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IL-31-1IL-31R Interactions Limit the Magnitude of Th2
Cytokine-Dependent Immunity and Inflammation following
Intestinal Helminth Infection’

Jacqueline G. Perrigoue,* Colby Zaph,” Katherine Guild,* Yurong Du,* and David Artis®*

IL-31 is a recently identified cytokine made predominantly by CD4* 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 CD4™
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 CD4* T cells. In response to Trichuris infection, IL-31Ra™'~ mice exhibited increased Th2
cytokine responses in the mesenteric lymph nodes and elevated serum IgE and IgG1 levels compared with wild type mice.
IL-31Ra~’~ 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, IL-
31Ra ™/~ 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-31-

IL-31R interactions in limiting the magnitude of type 2 inflammatory responses within the intestine.
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cells are critically dependent upon the interaction of

cytokine receptors with their cognate ligands. The larg-
est of the cytokine receptor families is the type I receptor fam-
ily, members of which can be categorized based upon their
structure and use of common signaling receptor chains (1). Sev-
eral 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 ap-
proach the most recent addition to this family, the gp130-/ike
monocyte receptor (GLM-R) or IL-31R e, was identified (2). By
sequence homology IL-31Ra 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-31Rea is IL-31 that
signals through a heterodimeric complex composed of IL-31R o
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and oncostatin M (OSM)® R (2, 4, 5). IL-31R« expression has
been detected on a wide range of cell types including macro-
phages, 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 path-
ways for therapeutic benefit in a wide range of inflammatory
diseases (7-9).

In vitro studies showed that signaling downstream of the IL-
31R results in the phosphorylation of STATI1, STAT3, and
STATS 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 GROl« 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 path-
ways 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 char-
acterized by thickening of the epidermis, alopecia, and pruritis (6).
That study, combined with subsequent analyses in humans correlating

3 Abbreviations used in this paper: OSM, oncostatin M; mLN, mesenteric lymph
node; RELM, resistin-like molecule; WT, wild type.
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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-31Ra '~ mice) (17). Although hematopoetic cell devel-
opment was normal, IL-31Ra’~ mice exhibited elevated expression
of Th2 cytokines and developed exacerbated airway inflammation
following exposure to Schistosoma mansoni eggs, indicating a nega-
tive regulatory role for endogenous IL-31-IL-31R interactions in lim-
iting 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 parasite-
specific CD4" Th2 cells and infection-dependent production of IL-4,
IL-5, IL-13, and IL-25 while progression to chronic 7richuris infec-
tion in susceptible mouse strains is associated with CD4™ Thl cells
that produce IFN-vy (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-31-
IL-31R interactions in regulating Th2 cytokine-dependent immunity
and inflammation in the intestine.

Materials and Methods

Mice and parasites

Wild-type (WT) C57BL/6 mice were ordered from Jackson Immuno-
Research Laboratories. IL-31Ra '~ mice were generated as described pre-
viously (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 ani-
mals. 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 neg-
ative selection via incubation with hybridoma supernatants (aB220, aFR,
aCD8, aMHCII) followed by magnetic bead purification (Qiagen) and
stimulated with plate-bound anti-CD3/anti-CD28 (1 wg/ml eBioscience)
for 24 h in complete tissue culture medium (DMEM (Life Technologies)
supplemented with 10% heat-inactivated FBS, 100 U/ml penicillin, 100
ng/ml streptomycin, 2 mM L-glutamine, and 50 uM 2-ME). Splenocytes
were isolated from WT and IL-31Ra /™ mice by homogenization between
glass slides followed by RBC lysis. Cells were directly stained with anti-
CD23 and anti-CD21/35 and analyzed by flow cytometry for phenotypic
analysis. CD23™ B cells were isolated from splenocytes from WT or IL-
31Ra~’~ mice by positive selection as previously described (20). B cells
were CFSE-labeled and plated at 2.5 X 10° 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 uM 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 AACT
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,
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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 CACTTT
ACA ATC A 3'. Tagman Assays on Demand (Applied Biosystems) were
used to measure B-actin, IL-4, and IL-13 message levels. QuantiTect (Qia-
gen) primers for OSMR and B-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 Technolo-
gies) supplemented with 10% heat-inactivated FBS, 100 U/ml penicillin,
100 pg/ml streptomycin, 2 mM L-glutamine, and 50 uM 2-ME and stim-
ulated for 48 h with either medium alone or 1 ug/ml anti-CD3/CD28
(eBioscience). Supernatants were assayed for IL-4, IL-5, and IFN-vy 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 ug 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 wg of protein was isolated from pooled fecal pellets collected
at various time points postinfection and resolved by SDS-PAGE fol-
lowed by immunoblotting for resistin-like molecule (RELM) 8 with a
polyclonal rabbit a-murine RELMB Ab (PeproTech). For immunoflu-
orescence staining and histological analysis, paraffin-embedded 4%
paraformaldehyde-fixed cecal tissue sections were stained for RELMf3
or Gob5 as described previously (22).

