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Interleukin-31 induces cytokine and chemokine production from
human bronchial epithelial cells through activation of mitogen-
activated protein kinase signalling pathways: implications for the
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Introduction

Summary

Interleukin-31 (IL-31) is a novel T-helper-lymphocyte-derived cytokine
that plays an important role in allergic skin inflammation and atopic der-
matitis. It has recently been implicated in bronchial inflammation. We
investigated the functions and mechanisms of IL-31-induced activation of
human bronchial epithelial cells. The gene and protein expressions of
candidate cytokines/chemokines from IL-31-stimulated human bronchial
epithelial BEAS-2B cells were first quantified by quantitative real-time
polymerase chain reaction and enzyme-linked immunosorbent assay,
respectively. The activity of different mitogen-activated protein kinases
(MAPKs) in IL-31-stimulated BEAS-2B cells was assessed by Western blot.
The IL-31 could significantly elevate the gene and protein expressions of
epidermal growth factor (EGF), vascular endothelial growth factor (VEGF)
and monocyte chemoattractant protein-1 (MCP-1/CCL2) of BEAS-2B cells
in both time-dependently and dose-dependently. Combination of IL-31
with either IL-4 or IL-13 further enhanced VEGF and CCL2 production
while IL-31 could synergistically augment the release of EGF, VEGF,
CCL2, IL-6 and IL-8 in cocultures of BEAS-2B cells and eosinophils. In
addition, IL-31 could activate p38 MAPK, extracellular signal-regulated
kinase (ERK) and c-Jun N-terminal kinase (JNK) of BEAS-2B cells. Select-
ive inhibitors of p38 MAPK (SB203580), ERK (PD98059), and JNK
(SP600125) could differentially inhibit the production of EGF, VEGF and
CCL2, thereby suggesting a role for MAPKs in IL-31 functions. In conclu-
sion, the activation of MAPKs can be crucial for IL-31-mediated activa-
tion of bronchial epithelial cells, thereby providing an immunological role
for IL-31 in bronchial inflammation, at least partly, via epithelial EGF,
VEGF and CCL2 production.

Keywords: allergy; chemokines/monokines; cytokines/interleukins; epithe-
lial cells; signalling/signal transduction

variety of proinflammatory cytokines, growth factors and
chemokines, such as tumour necrosis factor-o, vascular

Allergic asthma is a chronic allergic inflammatory disease
of the airway characterized by bronchial infiltration of
eosinophils, elevated plasma concentration of allergen-
specific immunoglobulin E and T helper type 2 (Th2)
cytokines, reversible bronchial obstruction, mucus hyper-
secretion and bronchial hyperreactivity (BHR)." Activated
bronchial epithelial cells are potent sources of a wide

endothelial growth factor (VEGF) and monocyte chemo-
attractant protein 1 (MCP-1/CCL2)."® Secretion of
inflammatory mediators, together with the recruitment
and interaction of different immune effector cells such as
eosinophils with the bronchial epithelium, will eventually
contribute to bronchial inflammation, tissue damage and
remodelling of pulmonary structure in asthma."*™
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Interkeukin-31 (IL-31) is a novel Th2 effector cyto-
kine that has recently been cloned and shown to induce
skin inflammation, pruritus and severe dermatitis in
over-expressing transgenic mice.'’ Further studies have
demonstrated that IL-31 is associated with atopic-
dermatitis-induced skin inflammation and pruritus in
humans.''? The activity of human IL-31 is mediated
through a heterodimeric receptor composed of IL-31
receptor A (IL-31RA) and oncostatin M receptor
(OSMR),"* which has recently been demonstrated to
activate the signal transducer and activator of transcrip-
tion factor 3 (STAT-3), extracellular signal-regulated
kinase (ERK), c-Jun N-terminal kinase (JNK) and Akt
signalling pathways in human alveolar epithelial cells
transfected with IL-31RA.'* The IL-31RA has homology
to gpl130-like type 1 cytokine receptors and it is specific
for IL-31 receptor signalling pathways.'® Human epider-
mal keratinocytes and bronchial epithelial cells expres-
sing both IL-31RA and OSMR are potential targets of
IL-31."""" The expression of IL-31RA and OSMR on
human epidermal keratinocytes and the number of
IL-31-expressing, skin-infiltrating Th2 and CD45RO™
(memory) cutaneous lymphocyte antigen (CLA)" T cells
in atopic dermatitis patients was higher than in normal
subjects.'’ Interleukin-31 heterodimeric receptors are
also present in many tissues including testis, brain, bone
marrow, thymus, skin and intestine.'®'>'>™'7 Target
cells expressing IL-31RA for IL-31 in these tissues
include activated monocytes, macrophages, myeloid pro-
genitor cells, keratinocytes, eosinophils and epithelial
Cells'10—12,17,18

