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Interleukin-31 (IL-31) is a recently described T cell-de-
rived cytokine, mainly produced by T helper type 2 cells and
related to the IL-6 cytokine family according to its structure
and receptor. IL-31 is the ligand for a heterodimeric receptor
composed of a gp130-like receptor (GPL) associated with the
oncostatin M receptor (OSMR). A link between IL-31 and
atopic dermatitis was shown by studying the phenotype of
IL-31 transgenic mice and IL-31 gene haplotypes in patients
suffering from dermatitis. In this study, we generated a po-
tent IL-31 antagonist formed by external portions of OSMR
and GPL fused with a linker. This fusion protein, OSMR-L-
GPL, consisting of 720 amino acids, counteracted the binding
of IL-31 to its membrane receptor complex and the subse-
quent signaling events involving the STATs and MAPK path-
ways. Neutralizing effects were found in IL-31-sensitive cell
lines, including brain-derived cells and primary cultures of
keratinocytes.

Interleukin-31 (IL-31)* is a newly described T cell-derived
cytokine, mostly produced by T helper type 2 cells, and involved
in promoting skin disorders and regulating other allergic dis-
eases such as asthma (1-5). This cytokine is related to the IL-6
cytokine family by its structure and receptor complex (6). In
addition to IL-6 and IL-31, this family encompasses IL-11,
IL-27, oncostatin M (OSM), leukemia inhibitory factor (LIF),
ciliary neurotrophic factor, cardiotrophin-like cytokine, and
neuropoietin. IL-31 is a four-helix bundle cytokine comprising
two long crossover loops and one short loop (1). Its het-
erodimeric receptor is composed of gp130-like receptor (GPL,
also known as GLM-R or IL-31RA (1, 7, 8)) and oncostatin M
receptor (OSMR) (9, 10).
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GPL was cloned as a member of the type I cytokine receptor
family (7, 8, 11). Its name reflects its close relationship to gp130,
the shared receptor subunit of the IL-6-type cytokines (12, 13).
Both receptor genes are located in tandem on chromosome 5.
GPL displays common structural motifs with the family of type
I cytokine receptors, i.e. the cytokine-binding domain (CBD)
with two pairs of conserved cysteine residues and a WSXWS
box in the extracellular region. IL-31 binds to GPL before
recruiting OSMR to form the high affinity receptor (14). On the
other hand, OSMR can also heterodimerize with gp130 to form
a functional type II OSM receptor (9, 10). The type I OSM
receptor consists of the low affinity chain LIF receptor associ-
ated with gp130 (15, 16).

High expression levels of GPL have been found in tissues
involved in reproduction, the myelomonocytic lineage, spleen,
thymus, lung, skin, and trachea (7, 8). OSMR is also coexpressed
in most of these tissues (10). The binding of IL-31 to its receptor
leads to an intracellular activation via the recruitment of the
Jakl, Jak2, STAT1, STAT3, and STATS5 signaling pathways, as
well as the phosphatidylinositol 3-kinase/Akt cascade. SHP-2
and Shc adapter molecules are also recruited and contribute to
an increased activation of the MAPK pathway in response to
IL-31 (17-19).

An association of IL-31 with atopic dermatitis was found in
the IL-31 transgenic mice phenotype that mimics the human
pathology (20). Dillon et al. (1) showed that mice treated with
intradermal injection of IL-31 or transgenic mice overexpress-
ing IL-31 presented increased scratching behavior and devel-
oped severe dermatitis.

Several subsequent studies have demonstrated the involve-
ment of IL-31 in atopic skin inflammation (3, 5, 21). Atopic
individuals displayed an increased tendency to produce higher
levels of IL-31 in response to external trigger factors, which may
contribute to the development of pruritus. Moreover, IL-31 is
overexpressed in pruritic atopic compared with nonpruritic
psoriatic skin inflammation (5). Circulating cutaneous lympho-
cyte antigen-positive T cells produced IL-31 after activation
and cutaneous lymphocyte antigen-positive skin-homing T
cells, located in the epidermis of patients with atopic dermatitis,
expressed IL-31 mRNA (3). Thus, IL-31 may contribute to the
development of atopic dermatitis-induced skin inflammation
and pruritus.

Soluble cytokine receptors, which are involved in the reg-
ulation of a number of physiological and pathological situa-
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tions, can behave either as agonists or antagonists for a cyto-
kine. The soluble counterparts of a-membrane chains, such
as soluble IL-6 or ciliary neurotrophic factor receptors, are
able to increase the functional responses to their respective
ligands (22, 23). In contrast, 3-chain-derived soluble receptors,
such as soluble gp130 or soluble OSMR, can neutralize the
responses to IL-6, IL-11, ciliary neurotrophic factor, OSM and
IL-31 (24-26).

A new generation of cytokine antagonists is based on the
fusion of soluble receptor fragments to trap their cognate ligand
with a high affinity. To associate the external portions of recep-
tor chains, two strategies were used: fusing soluble receptor(s)
to the Fc domain of human IgG1 (27) or fusing two different
ligand-binding domains together with a linker (28, 29).

