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Cytokine-Dependent Immunity and Inflammation following
Intestinal Helminth Infection1
Jacqueline G. Perrigoue,* Colby Zaph,† Katherine Guild,* Yurong Du,* and David Artis2*

T

he development, differentiation, and activation of immune
cells are critically dependent upon the interaction of
cytokine receptors with their cognate ligands. The largest of the cytokine receptor families is the type I receptor family, members of which can be categorized based upon their
structure and use of common signaling receptor chains (1). Several conserved structural domains of type 1 cytokine receptors,
including the signature WSXWS motif, have facilitated the in
silico identification of novel family members. Using this approach the most recent addition to this family, the gp130-like
monocyte receptor (GLM-R) or IL-31R␣, was identified (2). By
sequence homology IL-31R␣ exhibits strong similarity to
gp130, a promiscuous type 1 receptor chain that serves as the
signaling receptor for a number of ligands (3). However, as yet
the only known functional ligand for IL-31R␣ is IL-31 that
signals through a heterodimeric complex composed of IL-31R␣
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and oncostatin M (OSM)3 R␤ (2, 4, 5). IL-31R␣ expression has
been detected on a wide range of cell types including macrophages, T cells, and epithelial cells (2, 4 – 6), while IL-31 is
produced by activated T cells, predominantly CD4⫹ Th2 cells
(6). Structurally similar to the helix bundle cytokine IL-6, IL-31
belongs to the IL-6/IL-12 cytokine family that includes IL-6,
IL-11, IL-12, IL-23, IL-27, LIF, and OSM (1). Recent research
has highlighted the critical roles that members of this cytokine
family play in the regulation of immunity and inflammation and
underscore the potential for manipulating these signaling pathways for therapeutic benefit in a wide range of inflammatory
diseases (7–9).
In vitro studies showed that signaling downstream of the IL31R results in the phosphorylation of STAT1, STAT3, and
STAT5 as well as activation of the p38 MAPK, ERK1,2, and
JNK1,2 signaling pathways (2, 5, 6, 10, 11). In epithelial cells
IL-31 treatment has been linked to increased production of a
broad range of cytokines and chemokines including IL-6, IL-8,
EGF, VEGF, MCP-1, and GRO1␣ and can result in either the
promotion or inhibition of cell proliferation dependent upon
dose and target cell type (6, 10, 11).
Although in vitro assays have begun to define the signaling pathways involved downstream of IL-31-IL-31R interactions, relatively
little is known about the functional consequences of these interactions
in vivo. Transgenic mice that express IL-31 from a ubiquitous or T
cell-specific promoter develop spontaneous skin inflammation characterized by thickening of the epidermis, alopecia, and pruritis (6).
That study, combined with subsequent analyses in humans correlating
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IL-31 is a recently identified cytokine made predominantly by CD4ⴙ Th2 cells and its receptor, IL-31R, is expressed by a
number of cell types including monocytes, epithelial cells, and T cells. Originally identified as a potential mediator of
inflammation in the skin, we recently reported a novel function for endogenous IL-31R interactions in limiting type 2
inflammation in the lung. However, whether IL-31-IL-31R interactions regulate immunity or inflammation at other mucosal
sites, such as the gut, is unknown. In this study, we report a regulatory role for IL-31-IL-31R interactions in the intestine
following infection with the gastrointestinal helminth Trichuris muris, immunity to which is critically dependent on CD4ⴙ
Th2 cells that produce IL-4 and IL-13. IL-31R␣ was constitutively expressed in the colon and exposure to Trichuris induced
the expression of IL-31 in CD4ⴙ T cells. In response to Trichuris infection, IL-31R␣ⴚ/ⴚ mice exhibited increased Th2
cytokine responses in the mesenteric lymph nodes and elevated serum IgE and IgG1 levels compared with wild type mice.
IL-31R␣ⴚ/ⴚ mice also displayed enhanced goblet cell hyperplasia and a marked increase in secretion of goblet cell-derived
resistin-like molecule ␤ into the intestinal lumen. Consistent with their exacerbated type 2 inflammatory responses, IL31R␣ⴚ/ⴚ mice exhibited accelerated expulsion of Trichuris with significantly decreased worm burdens compared with their
wild type counterparts early following infection. Collectively, these data provide the first evidence of a function for IL-31IL-31R interactions in limiting the magnitude of type 2 inflammatory responses within the intestine. The Journal of Immunology, 2009, 182: 6088 – 6094.
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Materials and Methods
Mice and parasites
Wild-type (WT) C57BL/6 mice were ordered from Jackson ImmunoResearch Laboratories. IL-31R␣⫺/⫺ mice were generated as described previously (17). Mice were bred in a specific pathogen-free environment at the
University of Pennsylvania. All experiments were performed following the
guidelines of the University of Pennsylvania Institutional Animal Care and
Use Committee. Trichuris was maintained in genetically susceptible animals. Isolation of Trichuris eggs was performed as described previously
(19). Mice were infected orally with 200 embryonated eggs and parasite
burdens in the ceca determined microscopically at various days after
infection.