Recent evidence has suggested that IL-31 might be
involved in promoting allergic inflammation and an air-
way epithelial response that may characterize allergic
asthma.'* Although the intracellular signalling pathways
of IL-31RA in human alveolar epithelial cells have
recently been characterized, the function of IL-31 in
bronchial inflammation or allergic asthma is still not
clear."* In an attempt to further understand the role of
IL-31 in modulating bronchial inflammation, we investi-
gated the effects of IL-31 on the production of cytokines
and chemokines, as well as the activity of mitogen-activa-
ted protein kinases (MAPKs) in human bronchial epithe-
lial cells.

Materials and methods

Reagents

Recombinant human IL-31, IL-4 and IL-13 were
obtained from PeproTec Inc. (PeproTec House, London,
UK). Goat polyclonal antibody to IL-31RA was pur-
chased from R & D Systems Inc. (Minneapolis, MN).
Mouse monoclonal antibodies to phospho-p38 MAPK,
phospho-ERK1,2, and phospho-JNK1,2 were purchased

IL-31 activates bronchial epithelial cells

from BD Biosciences Pharmingen (San Jose, CA), while
rabbit polyclonal antibodies to total p38 MAPK, ERK1,2
and JNK1,2 were purchased from Santa Cruz Biotechno-
logy Inc. (Santa Cruz, CA). The p38 MAPK inhibitor
SB203580 (SB), ERK inhibitor PD98059 (PD), JNK
inhibitor SP600125 (SP) and protease inhibitor phenyl-
methylsulphonyl fluoride (PMSF) were purchased from
Calbiochem Corp. (San Diego, CA). The SB was dissolved
in distilled water, while PD and SP were dissolved in
dimethyl sulphoxide (DMSO). In all studies, the
concentration of DMSO was equal to or lower than
0-1% (v/v).

Purification of human blood eosinophils from buffy coat
and eosinophil culture

Fresh human buffy coats obtained from the Hong Kong
Red Cross Blood Transfusion Service were diluted 1: 2
with phosphate-buffered saline (PBS) and centrifuged
using an isotonic Percoll solution (density 1-082 g/ml;
GE Healthcare Bio-Sciences Corp, Piscataway, NJ) at 4°
for 30 min at 1000 g. The eosinophil-rich granulocyte
fraction was collected and washed twice with PBS con-
taining 2% fetal calf serum (Gibco Invitrogen Corp,
Grand Island, NY). The cells were then incubated with
anti-CD16 magnetic beads (Miltenyi Biotec, Bergisch
Gladbach, Germany) at 4° for 45 min and CD16-positive
neutrophils were depleted by passage through an LS+
column (Miltenyi Biotec) within a magnetic field. With
this preparation, the drop-through fraction contained
eosinophils with a purity of at least 98%, as assessed by
the Hemacolor rapid blood smear stain (E. Merck Diag-
nostica, Darmstadt, Germany). The isolated eosinophils
were cultured in RPMI-1640 medium (Invitrogen) sup-
plemented with 10% defined fetal bovine serum (FBS;
Invitrogen).

Human bronchial epithelial cell culture

BEAS-2B cells are an adenovirus 12-simian virus 40
hybrid (Ad12SV40) transformed human bronchial epi-
thelial cell line, which was isolated from normal human
bronchial epithelium obtained at autopsy of non-
cancerous individuals. It was purchased from the
American Type Culture Collection (ATCC; Manassas,
VA). The cell line was maintained in Dulbecco’s
modified Eagle’s minimal essential medium/F12 medium
(Invitrogen Corp., Carlsbad, CA) supplemented with
10% FBS in 5% CO,/95% humidified air at 37°. Before
each experiment, 6 x 10° and 1-5 x 10° BEAS-2B cells
were seeded and cultured in 6- and 24-well plates,
respectively, overnight, to a confluent monolayer. For
coculturing with eosinophils, the medium was replaced
with RPMI-1640 medium containing 10% FBS with
eosinophils.*’
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Quantitative analysis of epidermal growth factor,
VEGF and CCL2

Epidermal growth factor (EGF), VEGF and CCL2 concen-
trations in culture supernatants of BEAS-2B cells were
quantified by enzyme-linked immunosorbent assay (ELISA)
with a detection limit of 0-7 pg/ml for EGF, and 5-0 pg/ml
for VEGF and CCL2, respectively (R & D Systems).