Statistics

Statistical analysis was performed using a two-tailed Student’s ¢ test (,
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-31-
IL-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 gas-
trointestinal 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 differen-
tiation 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 anti-
CD3/anti-CD28 for 24 h. Cells were harvested and mRNA ex-
pression of IL-4, IL-13, and IL-31 relative to (3-actin was de-
termined 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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FIGURE 1.

IL-31 LIMITS Th2 CYTOKINE-DEPENDENT RESPONSES IN THE INTESTINE
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IL-31 expression is induced following Trichuris infection. RNA was isolated from sections of proximal colon and cDNA was prepared to

determine IL-31Ra 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 B-actin (B). Data are the mean = SEM of three groups of pooled mLNs with

two mice per group. [, naive mice; B, infected mice. RU, relative units.

IL-31Ra™"" mice exhibit enhanced Th2 cytokine responses
following Trichuris infection

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 follow-
ing exposure to S. mansoni eggs in the lung indicating that IL-31R
signaling may function as a negative regulator of type 2 inflam-
mation at mucosal sites (17). This apparent difference in the bio-
logical 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 influ-
encing Th2 cytokine production in the intestine, WT and IL-
31Ra ™'~ mice were infected with Trichuris. At day 18 postinfec-
tion, 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 pro-
duced detectable IL-4, IL-5, and IFN-vy following polyclonal stim-
ulation (Fig. 2) (19, 21, 23, 24). However, mLN cells isolated from
infected IL-31Ra™’~ mice secreted significantly higher levels of
IL-4, elevated levels of IL-5, and significantly lower amounts of
IFN-y compared with that observed in infected WT mLN cells
(Fig. 2). These data are consistent with the increase in Th2 cyto-
kines observed in the draining lymph node of the lung in IL-
31Ra ™'~ mice following S. mansoni egg injection and support a
role for IL-31-IL-31R interactions in limiting intestinal Th2 cyto-
kine production following Trichuris infection.
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FIGURE 2. IL-31Ra '~ mice exhibit enhanced Th2 cytokine responses
in the mLN following infection with Trichuris. WT and IL-31Ra /™ mice
were infected with 200 Trichuris eggs orally and sacrificed on day 18
postinfection. mLNs from naive or infected mice were harvested and cul-
tured in vitro in the presence of 1 wg/ml anti-CD3/anti-CD28 for 48 h.
Supernatants were assayed by ELISA for IL-4, IL-5, and IFN-vy. [, WT
mice; B, IL-31Ra /™ mice. Results are representative of three independent
experiments with three to four mice per group. *, p < 0.05.

IgG1 and IgE Ab responses are enhanced in IL-31Ra™"~ 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 re-
sponses in both WT and IL-31Ra '~ 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-31Ra'~ mice in-
creased 4-fold over naive IL-31Ra™’~ mice and almost 10-fold
over naive WT mice (Fig. 3A). In addition to increased total IgE
production, levels of Ag-specific [gG1 Abs were significantly in-
creased in the serum of day 18 infected IL-31Ra /" mice com-
pared with infected WT mice (Fig. 3B). These data correlate with
the observed increases in Th2 cytokine production in the mLN
cells from infected IL-31Re/~ mice (Fig. 2) and are consistent
with the exaggerated Th2 cytokine responses in IL-31Ra ™'~ mice
in acute airway inflammation (17).