Isolation of cells
CD4⫹ T cells were isolated from mesenteric lymph nodes (mLN) by negative selection via incubation with hybridoma supernatants (␣B220, ␣FCR,
␣CD8, ␣MHCII) followed by magnetic bead purification (Qiagen) and
stimulated with plate-bound anti-CD3/anti-CD28 (1 g/ml eBioscience)
for 24 h in complete tissue culture medium (DMEM (Life Technologies)
supplemented with 10% heat-inactivated FBS, 100 U/ml penicillin, 100
g/ml streptomycin, 2 mM L-glutamine, and 50 M 2-ME). Splenocytes
were isolated from WT and IL-31R␣⫺/⫺ mice by homogenization between
glass slides followed by RBC lysis. Cells were directly stained with antiCD23 and anti-CD21/35 and analyzed by flow cytometry for phenotypic
analysis. CD23⫹ B cells were isolated from splenocytes from WT or IL31R␣⫺/⫺ mice by positive selection as previously described (20). B cells
were CFSE-labeled and plated at 2.5 ⫻ 105 per well in medium (RPMI
1640, 10% FCS, 1% nonessential amino acids, 1% gentamicin, 1% OPI
Media Supplement, 1% 2-ME). As indicated, 0.1 M CpG alone or in
combination with rIL-31 (bacterially derived at Genentech) was added to
each well. After 48 h in culture, cells were harvested and washed with
FACS buffer (PBS, 1%BSA, 1% sodium azide). TOPRO stain was added
to each sample 5 min before acquisition on a FACSCalibur (Becton
Dickinson).

RNA isolation and real-time quantitative PCR
RNA was purified from cells in culture per instructions using an RNeasy
Kit (Qiagen). RNA from sections of colon was isolated by homogenization
in TRIzol using a TissueLyzer (Qiagen) followed by phenol chloroform
extraction and isopropanol precipitation. cDNA was generated per standard
protocol with Superscript reverse transcriptase (Invitrogen) and used as
input for real-time PCR. Real-time data were analyzed using the ⌬⌬CT
method whereby actin served as the endogenous gene. Primers sequences
used were: IL-31R: forward, 5⬘ AGA ATG TTC CAG ATA CAA TGG
AAA 3⬘, reverse, 5⬘ CGA AGC ATG CAT ACT AAA GGA A 3⬘, probe,

5⬘ CCC ACG AGT CTT TTC ACG CGG 3⬘; IL-31: forward, 5⬘ GTG CCT
GGA AAT ACT GAT GAA T 3⬘, reverse, 5⬘ CTG CCA TGC AGT TTG
AGA ACT 3⬘, probe, 5⬘ CTT TAA AAC CGT AAG CAC GAA CAC TTT
ACA ATC A 3⬘. Taqman Assays on Demand (Applied Biosystems) were
used to measure ␤-actin, IL-4, and IL-13 message levels. QuantiTect (Qiagen) primers for OSMR␤ and ␤-actin were used with PowerSYBR Green
(Qiagen) master mix to detect OSMR levels.