Quantitative real time polymerase chain reaction
(gRT-PCR)

Total RNA was extracted using Tri-Reagent (Molecular
Research Center Inc, Cincinnati, OH). Extracted RNA
was reverse transcribed into first-strand cDNA from 4 pg
total RNA using random hexanucleotide primer and
MultiScribe reverse transcriptase (Applied Biosystems,
Foster City, CA). Quantitative RT-PCR amplification of
EGF, VEGF and CCL2 was performed using SYBR Green
PCR Core reagents kit (Applied Biosystems). The PCR
amplification was performed in a 96-well optical tray,
each well containing 25-pl reaction mixture that com-
prised 200 nm of each primer, 0-025 U/pl Ampli-Taq
Gold Polymerase, 200 um each of dATP, dCTP and
dGTP, 400 pm dUTP and 5-5 mm MgCl,. The PCR prim-
ers were as follows: CCL2 sense 5'-AATGCCCCAGT
CACCTGCTGTTAT-3" and antisense 5'-GCAATTTCCCC
AAGTCTCTGTATC-3', yielding a 427-base-pair (bp)
product®”; VEGF sense 5'-GCCTCGCCTTGCTGCTCTA
CC-3' and antisense 5'-CACACTCCAGGCCCTCGTCA
TTG-3', yielding a 252-bp product’’; EGF sense 5'-CAG
GGAAGATGACCACCACT-3' and antisense 5-CAGTT
CCCACCACTTCAGGT-3, vyielding a 187-bp; B-actin
sense  5'-AGCGGGAAATCGTGCGTG-3' and antisense
5-CAGGGTACATGGTGGTGCC-3', yielding a 300-bp
product.”® The thermal cycling conditions were 10 min at
95°, followed by 40 cycles of 95° for 15 seconds and 56°
(for CCL2 and VEGF) or 60° (for EGF) for 1 min. The
emission intensity from SYBR green was detected with an
iCycler detection system (Bio-Rad Laboratories, Hercules,
CA). Threshold cycles were averaged from triplicate reac-
tions and the expression was determined relative to the
mean value derived from untreated BEAS-2B cells. The
gene expression of samples was normalized with the inter-
nal reference gene (B-actin, ACTB).

Western blot

After the preceding treatment, BEAS-2B cells (1 x 107)
were washed with PBS and lysed in 0-3 ml lysis buffer
[20 mm Tris—=HCI (pH 7-5), 150 mm NaCl, 1 mmM sodium
ethylenediaminetetraacetic acid, 1 mm ethyleneglycoltetra-
acetic acid, 1% Triton, 2-5 mM sodium pyrophosphate,
1 mM beta-glycerophosphate, 1 mM sodium vanadate,
1 pg/ml leupeptin] (Cell Signaling Technology Inc, Beverly,

MA) with 1 mm PMSF. Cell debris was removed by centrif-
ugation at 14 000 g for 10 min, and the supernatants were
boiled in Laemmli sample buffer (Bio-Rad Laboratories)
for 5 min. An equal amount of proteins was subjected to
sodium dodecyl sulphate—10% polyacrylamide gel electro-
phoresis before blotting onto a PVDF membrane (GE
Healthcare Bio-Sciences Corp., Piscataway, NJ). The mem-
brane was blocked with 5% skimmed milk in Tris-buffered
saline with 0-05% Tween-20, pH 7-6 for 1 hr at room tem-
perature, probed with primary rabbit anti-human B-actin
(Santa Cruz Biotechnology), mouse anti-human total or
phospho-p38 MAPK, total or phospho-ERK1,2, total
or phospho-JNK (BD Biosciences Pharmingen) or goat
anti-human IL-31RA antibodies (R & D Systems) at 4°
overnight. The membrane was washed and incubated
with secondary goat anti-mouse, goat anti-rabbit (GE
Healthcare Bio-Sciences) or donkey anti-goat antibodies
(R & D Systems) coupled to horseradish peroxidase for
1 hr at room temperature. Antibody—antigen complexes
were then detected using ECL Plus™ chemiluminescent
detection system according to the manufacturer’s instruc-
tions (GE Healthcare Bio-Sciences).

Statistical analysis

All results were expressed as the mean £ SEM of the indi-
cated number of experiments. Differences between groups
were assessed by Kruskal-Wallis test or Student’s t-test as
appropriate. A probability of P < 0-05 was considered
significantly different. All analyses were performed using
the STATISTICAL PACKAGE FOR THE SOCIAL SCIENCES (SPSS)
statistical software for Windows, version 10-1.4 (SPSS Inc,
Chicago, IL).