In the present study, we generated a potent IL-31 antagonist
consisting of the distal domains of OSMR associated through a
linker to the GPL cytokine binding domain. This fusion protein,
OSMR-L-GPL, specifically recognized IL-31 and displayed
potent neutralizing activities on various IL-31 responsive
models.

EXPERIMENTAL PROCEDURES

Cells and Reagents—Cos-M6, HEK 293, Go-G-UVM, HsB2,
CEM, Jurkat, KE37, and 1301 cell lines were cultured in RPMI
medium 1640 supplemented with 10% fetal calf serum. Ba/F3
cells stably transfected with gp130, OSMR, and GPL were
grown in the same culture medium supplement with 1 ng/ml
murine IL-3. The human Th2 lymphocyte cell line derived from
an atheroma infiltrate was maintained in culture with 10 ng/ml
IL-2 (R&D Systems, Oxon, UK) and a stimulation through the
CD3 and CD28 pathways. Human keratinocytes were pur-
chased from PromoCell (Heidelberg, Germany) and main-
tained in keratinocyte growth medium-2 (PromoCell) follow-
ing the manufacturer’s instructions. Human IL-31 tagged with
V5 and polyhistidine epitopes (V5-His) was produced in the
laboratory as described previously (18). Human recombinant
OSM was purchased from R&D Systems (Oxon, UK). The
OSMR-Fc, GPL-Fc fusion proteins, monoclonal anti-OSMR
(AN-V2) and IgG1 isotype control antibodies were produced in
the laboratory. A polyclonal anti-GPL antibody (T3C15) was
raised by immunizing rabbits with a 15-mer peptide chosen in
the AB loop of the receptor as described previously (8). Poly-
clonal antibodies directed against phospho-STAT1 (Tyr’"),
phospho-STAT3 (Tyr”®), phospho-MAPK (Thr?*°*/Tyr**%)
and MAPK were bought from Upstate Technology (Lake
Placid, NY). Polyclonal anti-STAT3 and anti-STAT1 antibod-
ies were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Monoclonal anti-V5 antibodies coupled or not to
peroxidase were purchased from Invitrogen. The anti-mouse
and anti-rabbit peroxidase labeled antibodies were purchased
from Clinisciences (Montrouge, France). Monoclonal anti-
IL-31 antibodies AN-31C2 (IgG1), AN-31B71 (IgG2a), and
AN-31A31 (IgG1) were generated in the laboratory according
to conventional protocols. The polyclonal anti-human IL-31
antibody was purchased from R&D Systems (Oxon, UK).

Cloning of the Fusion Protein OSMR-L-GPL—The linker,
corresponding to the short proximal part of the IL-6R« extra-
cellular domain (residues Ala***~Val**?), was amplified by PCR
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(28). Clal and EcoRI sites were introduced in the sense and
antisense primers, respectively. The PCR product was cloned
into pcDNA3.1/D TOPO V5-His vector. A fragment corre-
sponding to the CBD regions and the Ig-like domain of OSMR
(residues Met'—Ala**®) was amplified by PCR. A HindIII and a
Clal restriction sites were introduced in the sense and antisense
primers, respectively. The amplification product was cloned
into the pcDNA3.1/D TOPO V5-His plasmid containing the
linker. The fragment corresponding to the CBD of GPL (resi-
dues Leu®'—Glu**®) was amplified by PCR and introduced in 3’
side of the construct using EcoRI and NotI restriction sites. The
construct was verified by DNA sequencing.

Quantification of IL-31 by ELISA—A 96-well microtiter plate
was coated with two monoclonal antibodies (AN-31B71 and
AN-31A31) at 5 pg/ml overnight at 4 °C. After saturation
with 20% sucrose, 0.1 M Tris, pH 7.2, the wells were incubated
with culture supernatants dilutions for 6 h at 37 °C. After three
washing steps using 0.05% Tween 20 PBS, the wells were incu-
bated with a biotinylated polyclonal anti-human IL-31 antibody
(0.25 pg/ml) in 0.1% BSA, 0.01% Tween 20 PBS overnight
at 4 °C. After washing steps, streptavidin-poly-horseradish
peroxidase (Sanquin, Amsterdam, The Netherlands) (diluted
1:10,000 in 0.1% BSA, 0.01% Tween 20 PBS) was added in the
wells for one hour at 37 °C. Binding of the streptavidin-horse-
radish peroxidase to the antibodies was visualized by the addi-
tion of 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid)
substrate solution. The absorbance at 405 nm was determined
using an ELISA reader.