ELISAs
Single cell suspensions of draining mLN from naive or infected mice and
plated at 5 million per ml in complete medium (DMEM; Life Technologies) supplemented with 10% heat-inactivated FBS, 100 U/ml penicillin,
100 g/ml streptomycin, 2 mM L-glutamine, and 50 M 2-ME and stimulated for 48 h with either medium alone or 1 g/ml anti-CD3/CD28
(eBioscience). Supernatants were assayed for IL-4, IL-5, and IFN-␥ using
standard sandwich ELISA protocols (eBioscience). Serum was assayed by
ELISA for IgE using OptIEA IgE kit (BD Pharmingen) and for Ag-specific
IgG1 by standard sandwich ELISA. Plates were coated with 5 g per ml
of overnight Trichuris Ag prepared as previously described (21), secondary
anti-mouse IgG1 HRP Ab was purchased from BD Pharmingen.

Western blot and immunofluoresence
Western blot analysis was performed as described previously (22). In
brief, 30 g of protein was isolated from pooled fecal pellets collected
at various time points postinfection and resolved by SDS-PAGE followed by immunoblotting for resistin-like molecule (RELM) ␤ with a
polyclonal rabbit ␣-murine RELM␤ Ab (PeproTech). For immunofluorescence staining and histological analysis, paraffin-embedded 4%
paraformaldehyde-fixed cecal tissue sections were stained for RELM␤
or Gob5 as described previously (22).

Statistics
Statistical analysis was performed using a two-tailed Student’s t test (ⴱ,
p ⬍ 0.05).

Results
IL-31 expression is induced following Trichuris infection
We recently identified a role for IL-31-IL-31R interactions in
regulating the severity of Th2 cytokine-mediated inflammation
in the lung (17). However, the functional significance of IL-31IL-31R interactions in regulating immunity and inflammation in
the intestine is currently unknown. We first examined the
steady-state gene expression of IL-31 and IL-31R in the gastrointestinal microenvironment by real-time quantitative PCR
analysis of whole sections of large intestine from naive WT
(C57BL/6) mice. Although IL-31 expression was undetectable
in tissue isolated from naive mice (data not shown), IL-31R␣
and OSMR␤ were constitutively expressed in the colon (Fig.
1A). Previous reports have demonstrated that in vitro differentiation of naive CD4⫹ T cells under Th2-permissive conditions
induces expression of IL-31 mRNA (6). To determine whether
IL-31 is expressed in vivo following exposure to Trichuris,
CD4⫹ T cells were isolated from the mLN of naive and day 18
WT Trichuris-infected mice and pulsed with plate-bound antiCD3/anti-CD28 for 24 h. Cells were harvested and mRNA expression of IL-4, IL-13, and IL-31 relative to ␤-actin was determined by real-time quantitative PCR. There was a ⬎100-fold
increase in expression of the Th2 cytokines IL-4 and IL-13 in
CD4⫹ T cells isolated from Trichuris-infected mice over that of
naive mice. CD4⫹ T cells isolated from infected WT mice also
exhibited a 10-fold increase in IL-31 expression (Fig. 1B).
These data demonstrate that in WT mice IL-31R is expressed
constitutively in the colon and that IL-31 mRNA expression is
induced in CD4⫹ T cells from the mLN following exposure to
Trichuris.
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IL-31 expression and dermatitis, suggested a role for IL-31-IL-31R
interactions in regulating inflammation in the skin (6, 12–16). We
recently generated mice in which endogenous IL-31R signaling was
deleted (IL-31R␣⫺/⫺ mice) (17). Although hematopoetic cell development was normal, IL-31R␣⫺/⫺ mice exhibited elevated expression
of Th2 cytokines and developed exacerbated airway inflammation
following exposure to Schistosoma mansoni eggs, indicating a negative regulatory role for endogenous IL-31-IL-31R interactions in limiting type 2 inflammation in the lung (17). These findings supported
an important immunoregulatory role for IL-31-IL-31R interactions at
mucosal sites, although differences in models of inflammation in the
skin vs lung suggest the functional consequences of receptor ligation
may be tissue-specific. To test this hypothesis further, we sought to
investigate the potential functions of IL-31R in immune regulation in
the gastrointestinal tract following exposure to the intestinal helminth
Trichuris muris. Infection of genetically resistant BALB/c or
C57BL/6 mice with Trichuris provokes the development of parasitespecific CD4⫹ Th2 cells and infection-dependent production of IL-4,
IL-5, IL-13, and IL-25 while progression to chronic Trichuris infection in susceptible mouse strains is associated with CD4⫹ Th1 cells
that produce IFN-␥ (18). In this report, we demonstrate that IL-31
mRNA expression is induced in CD4⫹ T cells following Trichuris
infection and present the first evidence of a functional role for IL-31IL-31R interactions in regulating Th2 cytokine-dependent immunity
and inflammation in the intestine.
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FIGURE 1. IL-31 expression is induced following Trichuris infection. RNA was isolated from sections of proximal colon and cDNA was prepared to
determine IL-31R␣ and OSMR expression by real-time quantitative PCR (A). CD4⫹ T cells were isolated from the mLNs of either naive or day 18
Trichuris-infected mice and stimulated with plate-bound anti-CD3/anti-CD28 for 24 h. RNA was isolated and cDNA prepared as input for real-time
quantitative PCR to detect IL-4, IL-13, and IL-31 message levels relative to ␤-actin (B). Data are the mean ⫾ SEM of three groups of pooled mLNs with
two mice per group. 䡺, naive mice; f, infected mice. RU, relative units.