Equivalent frequencies, survival, and proliferation of B cells
isolated from WT and IL-31Ra™"" mice

Previous studies have suggested that IL-31R signaling may medi-
ate its effects via both T cell- and macrophage-intrinsic mecha-
nisms (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 IL-
31-IL-31R interactions could have a direct effect on B cell function
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FIGURE 3. Increased serum IgE and IgG1 levels in Trichuris-infected
IL-31Ra™"~ mice. Serum from Trichuris-infected WT and IL-31Ra ™/~

mice at day 18 postinfection was assayed for total IgE (A) and Ag-specific
IgG1 (B) Abs by ELISA. [J, WT mice; B, IL-31Ra~’" mice. Results are
representative of three independent experiments with three to four mice per
group. *, p < 0.05.
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FIGURE 4. WT and IL-31Ra"’~ B cells exhibit equivalent prolifera-
tion and suvival in vitro. Splenocytes were isolated from WT and IL-
31Ra '~ 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 stim-
ulated with CpG (0.1 uM) 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.

<

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).

A
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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-31Ra expression analyzed by real-time quantitative PCR.
Expression of IL-31Ra in naive B cells was similar to that ob-
served in naive CD4™ T cells while IL-31 expression was unde-
tectable (data not shown). To determine whether there were inher-
ent differences in the numbers or percentages of B cell subsets
between WT and IL-31Ra ™'~ mice, splenocytes were isolated and
stained with Abs against B cell surface markers CD21/35 (com-
plement component receptors) and CD23 (low affinity IgE recep-
tor) and analyzed by flow cytometry. No differences were observed
in numbers (data not shown) or percentages of marginal zone
(CD21/35*CD23™) or follicular (CD21/35~CD23"2") B cells be-
tween WT and IL-31Ra ™'~ 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 IL-
31Ra '~ splenic B cells were treated in vitro with the TLR9 ag-
onist 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, respec-
tively. Flow cytometric analysis revealed no significant differences
in either proliferation or survival between CpG-stimulated WT and
IL-31Ra '~ B cells (Fig. 4B). Similar results were observed when
B cells were stimulated with anti-BCR Abs (data not shown). To-
gether, 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-31Ra™/"~
mice may be an indirect effect of enhanced CD4" Th2 cell re-
sponses rather than a direct effect on B cells.

Goblet cell-associated gene expression is enhanced in
Trichuris-infected IL-31Ra™"" 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

Day 18

FIGURE 5. Enhanced expression
of goblet cell markers in Trichuris-in-
fected IL-31Ra’/~ mice. Cecal sec-
tions from naive and day 18 infected
WT and IL-31Ra™’~ mice were
stained with Periodic Schiff’s/Alcian

naive
IL-31Ra* WT IL-31Ra*

RELMB

blue for mucins (A). Quantification of
the number of goblet cells per crypt in
day 18 infected WT and IL-31Ra ™"~
mice (B). Cecal sections from naive
and day 18 infected WT and IL-
31Ra ™'~ mice were stained with Abs
against goblet cell proteins RELMf

IL-31Ra*

WT

(C) or Gob5 (D) (shown in green;
DAPI nuclear stain in blue). Protein
was extracted from pooled fecal pel-
lets obtained at days 0, 14, 16, and 21
postinfection and 30 ug analyzed by
Western blot to assess lumenal secre-
tion of RELMp (E). Results are rep-
resentative of three independent ex-
periments with three to four mice per

group.
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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-31Ra ™'~ 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-31Ra /" mice exhibited infection-induced increases in goblet
cell numbers and mucin production (Fig. 5A), goblet cell hyper-
plasia was markedly enhanced in IL-31Ra™’~ mice with signifi-
cantly 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, RELMp3,
as a highly differentially expressed gene in the intestine following
Trichuris infection (22). Immunofluoresence staining of cecal sec-
tions from infected WT and IL-31Ra'~ mice at day 18 postin-
fection indicated the dominant cellular source of RELMf in both
WT and IL-31Ra~’~ 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-31Ra™’~ 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-31Ra '~ mice were infected with Trichuris and
secreted RELMf measured by Western blot. As expected,
RELM}3 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-31Ra’~ mice constitutively secreted
more RELMf than their WT counterparts and following infection
the magnitude of RELMf secretion was substantially enhanced
(Fig. SE). 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 ex-
pression 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 RELMf and Gob5.