Protein Expression and Purification—The HEK 293 cell line
was stably transfected with pcDNA3.1D/TOPO OSMR-L-GPL
V5-His using the Exgen transfection reagent (Euromedex,
Souffelweyersheim, France). Cell supernatants were cleared by
centrifugation and stored at —20 °C. They were submitted to
an anion exchange column (GE Healthcare, Les Ullis, France)
before an affinity purification step using nickel-Sepharose
column chromatography (GE Healthcare). Purified fractions
were submitted to SDS-PAGE, silver staining, and Western blot
analyses. Some preliminary experiments were carried out by
transient expression of the protein in Cos-M6 cells using the
DEAE-dextran method. The chimeric cytokines (OSM-Fc and
IL-31-Fc), consisting of the cytokines coupled to the Fc part of
human IgG1, were expressed in Cos-M6 cells. After a 72-h
transfection period, culture media were collected, and the pro-
tein was immunopurified on a protein A column. The native
form of IL-31 was purified from the supernatant of a Th2 cell
line. The supernatant was submitted to an affinity purification
column using a monoclonal antibody directed against IL-31
(AN-31C2) coupled to Sepharose 4B beads (GE Healthcare).
Purified fractions were submitted to SDS-PAGE and silver
stained.

Endoglycosidase Treatment—OSMR-L-GPL was diluted in
1% Brij 96 lysis buffer and treated with 25 units/ml of N-glyco-
sidase F (Roche, Mannheim, Germany) for 12 h at 37 °C before
anti-V5 Western blot analyses.

Immunoprecipitation, Co-precipitation, and Western Blot
Analyses—For immunoprecipitation experiments, samples
were incubated overnight at 4 °C with indicated antibodies.
Complexes were isolated using protein A beads, and the sam-
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ples were then submitted to SDS-PAGE and transferred onto
Immobilon membranes. The membranes were subsequently
incubated overnight at 4 °C with the primary antibody, before
being incubated with the appropriate peroxidase-labeled sec-
ondary antibody. The reaction was visualized by chemilumi-
nescence according to the manufacturer’s instructions (GE
Healthcare). The density of immunodetected bands were inte-
grated using the Image] program. Data analysis were performed
by GraphPad Prism (GraphPad Software, San Diego, CA).

For co-precipitation experiments, chimeric cytokines fused
with the human immunoglobulin Fc segment were incubated in
the presence of the indicated soluble receptors overnight at
4. °C. Complexes were then isolated using protein A beads and
submitted to Western blot analyses as described above.

Phosphorylation Assays—When indicated, OSMR-L-GPL
was incubated for 2 h with the cytokines before being added for
10 min to the cells. Cells were lysed in SDS sample buffer (62.5
mm Tris-HCI, pH 6.8, 2% SDS, 10% glycerol, 50 mm dithiothre-
itol, 0.1% bromphenol blue), sonicated, and submitted to West-
ern blot analyses as described above. Membranes were stripped
in 0.1 M glycine, pH 2.5, for 2h, and neutralized in 1 M Tris-HCl,
pH 7.6, before reblotting with the antibody recognizing all iso-
form proteins.

Luciferase Reporter Gene Assay—Cells were transfected, us-
ing kit V reagent (Amaxa, Gaithersburg, MD), with 2.5 ug of the
SIEM-Luc reporter gene. This construct contains three consen-
sus binding sites located upstream of a thymidine kinase mini-
mal promoter (30). Twenty-four h after transfection, cells were
serum-starved for 6 h and then incubated overnight with either
medium alone or with the indicated combinations of cytokines
and OSMR-L-GPL. Cells were washed with PBS, and 70 ul of
lysis buffer was added to the wells (0.1 m KHPO,, pH 7.8, 0.1%
Triton X-100) before adding luciferase. The luciferase activity
was measured using a Packard TopCount luminometer (Meri-
den, CT).

Quantitative PCR—Total RNAs were extracted using the
RNeasy micro kit (Qiagen), according to the manufacturer’s
protocol. Then, RNAs were reversed transcribed into cDNA
using random hexamer primers and Superscript Il reverse tran-
scriptase (Invitrogen). Primers were designed using Primer3
software. PCR amplification reactions were carried out in
duplicates with iQ-SYBR Green Supermix (Bio-Rad, Hercules,
CA) in a 15 pl-reaction volume containing 200 nm of primers
and 5 ng of cDNA, and using a Chromo4™ System (Bio-Rad).
Thermal cycling was initiated with a 3-min incubation at 95 °C
followed by 40 cycles of 95 °C for 10 s, 55 °C for 15 s, and 72 °C
for 15 s. The ACt method was retained for quantification, and
the GAPDH gene was used for normalization as described pre-
viously (31).