IgG1 and IgE Ab responses are enhanced in IL-31R␣⫺/⫺ mice
The generation of a protective Th2 cytokine response to Trichuris
results in IL-4-dependent production of IgE and IgG1 Abs (21). To
further assess the magnitude of the Th2 cytokine-dependent responses in both WT and IL-31R␣⫺/⫺ mice, serum Ig levels were
determined by ELISA. At day 18 postinfection, the amount of
serum IgE from WT mice increased ⬃2-fold over that of naive WT
mice. In contrast, serum IgE from infected IL-31R␣⫺/⫺ mice increased 4-fold over naive IL-31R␣⫺/⫺ mice and almost 10-fold
over naive WT mice (Fig. 3A). In addition to increased total IgE
production, levels of Ag-specific IgG1 Abs were significantly increased in the serum of day 18 infected IL-31R␣⫺/⫺ mice compared with infected WT mice (Fig. 3B). These data correlate with
the observed increases in Th2 cytokine production in the mLN
cells from infected IL-31R␣⫺/⫺ mice (Fig. 2) and are consistent
with the exaggerated Th2 cytokine responses in IL-31R␣⫺/⫺ mice
in acute airway inflammation (17).

The overexpression of IL-31 in a transgenic murine model was
associated with skin inflammation with characteristics similar to
human atopic dermatitis, suggesting a proinflammatory role for
IL-31R signaling (6, 12–16). In contrast, we showed that mice
lacking IL-31R␣ develop exacerbated type 2 inflammation following exposure to S. mansoni eggs in the lung indicating that IL-31R
signaling may function as a negative regulator of type 2 inflammation at mucosal sites (17). This apparent difference in the biological function of IL-31R signaling in the skin vs the airway led
to the hypothesis that IL-31-IL-31R interactions may regulate Th2
cytokine-dependent inflammation differentially depending on the
tissue site. To test the role of IL-31-IL-31R interactions in influencing Th2 cytokine production in the intestine, WT and IL31R␣⫺/⫺ mice were infected with Trichuris. At day 18 postinfection, mLN cells were isolated and stimulated with anti-CD3 and
anti-CD28 for 48 h to assess cytokine production. Consistent with
previous studies, mLN cells isolated from infected WT mice produced detectable IL-4, IL-5, and IFN-␥ following polyclonal stimulation (Fig. 2) (19, 21, 23, 24). However, mLN cells isolated from
infected IL-31R␣⫺/⫺ mice secreted significantly higher levels of
IL-4, elevated levels of IL-5, and significantly lower amounts of
IFN-␥ compared with that observed in infected WT mLN cells
(Fig. 2). These data are consistent with the increase in Th2 cytokines observed in the draining lymph node of the lung in IL31R␣⫺/⫺ mice following S. mansoni egg injection and support a
role for IL-31-IL-31R interactions in limiting intestinal Th2 cytokine production following Trichuris infection.

