.01, *** - p≤0.001.
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Figure 6.
IFN-γ neutralisation restores normal expulsion kinetics in IL-4KO BALB/c mice. A) Male
and female IL-4KO BALB/c mice received anti IFN-γ monoclonal antibody and worm
burdens were assessed on day 18 and 28 p.i. B) Concentrations of Th2 and pro-
inflammatory cytokines in E/S restimulated MLNC culture supernatants were assessed via
CBA assay and C) the number of goblet cells per 20 crypt forming units were counted in the
caecum of control and treated infected mice, scale bar = 50μm. * - p≤0.05, ** - p ≤0.01, ***
- p≤0.001.
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Figure 7.
Host gender highlights a role for IL-13+ NK cells during the ‘gradient’ of resistance to T.
muris in WT and IL-4KO BALB/c mice. Female WT mice are highly resistant to T. muris
infection and expel the parasite through a fast and efficient CD4+ restricted Th2 response.
Female IL-4KO mice are also resistant to T. muris despite high levels of IFN-γ, but
expulsion of adult worms is delayed up to 10 days in comparison to WT females. This
delayed worm expulsion is associated with both IL-13+ T cells and NK cells and a
concurrent reduction of pro-inflammatory cytokine levels at day 28 p.i. Neutralisation of
IFN-γ in female IL-4KO mice resulted in restored expulsion kinetics comparable with WT
mice. Surprisingly, male WT mice also exhibited a delayed expulsion and also demonstrated
accessory IL-13+ NK ‘help’. Conversely, Male IL-4KO BALB/c mice are completely
susceptible to chronic helminth infection associated with high levels of IFN-γ, IL-6 and
TNF-α. Resistance in these mice could be restored with delayed kinetics following depletion
of IL-18 or fully via neutralisation of IFN-γ. This data suggests a complex interplay
between host gender and the development of a successful immune responses in normal or
disrupted environments.
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