Proliferation Assays—The Ba/F3 stably expressing OSM re-
ceptor and IL-31 receptor chains (gp130, OSMRp, and GPL
chains) and Go-G-UVM cell lines were seeded in 96-well plates
at a concentration of 5.10% cells/well in RPMI 5% fetal calf
serum or 1.5.10° cells/well in RPMI 1% fetal calf serum, respec-
tively. Serial dilutions of tested cytokines and fusion protein
were performed in triplicate. After a 72-h incubation period, 0.5
wCi of [PH]Tdr (GE Healthcare, Les Ullis, France) was added to
each well for the last 4 h of the culture, and the incorporated
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FIGURE 1. Schematic presentations of IL-31 receptor and OSMR-L-GPL
fusion protein. A, schematic representations of the modular structure of
IL-31 receptor components (OSMR and GPL) and of the fusion protein OSMR-
L-GPL. The fusion protein contained the CBDs and the Ig-like domain of OSMR
bound to the CBD of GPL. The linker consisted of a short flexible fragment of
the extracellular proximal part of the IL-6Ra chain. Fn /], fibronectin lll. B, sche-
matic representation of the fusion protein OSMR-L-GPL. Numbers refer to the
amino acid positions in the fusion protein. SP, signal peptide; N-ter, N-termi-
nal; C-ter, C-terminal.

radioactivity was measured by scintillation counting (Packard
Top count luminometer).

RESULTS

Design and Engineering of the Fusion Protein OSMR-L-GPL—
OSMR-L-GPL fusion protein was designed to contain the min-
imal domains of OSMR and GPL required for high affinity
IL-31 binding (Fig. 1A). The OSMR segment corresponding to
the CBDs and the Ig-like domain, was placed at the N terminus
side of the construct. It included the OSMR signal peptide to
facilitate the secretion of the fusion protein. The CBD fragment
of GPL was linked to the C terminus of the OSMR construction.
A short flexible peptide corresponding to the membrane prox-
imal part of IL-6R« extracellular domain was added between
both receptor parts. This linker was previously used for its weak
immunogenicity and its flexibility, allowing the fusion protein
to adopt an appropriate conformation (26). V5 and His tag
epitopes were added at the C terminus of the OSMR-L-GPL
fusion protein to facilitate affinity purification and Western
blot detection. The resulting chimeric protein OSMR-L-GPL
consisted of 720 amino acids (Fig. 1B).

Expression and Characterization of OSMR-L-GPL—To pro-
duce the fusion protein, the cDNA encoding for OSMR-L-GPL
was stably transfected in the HEK 293 cell line. Culture super-
natants were submitted to a concentration step by an anion
exchange column. OSMR-L-GPL was purified on a nickel col-
umn. The fractions obtained after elution were then submitted
to SDS-PAGE before silver staining and Western blotting anal-
yses. The soluble polypeptide displayed a molecular mass of 150
kDa corresponding to a mature protein of 145 kDa after sub-
tracting molecular mass of the tags (Fig. 24).

To further characterize the fusion protein, we performed
immunoprecipitation experiments using a monoclonal antibody
directed against the extracellular part of OSMR (anti-OSMR,
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FIGURE 2. Detection and biochemical analysis of OSMR-L-GPL. A, OSMR-L-
GPL purified from a Ni*-agarose column was analyzed by SDS-PAGE. The gel
was silver stained, and Western blotting analysis was performed using a
monoclonal anti-V5 tag antibody. Band C, Cos-M6 cells were transfected with
the mock vector or the vector-encoding OSMR-L-GPL. B, cell supernatants
were immunoprecipitated with an isotype control monoclonal antibody
(IlgG1, 5 wg/ml) or with a monoclonal anti-OSMR antibody (AN-V2, 5 wg/ml).
Immunorevelation was performed using an anti-GPL polyclonal antibody
(T3C15, 1 pg/ml). IP, immunoprecipitation; WB, Western blot; BSA, bovine
serum albumin. C, cell supernatants were treated for 12 h at 37 °C in the
presence or not of 1 unit of N-glycosidase F (N-glyco F). Immunorevelation
was performed using the monoclonal anti-V5 tag antibody.

AN-V2). A signal corresponding to the expected molecular
weight of OSMR-L-GPL was detected after an immunorevela-
tion using antibody specifically recognizing GPL (anti-GPL,
T3C15) (Fig. 2B). This result showed that OSMR and GPL
domains were correctly encoded by the OSMR-L-GPL plasmid.

Deglycosylation experiments were then carried out using
N-glycosidase F to remove N-linked polysaccharides from the
protein backbone. A 25-kDa molecular mass shift (150 kDa ver-
sus 125 kDa) was observed (Fig. 2C). This result was in agree-
ment with the predicted occupancy of 10 N-glycosylation sites,
using the NetNGlyc 1.0 Prediction site.