Previous studies have suggested that IL-31R signaling may mediate its effects via both T cell- and macrophage-intrinsic mechanisms (17) but the potential effects of IL-31R signaling on B cells
have not been directly investigated. Although B cells and Abs do
not appear to play a critical role in clearance of Trichuris (18), they
can influence the development and maintenance of Th2 cytokine
responses in vivo (25–27). Additionally, the significant increases
in IgE and Trichuris-specific IgG1 Abs (Fig. 3) suggest that IL31-IL-31R interactions could have a direct effect on B cell function

FIGURE 2. IL-31R␣⫺/⫺ mice exhibit enhanced Th2 cytokine responses
in the mLN following infection with Trichuris. WT and IL-31R␣⫺/⫺ mice
were infected with 200 Trichuris eggs orally and sacrificed on day 18
postinfection. mLNs from naive or infected mice were harvested and cultured in vitro in the presence of 1 g/ml anti-CD3/anti-CD28 for 48 h.
Supernatants were assayed by ELISA for IL-4, IL-5, and IFN-␥. 䡺, WT
mice; f, IL-31R␣⫺/⫺ mice. Results are representative of three independent
experiments with three to four mice per group. ⴱ, p ⬍ 0.05.

FIGURE 3. Increased serum IgE and IgG1 levels in Trichuris-infected
IL-31R␣⫺/⫺ mice. Serum from Trichuris-infected WT and IL-31R␣⫺/⫺
mice at day 18 postinfection was assayed for total IgE (A) and Ag-specific
IgG1 (B) Abs by ELISA. 䡺, WT mice; f, IL-31R␣⫺/⫺ mice. Results are
representative of three independent experiments with three to four mice per
group. ⴱ, p ⬍ 0.05.

Equivalent frequencies, survival, and proliferation of B cells
isolated from WT and IL-31R␣⫺/⫺ mice
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IL-31R␣⫺/⫺ mice exhibit enhanced Th2 cytokine responses
following Trichuris infection
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following infection. Supporting this hypothesis, overexpression of
IL-31 resulted in aberrant B to T cell ratios in the peripheral lymph
nodes of IL-31 transgenic mice. However no analyses of direct
effects of IL-31-IL-31R signaling on B cells were performed (6).

FIGURE 5. Enhanced expression
of goblet cell markers in Trichuris-infected IL-31R␣⫺/⫺ mice. Cecal sections from naive and day 18 infected
WT and IL-31R␣⫺/⫺ mice were
stained with Periodic Schiff’s/Alcian
blue for mucins (A). Quantification of
the number of goblet cells per crypt in
day 18 infected WT and IL-31R␣⫺/⫺
mice (B). Cecal sections from naive
and day 18 infected WT and IL31R␣⫺/⫺ mice were stained with Abs
against goblet cell proteins RELM␤
(C) or Gob5 (D) (shown in green;
DAPI nuclear stain in blue). Protein
was extracted from pooled fecal pellets obtained at days 0, 14, 16, and 21
postinfection and 30 g analyzed by
Western blot to assess lumenal secretion of RELM␤ (E). Results are representative of three independent experiments with three to four mice per
group.