Accelerated worm expulsion in IL-31Ra™"" mice

Expulsion of Trichuris and development of sterile immunity re-
quire 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-31Ra '~
mice exhibited enhanced Th2 cytokine responses following 77i-
churis infection, we sought to determine whether IL-31Ra™/~
mice would more efficiently clear infection than their WT coun-
terparts. To test this, WT and IL-31Ra '~ mice were infected with
200 embryonated Trichuris eggs and sacrificed at days 12, 21, and
34 postinfection. There was no significant difference in worm es-
tablishment at day 12 (WT 163%58; IL-31Ra /™ 125+32). Ex-
pulsion 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-31Ra ™/~ mice exhibited
anearly 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.
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FIGURE 6. Accelerated worm expulsion in IL-31Ra /" mice. Cecal
worm burdens of infected WT and IL-31Ra’~ mice were determined
microscopically at days 21 and 35 postinfection. [J, WT mice; B, IL-
31Ra '~ 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 inflam-
mation. In that study, deletion of IL-31Ra« 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 cy-
tokine-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-31Ra™ '~ mice, culmi-
nating in accelerated worm expulsion. These data provide the first
evidence of a role for IL-31-IL-31R interactions in regulating im-
munity and inflammation in the intestine during live parasitic in-
fection and suggest that IL-31R has a conserved function in both
the lung and the intestine, namely, negatively regulating the mag-
nitude 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 derma-
titis) 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 in-
testine where IL-31 has a negative effect on Th2 cytokine produc-
tion. One of the key differences between our studies and the work
with IL-31 transgenic mice is the deletion of the endogenous re-
ceptor 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 cy-
tokine receptor family, deciphering the functional biology of IL-31
and IL-31Ra 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 pro-
and anti-inflammatory functions, have largely been attributed to
the usage of two distinct signaling receptors in humans: LIFRS/
gp130 or OSMRB/gp130 heterodimers (32). Using a panel of BaF3
cell lines expressing IL-31Ro in combination with gp130, IL-
12RB1, IL-12R B2, IL-27Ra, IL-23R, or OSMR, Dillon et al. de-
termined that IL-31 likely signals only through IL-31Ra-OSMR
heterodimers (6). However, it is still unclear whether IL-31R« can
heterodimerize with other family members in vivo to form a sig-
naling receptor for additional ligands. In addition, similar to
gp130, IL-31Ra has multiple splice variants and a putative soluble
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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). Re-
cent studies of other members of the type 1 cytokine family have
also highlighted the ability of these cytokines to mediate pleiotro-
pic 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 Thl and limit
Th2 responses during Leishmania major infection (34, 35) and can
also inhibit IL-17 responses and promote IL-10 production de-
pending on the cytokine milieu (36). Therefore, while our previous
and current studies demonstrate a negative regulatory role for IL-
31R interactions in the context of Th2 cytokine-dependent immu-
nity in the lung and intestine, the role of IL-31 in the context of
other pathogens that induce either Th1 or Th17 inflammatory re-
sponses remains to be examined. Although there is no evidence
that IL-31-IL-31R signaling can directly regulate IFN-y or IL-17
production in vivo, this does not preclude that the increased Th2
cytokines observed following Trichuris infection in the absence of
IL-31-IL-31R signaling could be due to reduced expression of
proinflammatory cyokines that could inhibit Th2 cytokine
responses.

The ability of IL-31R signaling to act in a regulatory capacity is
similar to what has been observed for the related type 1 cytokine
receptor IL-27R, another heterodimeric receptor complex com-
posed of the IL-27Ra (WSX-1) and gp130 receptor chains. Al-
though originally proposed to promote Thl responses through
STAT1-mediated up-regulation of T-bet expression, recent reports
have demonstrated the potent inhibitory functions of IL-27 (19,
36-39). In addition to its recognized roles in limiting Thl and
Th17 responses, we previously reported that IL-27R signaling can
inhibit both innate and adaptive components of type 2 immunity,
specifically through regulation of mast cell responses and direct
suppression of proliferation and cytokine production by CD4* T
cells (19). In that study, WSX-1""" mice also exhibited acceler-
ated expulsion of Trichuris. Subsequent work from Yoshida and
colleagues (39) demonstrated a similar role for IL-27 in inhibiting
Th2 cytokine responses in a model of allergic airway inflammation
supporting a conserved function for IL-27R signaling at mucosal
sites. The expression of IL-27 by accessory cells, similar to the
polarizing cytokines IL-12 and IL-23, suggests that it may be an
important early regulator of immunity. In contrast, IL-31 is pro-
duced predominantly by activated T cells (6) and as such may be
more likely to act as a negative feedback pathway for limiting the
magnitude of an ongoing type 2 immune response. The identifi-
cation 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-me-
diated inflammation associated with infection, food allergies, or
ulcerative colitis.