IL-31 Directly Contacts OSMR-L-GPL—To analyze the abil-
ity and the specificity of the fusion protein to bind IL-31, immu-
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FIGURE 3. Binding analysis of OSMR-L-GPL. Different concentrations of
cytokines fused to the IgG1 Fc fragment were incubated in the presence of
OSMR-L-GPL (4 nm) for 16 h at 4 °C before a pulldown with protein A beads.
A, IL-31/0OSMR-L-GPL association was detected using a monoclonal anti-V5
antibody coupled to peroxidase. An anti-lgG1 polyclonal antibody coupled to
peroxidase was used to control the cytokines-Fc loading. Signals were inte-
grated, and GraphPad software was used to plot the association curve to
determine the K value. B, association with OSM. A.U., arbitrary units; WB,
Western blot.

noprecipitation experiments were carried out. Different con-
centrations of IL-31 fused to a Fc fragment, IL-31-Fc, were
added to OSMR-L-GPL (Fig. 3A4). Contact of IL-31 to the fusion
protein was clearly demonstrated after precipitation and West-
ern blotting analyses. A K, of 2.4 nM was determined using
GraphPad Prism software after signal intensity integration.
Because OSMR is a shared receptor subunit for both IL-31
and OSM, a putative association of OSM to the OSMR portion
of the fusion protein was also investigated by adding OSM-Fc to
OSMR-L-GPL (Fig. 3B). Under the same conditions, no associ-
ation, or a very weak association between OSM and OSMR-L-
GPL could be detected, underlying the specific recognition of
OSMR-L-GPL for IL-31. These results are in agreement with
previous studies demonstrating a direct association of OSM to
gp130 but not to OSMR alone (10, 32, 33). Because IL-31 spe-
cifically bound to OSMR-L-GPL, we next analyzed the ability of
the fusion protein to antagonize functional activities of IL-31.
Antagonistic Activity of OSMR-L-GPL on IL-31 Signaling—
Previously, we reported that interaction of IL-31 with its mem-
brane complex receptor on the glioblastoma cell line Go-G-
UVM induced the recruitment of the following signaling
pathways: Jakl, Jak2, STAT1, -3, -5, phosphatidylinositol 3-ki-
nase/Akt, and MAPK (17, 18). Therefore, the ability of OSMR-L-
GPL to neutralize the biological activity of IL-31 was studied by
measuring the phosphorylation level of STAT1, STAT3, and
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FIGURE 4. Antagonistic activity of OSMR-L-GPL on IL-31 signaling. A, 2 nm
of OSM or IL-31 were preincubated with 4 nm of purified OSMR-L-GPL or with
an equivalent volume of PBS for 2 h at 37 °C. Mixed reagents were added to
the Go-G-UVM glioblastoma cell line for 10 min at 37 °C. STAT1, STAT3, and
MAPK phosphorylation levels were determined by Western blot analyses.
B, Go-G-UVM cells were transfected with a SIEM-Luc construct in order to
analyze STAT3 transcriptional activity. OSM or IL-31 (4 nm) were mixed with a
10-fold molar excess of OSMR-L-GPL or with an equivalent volume of PBS as
control. The proteins were added to Go-G-UVM cells for a 16-h culture period.
The STAT3 activation level was measured by using a luminometer. S.D. are
represented by error bars. C, increasing concentrations of OSMR-L-GPL were
incubated for 2 h with IL-31 (0.4 nm) or added simultaneously with IL-31 to the
cells for 10 min. The STAT3 tyrosine phosphorylation levels were determined
by Western blot analysis.

MAPK in Go-G-UVM cells in response to IL-31 or IL-31 plus
OSMR-L-GPL. Addition of IL-31 or OSM (2 nMm) induced a
robust tyrosine phosphorylation of the studied signaling pro-
teins (Fig. 4A). The activation of the STATs and the MAPKs
induced by IL-31 was entirely abrogated when the fusion pro-
tein OSMR-L-GPL was added (Fig. 44). As expected, the addi-
tion of the soluble chimeric receptor had no effect on the phos-
phorylation levels of STAT1, STAT3, and MAPK in response to
OSM. These findings indicated that OSMR-L-GPL was able to
specifically antagonize IL-31 activity in signaling experiments.

The effect of OSMR-L-GPL on STATS3 transcriptional activ-
ity in response to IL-31 was analyzed in the same cell line (Fig.
4B). Go-G-UVM cells were transfected with a reporter con-
struct containing three STAT3 consensus binding sites located
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FIGURE 5. Neutralization of IL-31 native form by OSMR-L-GPL. A, secretion
of native IL-31 was measured in human cell lines by ELISA as indicated under
“Experimental Procedures.” Error bar represents S.D. B, native IL-31 wasimmu-
nopurified on an AN-C2 anti-IL-31 monoclonal antibody column and ana-
lyzed by SDS-PAGE and silver staining. C, after a 2-h contact between recom-
binant glycosylated IL-31 or native IL-31 (0.4 nm) with increasing
concentrations of OSMR-L-GPL, the mixture was added to the Go-G-UVM cell
line for 10 min. The STAT3 tyrosine phosphorylation levels were determined
by Western blot analysis.

upstream of a thymidine kinase minimal promoter (28). After a
48-h culture period, cells were stimulated for an additional 16 h
with IL-31, OSM and the fusion protein. Luciferase transcrip-
tion, which was induced by both cytokines, was specifically neu-
tralized when IL-31 was added to the cells in combination with
OSMR-L-GPL.