To first determine whether B cells may be responsive to IL-31,
RNA was isolated from naive and CpG-stimulated CD23⫹ B cells
and IL-31R␣ expression analyzed by real-time quantitative PCR.
Expression of IL-31R␣ in naive B cells was similar to that observed in naive CD4⫹ T cells while IL-31 expression was undetectable (data not shown). To determine whether there were inherent differences in the numbers or percentages of B cell subsets
between WT and IL-31R␣⫺/⫺ mice, splenocytes were isolated and
stained with Abs against B cell surface markers CD21/35 (complement component receptors) and CD23 (low affinity IgE receptor) and analyzed by flow cytometry. No differences were observed
in numbers (data not shown) or percentages of marginal zone
(CD21/35⫹CD23int) or follicular (CD21/35⫺CD23high) B cells between WT and IL-31R␣⫺/⫺ mice (Fig. 4A), indicating that IL-31R
signaling does not influence the composition of the mature B cell
compartment. To determine whether peripheral B cell responses
were influenced by IL-31R signaling, purified WT and IL31R␣⫺/⫺ splenic B cells were treated in vitro with the TLR9 agonist CpG, a B cell mitogen, in the presence or absence of rIL-31.
After 4 days in culture, their proliferative capacity and survival
were determined by CFSE dilution and TOPRO staining, respectively. Flow cytometric analysis revealed no significant differences
in either proliferation or survival between CpG-stimulated WT and
IL-31R␣⫺/⫺ B cells (Fig. 4B). Similar results were observed when
B cells were stimulated with anti-BCR Abs (data not shown). Together, these data suggest that there is no intrinsic role for IL-31R␣
in influencing B cell development, proliferation, or survival and
that exaggerated Ab responses in Trichuris-infected IL-31R␣⫺/⫺
mice may be an indirect effect of enhanced CD4⫹ Th2 cell responses rather than a direct effect on B cells.
Goblet cell-associated gene expression is enhanced in
Trichuris-infected IL-31R␣⫺/⫺ mice compared with WT mice
Trichuris infection results in alterations in Th2 cytokine-mediated
changes in intestinal epithelial cell proliferation and differentiation
including increased turnover and goblet cell differentiation that
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FIGURE 4. WT and IL-31R␣⫺/⫺ B cells exhibit equivalent proliferation and suvival in vitro. Splenocytes were isolated from WT and IL31R␣⫺/⫺ mice and stained with Abs against CD21 and CD23 to determine
percentages of follicular (FO) and marginal zone (MZ) B cells (A). Purified
CD23⫹ B cells were CFSE-labeled, plated onto a 96-well plate, and stimulated with CpG (0.1 M) in the presence or absence of IL-31 (50 ng/ml)
as indicated. After four days in culture, B cells were harvested, stained with
TOPRO, and analyzed by flow cytometry (B). Results are representative of
two independent experiments.
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Accelerated worm expulsion in IL-31R␣⫺/⫺ mice
Expulsion of Trichuris and development of sterile immunity require the generation of polarized Th2 cytokine responses whereby
the cytokines IL-4, IL-13, and IL-25 elicit the effector mechanisms
that mediate worm expulsion (18, 23). Given that IL-31R␣⫺/⫺
mice exhibited enhanced Th2 cytokine responses following Trichuris infection, we sought to determine whether IL-31R␣⫺/⫺
mice would more efficiently clear infection than their WT counterparts. To test this, WT and IL-31R␣⫺/⫺ mice were infected with
200 embryonated Trichuris eggs and sacrificed at days 12, 21, and
34 postinfection. There was no significant difference in worm establishment at day 12 (WT 163⫾58; IL-31R␣⫺/⫺ 125⫾32). Expulsion of Trichuris in WT C57BL/6 mice occurs between days
18 –21 postinfection. As expected, at day 21 postinfection WT
mice had begun to expel Trichuris with an average cecal worm
burden below 40 (Fig. 6). In contrast, IL-31R␣⫺/⫺ mice exhibited
a nearly 10-fold decrease in worm burden compared with their WT
counterparts at the same time point (Fig. 6). Collectively, these
data demonstrate that IL-31R interactions critically regulate the
parasite-induced Th2 cytokine responses that influence intestinal
immunity.