Acknowledgments

We thank Paul Giacomin, Meera Nair, and Amy Troy for critical reading
of the manuscript, Laura Treml and Michael Cancro for assistance with B
cell purification and analysis, and Nico Ghilardi for providing the
IL-31Ra’~ mice.

6093

Disclosures
The authors have no financial conflict of interest.

References

1. Boulay, J. L., J. J. O’Shea, and W. E. Paul. 2003. Molecular phylogeny within
type I cytokines and their cognate receptors. Immunity 19: 159-163.

2. Ghilardi, N., J. Li, J. A. Hongo, S. Yi, A. Gurney, and F. J. de Sauvage. 2002. A
novel type I cytokine receptor is expressed on monocytes, signals proliferation,
and activates STAT-3 and STAT-5. J. Biol. Chem. 277: 16831-16836.

3. Muller-Newen, G. 2003. The cytokine receptor gp130: faithfully promiscuous.
Sci STKE 2003: PE40.

4. Diveu, C., E. Lelievre, D. Perret, A. H. Lak-Hal, J. Froger, C. Guillet,
S. Chevalier, F. Rousseau, A. Wesa, L. Preisser, et al. 2003. GPL, a novel cy-
tokine receptor related to GP130 and leukemia inhibitory factor receptor. J. Biol.
Chem. 278: 49850-49859.

5. Dreuw, A., S. Radtke, S. Pflanz, B. E. Lippok, P. C. Heinrich, and
H. M. Hermanns. 2004. Characterization of the signaling capacities of the novel
gpl30-like cytokine receptor. J. Biol. Chem. 279: 36112-36120.

6. Dillon, S. R., C. Sprecher, A. Hammond, J. Bilsborough, M. Rosenfeld-Franklin,
S. R. Presnell, H. S. Haugen, M. Maurer, B. Harder, J. Johnston, et al. 2004.
Interleukin 31, a cytokine produced by activated T cells, induces dermatitis in
mice. Nat. Immunol. 5: 752-760.

7. Hunter, C. A. 2005. New IL-12-family members: IL-23 and IL-27, cytokines with
divergent functions. Nat. Rev. Immunol. 5: 521-531.

8. Batten, M., and N. Ghilardi. 2007. The biology and therapeutic potential of in-
terleukin 27. J Mol. Med. 85: 661-672.

9. Nishimoto, N., and T. Kishimoto. 2004. Inhibition of IL-6 for the treatment of
inflammatory diseases. Curr. Opin. Pharmacol. 4: 386-391.

10. Ip, W. K., C. K. Wong, M. L. Li, P. W. Li, P. F. Cheung, and C. W. Lam. 2007.
Interleukin-31 induces cytokine and chemokine production from human bron-
chial epithelial cells through activation of mitogen-activated protein kinase sig-
nalling pathways: implications for the allergic response. Immunology 122:
532-541.

11. Chattopadhyay, S., E. Tracy, P. Liang, O. Robledo, S. Rose-John, and
H. Baumann. 2007. Interleukin-31 and oncostatin-M mediate distinct signaling
reactions and response patterns in lung epithelial cells. J. Biol. Chem. 282:
3014-3026.

12. Bilsborough, J., D. Y. Leung, M. Maurer, M. Howell, M. Boguniewcz, L. Yao,
H. Storey, C. LeCiel, B. Harder, and J. A. Gross. 2006. IL-31 is associated with
cutaneous lymphocyte antigen-positive skin homing T cells in patients with
atopic dermatitis. J. Allergy Clin. Immunol. 117: 418-425.