Subsequently, we performed a dose response analysis of
OSMR-L-GPL using the same cells. Preincubation or simulta-
neous addition to the cells of both IL-31 and OSMR-L-GPL led
to a similar inhibition of STAT3 phosphorylation (Fig. 4C).
Results from Fig. 4C showed that a 10-fold molar excess of
OSMR-L-GPL was sufficient to fully inhibit IL-31 biological
activity.

Neutralization of IL-31 Native Form by OSMR-L-GPL—To
determine the ability of OSMR-L-GPL to neutralize endoge-
nous IL-31, we looked for a consistent source of native IL-31
(Fig. 5A). An important IL-31 secretion was detected in the
culture supernatant of a human Th2 cell line. These cells
were expanded, and the culture supernatant was harvested
for IL-31 immunopurification (Fig. 5B). Similarly to that ob-
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FIGURE 6. Comparison of OSMR-L-GPL with other inhibitors. A, IL-31 (2 nv)
was preincubated with 15 nm of the soluble receptors sGPL or sSOSMR, or a
combination of both, or OSMR-L-GPL for 2 h at 37 °C. Mixed reagents were
added to the Go-G-UVM cell line for 10 min at 37 °C. The STAT3 tyrosine phos-
phorylation levels were determined by Western blot analysis. B, following a
preincubation of IL-31 (0.4 nm) with increasing concentrations of the purified
OSMR-L-GPL or a polyclonal neutralizing anti-IL-31 antibody for 2 h at 37 °C,
the Go-G-UVM cell line was activated for 10 min at 37 °C. The STAT3 phosphor-
ylation levels were determined by Western blot analysis.

served with recombinant glycosylated IL-31, several native
IL-31 isoforms ranging from 24 to 33 kDa were observed. We
then studied the ability of OSMR-L-GPL to neutralize the
biological activity of the native form of IL-31 (Fig. 5C). STAT3
phosphorylation was analyzed in Go-G-UVM cell line follow-
ing its contact with native, or mammalian recombinant IL-31,
and OSMR-L-GPL. A similar STAT3 phosphorylation inhibi-
tion was observed in response to either recombinant glycosy-
lated or native IL-31, when OSMR-L-GPL was added to the
cells.

Comparison of OSMR-L-GPL with Other IL-31 Inhibitors—
To compare the inhibitory activities of soluble receptors and
OSMR-L-GPL, we studied the ability for the different receptor
forms to inhibit STAT3 phosphorylation induced by IL-31 (Fig.
6A). Soluble forms of OSMR and GPL, separately or in combi-
nation, were not able to decrease the STAT3 phosphorylation
level observed in response to IL-31. In contrast, the same
amount of OSMR-L-GPL fully suppressed the phosphorylation
of STAT3 induced by IL-31. These results established that the
fusion protein displayed a potent inhibitory effect on the IL-31
response, compared with separately expressed sOSMR and
sGPL.

In the following experiment, we compared the inhibitory
activities of OSMR-L-GPL to a neutralizing polyclonal anti-
body on the IL-31-induced STATS3 activation in the Go-G-
UVM cells (Fig. 6B). The cells were stimulated with a constant
amount of IL-31 preincubated with increasing concentrations
of the antibody. 20 nm of the antibody could completely inhibit
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FIGURE 7. Proliferation response of transfected Ba/F3 cell line upon stim-
ulation with OSM, IL-31 and OSMR-L-GPL. Ba/F3 cells stably transfected
with OSM and IL-31 receptor components were cultured in triplicates with
2-fold dilutions of purified OSMR-L-GPL, or an equivalent volume of PBS, and
fixed amounts of OSM (8 pm) or IL-31 (80 pm). After a 48-h culture period, a
[PH]thymidine pulse was carried out for 4 h, and the amount of incorporated
radioactivity was determined.

the phosphorylation of STAT3 induced by IL-31. In compari-
son, a 10-fold lower concentration of OSMR-L-GPL (2 nm) was
sufficient to fully inhibit the response. Obtained results indi-
cated that the OSMR-L-GPL antagonist was 10-fold more
potent than the neutralizing antibody.

OSMR-L-GPL Is a Potent IL-31 Antagonist in Cell Prolifera-
tion Assays—We then studied the ability of the fusion protein
to antagonize IL-31 in a proliferation assay using the murine
Ba/F3 cell line transfected with gp130, OSMR, and GPL. This
cell line proliferates in response to IL-31 or OSM (18). Increas-
ing concentrations of OSMR-L-GPL were added to fixed
amounts of IL-31 or OSM (80 and 8 pwm, respectively, corre-
sponding to concentrations leading to a 50% of maximum sig-
nal in the assay), and then a tritiated thymidine incorporation
was carried out. OSMR-L-GPL neutralized the activity of IL-31
in a dose-dependent manner. Half-inhibition was observed for
a concentration of 0.67 nm corresponding to an 8-fold molar
excess of the fusion protein compared with IL-31 (Fig. 7). In
contrast, OSMR-L-GPL had no significant effect on OSM-in-
duced cell proliferation, underlining the specificity of the fusion
protein for IL-31.