FIGURE 6. Accelerated worm expulsion in IL-31R␣⫺/⫺ mice. Cecal
worm burdens of infected WT and IL-31R␣⫺/⫺ mice were determined
microscopically at days 21 and 35 postinfection. 䡺, WT mice; f, IL31R␣⫺/⫺ mice. Results are representative of four independent experiments
with three to four mice per group.

Discussion
We recently identified a negative regulatory role for IL-31-IL-31R
interactions in the lung following S. mansoni egg-induced inflammation. In that study, deletion of IL-31R␣ resulted in exaggerated
Th2 cytokine responses and increased granuloma size following
i.v. injection of S. mansoni eggs (17). Additionally, loss of IL-31R
signaling resulted in enhanced Ag presentation by macrophages
and increased Th2 cytokine expression by CD4⫹ T cells (17). This
was in contrast to previous reports linking overexpression of IL-31
to atopic dermatitis and presumably a role in promoting Th2 cytokine-induced inflammation (6). Here we show that in the absence
of IL-31R expression the magnitude of helminth-induced type 2
immune responses is significantly increased as illustrated by
heightened Th2 cytokine production, elevated IgE and IgG1 Abs,
and enhanced goblet cell responses in IL-31R␣⫺/⫺ mice, culminating in accelerated worm expulsion. These data provide the first
evidence of a role for IL-31-IL-31R interactions in regulating immunity and inflammation in the intestine during live parasitic infection and suggest that IL-31R has a conserved function in both
the lung and the intestine, namely, negatively regulating the magnitude of Th2 cytokine responses.
Previous studies have proposed a proinflammatory role for
IL-31 in the skin as IL-31 transgenic mice develop dermatitis (6).
Although there was no elevation in IgE (typical of atopic dermatitis) and there was no assessment of Th2 cytokines, these studies
suggested that IL-31 could promote type 2 inflammation (6). There
are a number of explanations for the apparent differences in the
putative positive effects of IL-31 in the skin vs the lung and intestine where IL-31 has a negative effect on Th2 cytokine production. One of the key differences between our studies and the work
with IL-31 transgenic mice is the deletion of the endogenous receptor vs overexpression of the ligand. The expression of IL-31 at
levels that are superphysiological could explain these disparate
outcomes. Additionally, as with other members of the type 1 cytokine receptor family, deciphering the functional biology of IL-31
and IL-31R␣ may be complicated by promiscuous cytokine and
receptor chain usage. For example, the dual functions of OSM,
another type 1 cytokine family member associated with both proand anti-inflammatory functions, have largely been attributed to
the usage of two distinct signaling receptors in humans: LIFR␤/
gp130 or OSMR␤/gp130 heterodimers (32). Using a panel of BaF3
cell lines expressing IL-31R␣ in combination with gp130, IL12R␤1, IL-12R␤2, IL-27R␣, IL-23R, or OSMR, Dillon et al. determined that IL-31 likely signals only through IL-31R␣-OSMR
heterodimers (6). However, it is still unclear whether IL-31R␣ can
heterodimerize with other family members in vivo to form a signaling receptor for additional ligands. In addition, similar to
gp130, IL-31R␣ has multiple splice variants and a putative soluble
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contribute to worm expulsion (28 –31). To determine whether loss
of IL31R signaling influenced type 2 inflammation in the intestine,
WT and IL-31R␣⫺/⫺ mice were infected with Trichuris and cecal
sections stained with periodic Schiff’s/Alcian blue to assay goblet
cell hyperplasia and mucin production. Although both WT and
IL-31R␣⫺/⫺ mice exhibited infection-induced increases in goblet
cell numbers and mucin production (Fig. 5A), goblet cell hyperplasia was markedly enhanced in IL-31R␣⫺/⫺ mice with significantly increased numbers of goblet cells per cecal crypt (Fig. 5B).
Microarray analysis comparing ceca from naive and infected mice
identified the goblet cell-specific resistin-like molecule, RELM␤,