13. Neis, M. M., B. Peters, A. Dreuw, J. Wenzel, T. Bieber, C. Mauch, T. Krieg,
S. Stanzel, P. C. Heinrich, H. F. Merk, et al. 2006. Enhanced expression levels of
IL-31 correlate with IL-4 and IL-13 in atopic and allergic contact dermatitis.
J. Allergy Clin. Immunol. 118: 930-937.

14. Sonkoly, E., A. Muller, A. I. Lauerma, A. Pivarcsi, H. Soto, L. Kemeny,
H. Alenius, M. C. Dieu-Nosjean, S. Meller, J. Rieker, et al. 2006. IL-31: a new
link between T cells and pruritus in atopic skin inflammation. J. Allergy Clin.
Immunol. 117: 411-417.

15. Takaoka, A., I. Arai, M. Sugimoto, Y. Honma, N. Futaki, A. Nakamura, and
S. Nakaike. 2006. Involvement of IL-31 on scratching behavior in NC/Nga mice
with atopic-like dermatitis. Exp. Dermatol. 15: 161-167.

16. Takaoka, A., I. Arai, M. Sugimoto, A. Yamaguchi, M. Tanaka, and S. Nakaike.
2005. Expression of IL-31 gene transcripts in NC/Nga mice with atopic derma-
titis. Eur. J. Pharmacol. 516: 180—181.

17. Perrigoue, J. G., J. Li, C. Zaph, M. Goldschmidt, P. Scott, F. J. de Sauvage,
E. J. Pearce, N. Ghilardi, and D. Artis. 2007. IL-31-IL-31R interactions nega-
tively regulate type 2 inflammation in the lung. J. Exp. Med. 204: 481-487.

18. Cliffe, L. J., and R. K. Grencis. 2004. The Trichuris muris system: a paradigm of
resistance and susceptibility to intestinal nematode infection. Adv. Parasitol. 57:
255-307.

19. Artis, D., A. Villarino, M. Silverman, W. He, E. M. Thornton, S. Mu, S. Summer,
T. M. Covey, E. Huang, H. Yoshida, et al. 2004. The IL-27 receptor (WSX-1) is
an inhibitor of innate and adaptive elements of type 2 immunity. J. Immunol. 173:
5626-5634.

20. Harless, S. M., V. M. Lentz, A. P. Sah, B. L. Hsu, K. Clise-Dwyer, D. M. Hilbert,
C. E. Hayes, and M. P. Cancro. 2001. Competition for BLyS-mediated signaling
through Bcmd/BR3 regulates peripheral B lymphocyte numbers. Curr. Biol. 11:
1986-1989.

21. Bancroft, A. J., A. N. McKenzie, and R. K. Grencis. 1998. A critical role for
IL-13 in resistance to intestinal nematode infection. J. Immunol. 160: 3453-3461.

22. Artis, D., M. L. Wang, S. A. Keilbaugh, W. He, M. Brenes, G. P. Swain,
P. A. Knight, D. D. Donaldson, M. A. Lazar, H. R. Miller, et al. 2004. RELM B/
FIZZ2 is a goblet cell-specific immune-effector molecule in the gastrointestinal
tract. Proc. Natl. Acad. Sci. USA 101: 13596-13600.

23. Owyang, A. M., C. Zaph, E. H. Wilson, K. J. Guild, T. McClanahan, H. R. Miller,
D. J. Cua, M. Goldschmidt, C. A. Hunter, R. A. Kastelein, and D. Artis. 2006.
Interleukin 25 regulates type 2 cytokine-dependent immunity and limits chronic
inflammation in the gastrointestinal tract. J. Exp. Med. 203: 843—849.

24. Artis, D., S. Shapira, N. Mason, K. M. Speirs, M. Goldschmidt, J. Caamano,
H. C. Liou, C. A. Hunter, and P. Scott. 2002. Differential requirement for NF-«B
family members in control of helminth infection and intestinal inflammation.
J. Immunol. 169: 4481-4487.

25. Macaulay, A. E., R. H. DeKruyff, C. C. Goodnow, and D. T. Umetsu. 1997.
Antigen-specific B cells preferentially induce CD4™ T cells to produce IL-4.
J. Immunol. 158: 4171-4179.