OSMR-L-GPL Suppresses Cytostatic Effect, Morphological
Changes, and Gene Induction upon Stimulation with IL-31—A
second functional assay was developed to assess the specificity
of the OSMR-L-GPL neutralizing effect. This functional assay
was based on the cytostatic activity of OSM toward tumoral cell
lines (34, 35). Similarly to OSM, we observed that addition of
IL-31 to glioblastoma-derived cell lines led to an inhibition
of cell proliferation (Fig. 84) and an accumulation of the cells
in the G, phase.” In the absence of cytokines, Go-G-UVM
cells presented an elongated appearance with cytoplasmic
extensions and intercellular contacts. After a 5-day cytokine
exposure, Go-G-UVM cells underwent morphological changes
and became rounder, and the cellular extensions wore off (Fig.
8B). Addition of the fusion protein to the cultures prevented,
in a specific manner, the inhibition of cell proliferation and

® C. Diveu, unpublished observation.

SN

VOLUME 285+NUMBER 20-MAY 14, 2010



Characterization and Function of a Soluble IL-31 Antagonist

>

GO-G-UVM

12,000+

10,000

8,000+

6,000

4,000-

HTdr incorporation (c.p.m.)

2,000

167 83 42 21 10 05 0

concentration OSMR-L-GPL (nM)

33.3

Control

OSM + OSMR-L-GPL

IL-31 + OSMR-L-GPL

well as a thickening of epidermis were
observed (1). Given these observa-
tions, we studied the neutralizing
potential of OSMR-L-GPL in pri-

—/=~PBS + OSM mary cultures of human keratino-
=O-OSMR -L-GPL + OSM  cytes. Both IL-31 and OSM induced
—&—PBS + IL-31 STATS3 recruitment, but the fusion
-®—- OSMR -L-GPL + IL-31 protein specifically inhibited STAT3
=>4 Control phosphorylation induced by IL-31
(Fig. 10).
DISCUSSION

Recent studies indicate that IL-31
is a key trigger of atopic dermatitis
and possibly other allergic diseases
such as asthma (1-5). An agent that
neutralizes this cytokine may have a
beneficial role in these diseases.

In the present study, we devel-
oped an approach to neutralize IL-
31 by fusing the extracellular portions
of its two receptor chains. The first
five extracellular modules of OSM
receptor, composed of a half CBD fol-
lowed by an Ig-like domain and a sec-
ond complete CBD, were associated
to GPL/IL-31R CBD. We had previ-
ously observed that the CBD of GPL
was involved in direct binding of
IL-31, through a site 2 motif (14).
Conversely, IL-31 interaction with
the OSMR chain was based on con-
tact between the site 3 of the cyto-

FIGURE 8. Inhibition of cell morphological changes and cytostatic effect induced by IL-31. A, Go-G-UVM
cells were cultured in triplicates with 2-fold dilutions of purified OSMR-L-GPL or with an equivalent volume of
PBSand with IL-31 or OSM (1.67 nm). After a 5-day culture period, a [*H]thymidine pulse was carried out, and the
incorporated radioactivity was determined. B, phase contrast micrographs of Go-G-UVM cells after a 5-day
culture period in the presence of indicated cytokines (1.67 nm) with purified OSMR-L-GPL or PBS. c.p.m., counts

per min.

the morphological changes observed in the presence of IL-31
(Fig. 8).

We then studied the effect of the fusion protein on proin-
flammatory genes induced by IL-31 in Go-G-UVM cells. These
genes were previously identified from a screening array exper-
iment.® We tested the ability of OSMR-L-GPL to modulate
their expressions in response to IL-31 or OSM in the Go-G-
UVM cells (Fig. 9). Interestingly, the proinflammatory gene
signature (IL-6, VEGF-A, CXCL16) and also SOCS3 were
induced by both OSM and IL-31, but the OSMR-L-GPL fusion
protein specifically reversed the IL-31 effect.

Neutralization of IL-31 Activity by OSMR-L-GPL in Human
Epidermal Keratinocytes—We recently reported that OSM is a
potent keratinocyte activator and plays an important role in
cutaneous inflammatory responses (36). Moreover, IL-31 in-
duced release of chemokines by human epidermal keratinocytes,
and after IL-31 intradermal injection, a neutrophil infiltration as

8 L. Preisser, unpublished data.
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kine and the Ig-like domain of
OSMR (26).

OSMR is also engaged in the for-
mation of a second cytokine recep-
tor by heterodimerizing with gp130
in the presence of OSM (9, 10). We
previously reported that OSM first binds to the CBD of gp130
via its site 2 and then to the Ig-like domain of OSMR via its site
3 (33, 37). OSM displays numerous functional properties, such
as cytostatic activities toward solid tumor-derived cell lines,
proliferation as well as activation of endothelial cells, induction
of acute phase protein synthesis by liver and induction of
proinflammatory responses in in vivo models. Strikingly, inac-
tivation of OSMR in the mouse led to a nearly normal pheno-
type with only a slight decrease in platelet number (38), suggest-
ing that this pathway is likely recruited in pathological
situations rather than in healthy animals.