as a highly differentially expressed gene in the intestine following
Trichuris infection (22). Immunofluoresence staining of cecal sections from infected WT and IL-31R␣⫺/⫺ mice at day 18 postinfection indicated the dominant cellular source of RELM␤ in both
WT and IL-31R␣⫺/⫺ mice was goblet cells (Fig. 5C). Expression
of Gob5 (mCLCA3), another goblet cell-specific gene regulated by
Th2 cytokines and associated with type 2 inflammation, was also
enhanced in infected IL-31R␣⫺/⫺ mice compared with infected
WT mice (Fig. 5D). Maximal RELM␤ secretion is correlated with
worm expulsion and because its expression is STAT-6-responsive,
the measurement of secreted RELM␤ in fecal pellets can be an
indicator of the kinetics of the Th2 cytokine response in infected
mice. WT and IL-31R␣⫺/⫺ mice were infected with Trichuris and
secreted RELM␤ measured by Western blot. As expected,
RELM␤ secretion was minimal in naive WT mice, induced by day
14, and was maximal between days 14 and 16 postinfection (Fig.
5E). In contrast, naive IL-31R␣⫺/⫺ mice constitutively secreted
more RELM␤ than their WT counterparts and following infection
the magnitude of RELM␤ secretion was substantially enhanced
(Fig. 5E). Previous reports have identified direct effects of IL-31R
signaling on epithelial cells including changes in proliferation and
expression of various chemokines and cytokines (6, 10, 11). The
changes in goblet cell proliferation following Trichuris infection
could be a direct effect of IL-31-IL-31R signaling on intestinal
goblet cell responses or an indirect consequence of elevated expression of Th2 cytokines. Notwithstanding that, these data show
that in the absence of IL-31R signaling there is enhanced intestinal
type 2 inflammation associated with significantly increased goblet
cell hyperplasia and increased expression of goblet cell-associated
genes RELM␤ and Gob5.
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receptor, although the functional significance of these is unknown.
Thus, determining tissue distribution of potential dimerization
partners and receptor variants may be critical to understanding the
functional biology of IL-31R signaling.
Differential effects of IL-31R signaling in distinct tissues may
also be the result of distinct patterns of both receptor expression
and dominant signaling pathways downstream of receptor ligation.
IL-31R ligation results in the activation of multiple JAK-STAT
and MAPK signaling pathways and the most prominent STAT
activated following IL-31R ligation, STAT3, has been shown to
mediate diverse effects dependent upon target cell type (33). Recent studies of other members of the type 1 cytokine family have
also highlighted the ability of these cytokines to mediate pleiotropic effects depending on the cytokine milieu in which they are
expressed or, in infection models, the nature of the pathogen used.
For example, IL-27 can function to both promote Th1 and limit
Th2 responses during Leishmania major infection (34, 35) and can
also inhibit IL-17 responses and promote IL-10 production depending on the cytokine milieu (36). Therefore, while our previous
and current studies demonstrate a negative regulatory role for IL31R interactions in the context of Th2 cytokine-dependent immunity in the lung and intestine, the role of IL-31 in the context of
other pathogens that induce either Th1 or Th17 inflammatory responses remains to be examined. Although there is no evidence
that IL-31-IL-31R signaling can directly regulate IFN-␥ or IL-17
production in vivo, this does not preclude that the increased Th2
cytokines observed following Trichuris infection in the absence of
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magnitude of an ongoing type 2 immune response. The identification of a negative regulatory function in type 2 inflammation in
the gut offers the potential to manipulate this pathway, perhaps
through administration of rIL-31, to ameliorate Th2 cytokine-mediated inflammation associated with infection, food allergies, or
ulcerative colitis.
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