Results

Cytokine and chemokine production in BEAS-2B cells
upon IL-31 stimulation

Using an antibody-based cytokine membrane array (Ray-
Biotech Inc., Norcross, GA) to screen for the cytokine pro-
tein expression profile of IL-31-activated BEAS-2B cells,
results indicated that the chemokine CCL2, and the
growth factors VEGF and EGF were induced from
BEAS-2B cells upon 24-hr IL-31 stimulation (data not
shown). As shown in Fig. 1(a), candidate genes detected
by cytokine array were validated by qRT-PCR. The gene
expression EGF, VEGF and CCL2 was up-regulated dose-
dependently upon IL-31 stimulation from 10 to 100 ng/ml
after 8 hr. IL-31 could also significantly increase the gene
expression of the above cytokines in a time-dependent
manner from 2 to 24 hr (Fig. 1b). Regarding the protein
expression, IL-31 could significantly induce the release of
EGF, VEGF and CCL2 in both dose- and time-depend-
ently from BEAS-2B cells (all P < 0-05) (Fig. 2).
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Figure 1. Gene expressions of EGF, VEGF and
CCL2 in BEAS-2B cells after IL-31 treatment. 0 10
Total RNA was extracted from BEAS-2B cells

(5 x 10°/well) treated with or without IL-31 at (b)
(a) 10-100 ng/ml for 8 hr and (b) 100 ng/ml
for 2-24 hr. The mRNA was then reverse tran-
scribed and analysed by qRT-PCR. Results are
expressed as the arithmetic mean plus SEM

EGF

from three independent experiments. Relative

Relative expression

expression levels of the genes were expressed 5
with B-actin housekeeping gene as internal 0 8
reference.

Effects of IL-4 and IL-13 on the protein expression
of IL-31RA and release of EGF, VEGF and CCL2
from IL-31-treated BEAS-2B cells

As shown in Fig. 3(a), IL-31RA was expressed in resting
and activated BEAS-2B cells. IL-4, IL-13, IL-31 alone
and the combination of IL-31 with either IL-4 or IL-13
could augment the protein expression of IL-31RA in
BEAS-2B cells compared with an untreated cell control.
These results confirmed the expression of IL-31RA in
BEAS-2B cells and suggested that IL-31 could mediate its
effect through IL-31RA signalling pathways in BEAS-2B
cells. As shown in Fig. 3(b,c), IL-4 and IL-13 alone
did not have a significant effect on the release of both
EGF and VEGF, but IL-31 alone could induce and aug-
ment the protein release of EGF and VEGF, respect-
ively. The combinations of IL-31 with IL-4 or IL-13
had no significant effect on the release of EGF and
VEGF compared with cells treated with IL-31 alone.
However, stimulation of the BEAS-2B cells with IL-4,
IL-13 and IL-31 significantly up-regulated the release of
CCL2 (Fig. 3d). The combined treatment of IL-31 with
either IL-4 or IL-13 was found to significantly augment
CCL2 expression when compared with IL-31-treated
cells (P < 0-05). In this experiment, the concentration
of IL-4 and IL-13 was chosen at 20 ng/ml according to
our previous study.”' This was the lowest concentration
exerting the highest activity on CCL2 induction in
BEAS-2B cells.”

Release of EGF, VEGF, CCL2, IL-6 and IL-8 upon
the interaction of BEAS-2B cells and eosinophils
stimulated by IL-31

Figure 4 shows that untreated BEAS-2B cells and eosino-
phils produce a relatively low concentration of EGF,
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VEGF, CCL2, IL-6 and IL-8 after 18 hr incubation. IL-31
(50 ng/ml) could significantly activate the release of EGF,
VEGF, CCL2 but not IL-6 and IL-8 from BEAS-2B cells
after 18 hr. Moreover, IL-31 could significantly activate
eosinophils to release EGF, CCL2, IL-6 and IL-8 in a
dose-dependent manner (all P < 0-05). In a coculture of
eosinophils and bronchial epithelial cells, the induction of
EGF, VEGF, CCL2, IL-6 and IL-8 was synergistically
up-regulated upon activation by IL-31 (50 ng/ml).

Activation of MAPKs in BEAS-2B cells upon IL-31
stimulation

As shown in Fig. 5, IL-31 (100 ng/ml) could activate p38
MAPK, ERK1,2 and JNKI,2 signalling pathways in BEAS-
2B cells. Western blot analysis showed that phosphoryl-
ation levels of p38 MAPK and JNKI,2 were elevated
after 2 min, while phosphorylation levels of ERK1 were
increased after 10 min. Peak phosphorylation levels of
p38 MAPK and ERK1 occurred after 10-15 min, and
decreased thereafter (Fig. 5a,b). Moreover, the phosphory-
lation level of JNK2 reached a maximal level at 5 min,
whereas the phosphorylation level of JNK1 reached a
maximum at 2 min that was sustained for 1 hr in
BEAS-2B cells upon IL-31 stimulation (Fig. 5c¢).