6094

26.

27.

28.

29.

30.

31.

32.

33.

34.

Linton, P. J., B. Bautista, E. Biederman, E. S. Bradley, J. Harbertson,
R. M. Kondrack, R. C. Padrick, and L. M. Bradley. 2003. Costimulation via
OXA40L expressed by B cells is sufficient to determine the extent of primary CD4
cell expansion and Th2 cytokine secretion in vivo. J. Exp. Med. 197: 875—883.
Stockinger, B., T. Zal, A. Zal, and D. Gray. 1996. B cells solicit their own help
from T cells. J. Exp. Med. 183: 891-899.

Cliffe, L. J., N. E. Humphreys, T. E. Lane, C. S. Potten, C. Booth, and
R. K. Grencis. 2005. Accelerated intestinal epithelial cell turnover: a new mech-
anism of parasite expulsion. Science 308: 1463—1465.

Nair, M. G., K. J. Guild, and D. Artis. 2006. Novel effector molecules in type 2
inflammation: lessons drawn from helminth infection and allergy. J. Immunol.
177: 1393-1399.

Zaph, C., A. E. Troy, B. C. Taylor, L. D. Berman-Booty, K. J. Guild, Y. Du,
E. A. Yost, A. D. Gruber, M. J. May, F. R. Greten, et al. 2007. Epithelial-cell-
intrinsic IKK-f3 expression regulates intestinal immune homeostasis. Nature 446:
552-556.

Artis, D., and R. Grencis. 2008. The intestinal epithelium: sensors to effectors in
nematode infection. Mucosal Immunol. 1: 252-264.

Chen, S. H., and E. N. Benveniste. 2004. Oncostatin M: a pleiotropic cytokine in
the central nervous system. Cytokine Growth Factor Rev. 15: 379-391.

Akira, S. 2000. Roles of STAT3 defined by tissue-specific gene targeting. On-
cogene 19: 2607-2611.

Artis, D., L. M. Johnson, K. Joyce, C. Saris, A. Villarino, C. A. Hunter, and
P. Scott. 2004. Cutting edge: early IL-4 production governs the requirement for

3s.

36.

38.

39.

IL-31 LIMITS Th2 CYTOKINE-DEPENDENT RESPONSES IN THE INTESTINE

IL-27-WSX-1 signaling in the development of protective Th1l cytokine responses
following Leishmania major infection. J. Immunol. 172: 4672-4675.

Yoshida, H., S. Hamano, G. Senaldi, T. Covey, R. Faggioni, S. Mu, M. Xia,
A. C. Wakeham, H. Nishina, J. Potter, et al. 2001. WSX-1 is required for the
initiation of Thl responses and resistance to L. major infection. Immunity 15:
569-578.

Stumhofer, J. S., A. Laurence, E. H. Wilson, E. Huang, C. M. Tato,
L. M. Johnson, A. V. Villarino, Q. Huang, A. Yoshimura, D. Sehy, et al. 2006.
Interleukin 27 negatively regulates the development of interleukin 17-producing
T helper cells during chronic inflammation of the central nervous system. Nat.
Immunol. 7: 937-945.

. Batten, M., J. Li, S. Yi, N. M. Kljavin, D. M. Danilenko, S. Lucas, J. Lee,

F. J. de Sauvage, and N. Ghilardi. 2006. Interleukin 27 limits autoimmune en-
cephalomyelitis by suppressing the development of interleukin 17-producing T
cells. Nat. Immunol. 7: 929-936.

Villarino, A., L. Hibbert, L. Lieberman, E. Wilson, T. Mak, H. Yoshida,
R. A. Kastelein, C. Saris, and C. A. Hunter. 2003. The IL-27R (WSX-1) is
required to suppress T cell hyperactivity during infection. Immunity 19: 645—655.
Miyazaki, Y., H. Inoue, M. Matsumura, K. Matsumoto, T. Nakano, M. Tsuda,
S. Hamano, A. Yoshimura, and H. Yoshida. 2005. Exacerbation of experimental
allergic asthma by augmented Th2 responses in WSX-1-deficient mice. J. Im-
munol. 175: 2401-2407.