In the present work, we particularly focused on the func-
tional properties of OSMR-L-GPL, using human cells that were
sensitive to both IL-31 and OSM. This focus allowed us to pre-
cisely determine the specificity of the developed fusion protein.
In all tested systems, OSMR-L-GPL only neutralized IL-31
without affecting its neighboring cytokine, OSM.

IL-31 and OSM belong to a larger family of cytokines that
encompasses IL-6, IL-11, LIF, ciliary neurotrophic factor, car-
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FIGURE 9. Analysis of OSMR-L-GPL activity on IL-31 gene induction. OSM
orIL-31 (2 nm) were mixed with 4 nm of purified OSMR-L-GPL or with an equiv-
alent volume of PBS. After a 2-h contact at 37 °C, proteins were added to
Go-G-UVM cell cultures for 6 h. After RNA extraction and cDNA synthesis,
guantitative reverse transcription-PCR analyses of IL-6, vascular endothelial
growth factor A (VEGFA), CXCL16, and SOCS3 genes expression were carried
out (¥, p < 0.05, Student'’s t test). Error bars represent S.D.
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FIGURE 10. Neutralization of IL-31 activity by OSMR-L-GPL in human epi-
dermal keratinocytes. OSM or IL-31 (2 nm) were mixed with 4 nm of purified
OSMR-L-GPL or with an equivalent volume of PBS for 2h at 37 °C, before being
added to primary cultures of human keratinocytes for 10 min at 37 °C. Phos-
pho-STAT3 and STAT3 protein levels were measured by western-blot
analyses.

diotrophin-like cytokine, and IL-27 (39). These cytokines bind
to their receptors through different binding sites referred to as
sites 1, 2 and 3. These mediators can be subdivided in two sub-
groups: those recruiting three receptor components via sites 1,
2 and 3, and a second subgroup (IL-31, OSM, LIF, IL-27),
requiring the involvement of only two receptor subunits recog-
nized through interactions with the sites 2 and 3 (14). A recent
report described the possibility of neutralizing the LIF response
by using a mouse construction inhibiting interactions between
the receptor subunits and sites 2 and 3 of the cytokine (40). Our
findings extend this approach to the human IL-31 receptor and
emphasize the specificity of the observed neutralizing response.

Obtained results indicate that OSMR-L-GPL is a potent
inhibitor for IL-31 functional responses. Determination of its
affinity led to a 2.4 nm K, value, which is in agreement with the
OSMR-L-GPL amount required to neutralize the functional
activity of IL-31 in the different bioassays we did use. As previ-
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ously described for IL-6, we demonstrated the superior activity
of the fusion protein compared with the separate soluble recep-
tors SOSMR and sGPL. Nevertheless, high concentrations of
soluble GPL and soluble OSMR can display a low level inhibi-
tory action as we previously observed I a different cell back-
ground (26). We also showed that the inhibitory activity of our
antagonist is more potent than a neutralizing polyclonal anti-
body directed against IL-31. Recently, similar results were also
observed concerning an IL-6 inhibitor (41). Thus, our results
confirm that, to trap a cytokine and antagonize its effects, a
fusion of the receptor subunit fragments might be an interest-
ing strategy with promising applications.

Interestingly, we also found that IL-31 displayed cytostatic
activity toward glioblastoma cell lines, similar to OSM. IL-31
inhibited the proliferation of these cells, induced morphologi-
cal modifications (cells became rounder and lost their cytoplas-
mic extensions), and increased the transcription of proinflam-
matory genes. OSMR-L-GPL suppressed these properties of
IL-31 on glioblastoma-derived cells.

Until today, the main functional properties or deleterious
activities of IL-31 were reported in skin models and cutaneous
pathologies (1, 2, 4, 42). Overexpression of IL-31 or its subcu-
taneous injection in mice led to increased scratching behavior
and a development of severe dermatitis. In line with these
observations, IL-31 was increased in an animal model of atopic
dermatitis (NC/Nga mice) and in patients suffering from atopic
dermatitis (3—5). Recently, an IL-31 single nucleotide polymor-
phism was associated with this pathology (43). Here, we showed
that OSMR-L-GPL was also able to neutralize IL-31 mediated
signaling in primary cultures of human keratinocytes.

Interestingly, a recent study reported the ability for a neutral-
izing IL-31 monoclonal antibody to ameliorate scratching
behavior in a mouse model of dermatitis (44). Additional work
will be required to develop a murine IL-31 antagonist based on
a similar approach and to validate its ability to neutralize IL-31
in animal models of skin diseases. The present work and further
studies will contribute to the design of new approaches to treat
cutaneous pathologies.
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