Effects of kinase inhibitors on IL-31-induced protein
expressions of EGF, VEGF and CCL2

To further examine whether the activation of p38 MAPK,
ERK1 and JNKI1,2 signalling pathways were necessary for
the IL-31 stimulation of EGF, VEGF and CCL2 release,
BEAS-2B cells were stimulated with IL-31 in the presence
or absence of different kinase inhibitors. In our recent
study, the concentrations of the different inhibitors being
used had been optimized so that the inhibitory effect of
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each inhibitor was maximal without significant cytotoxicity
to the cells.?! As shown in Fig. 6(a—c), treatment of the
cells with the solvent DMSO did not affect the cytokine
release. Therefore, the effects of these inhibitors on
BEAS-2B cells were neither the result of the cytotoxicity

536

Figure 2. IL-31 induced release of EGF, VEGF and CCL2 from
BEAS-2B cells. BEAS-2B cells (1-5 x 10°/well) were cultured with or
without IL-31 (10-200 ng/ml) for 16, 24 and 48 hr in a 24-well
plate. (a) EGF (b) VEGF and (c¢) CCL2 released into the culture
supernatant were determined by ELISA. Results are expressed as the
arithmetic mean plus SEM from three independent experiments. Dif-
ferences between groups of different doses of IL-31 and incubation
time were assessed by Student’s t-test and Kruskal-Wallis test,
respectively. *P < 0-05, **P < 0-005 and ***P < 0-0005 when com-
pared with the medium control.
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Figure 3. Effect of IL-4 and IL-13 on the expression of IL-31RA pro-
tein and the release of EGF, VEGF and CCL2 in BEAS-2B cells.
BEAS-2B cells (1-5 x 10°/well) were treated with individual and
combined cytokines of IL-4 (20 ng/ml), IL-13 (20 ng/ml) and IL-31
(50 ng/ml) for 24 hr. (a) Total protein was extracted from the cells
and samples with equal protein amounts were analysed using West-
ern blot. Triplicate experiments were performed with essentially
identical results and a representative blot is shown. B-actin was used
as protein loading control. The release of (b) EGF, (¢) VEGF and
(d) CCL2 in the culture supernatant was determined by ELISA.
Results are expressed as the arithmetic mean plus SEM from three
independent experiments. Differences between groups were assessed
by Student’s #-test. *P < 0-05 and **P < 0-005 when compared with
the untreated group; *P < 0-05 when compared with IL-31-treated
group. Figure under each band shown in (a) represents correspond-
ing relative density determined by densitometry.
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Figure 4. Induction of the release of (a) EGF, (b) VEGF, (c¢) CCL2,
(d) IL-6 and (e) IL-8 upon the interaction of eosinophils and
BEAS-2B cells with or without IL-31. Confluent BEAS-2B cells
(1-5 x 10°/well) were cultured with or without eosinophils (5 x 10°/
well) in the presence or absent of IL-31 in different concentrations
for 24 hr in a 24-well plate. Cytokine release in culture supernatant
was determined by ELISA. Results are expressed as the arithmetic
mean plus SEM from three independent experiments. *P < 0-05,
**P < 0-005, ***P < 0-0005 when compared with the BEAS-2B and
eosinophils control. Ctrl, medium control; EOS, eosinophils.
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Figure 5. Activation of p38 MAPK, ERK1,2 and JNK1,2 in BEAS-2B
cells. BEAS-2B cells (1 x 10°/well) were cultured with or without
IL-31 (100 ng/ml) for different incubation times as indicated. Total
cellular proteins were extracted from the cells for the measurement
of (a) phosphorylated and total p38 MAPK, (b) phosphorylated and
total ERK1,2 and (c) phosphorylated and total JNK1,2 proteins by
Western blot analysis. Experiments were performed in three inde-
pendent replicates with essentially identical results, and representa-
tive results are shown. Total p38 MAPK, ERK1,2, and JNK1,2 were
used as protein control to ensure equal protein loading.

of the compounds nor of the solvent. Preincubation of
cells with a p38 MAPK inhibitor, SB203580 (20 pum),
could significantly diminish the IL-31-induced release of
all three cytokines EGF, VEGF and CCL2. SB203580
could completely inhibit the IL-31-induced release of
VEGF and CCL2, whereas it could partially suppress the
release of EGF from BEAS-2B cells. On the other hand,
preincubation of the cells with either a MEK inhibitor,
PD98059 (20 pum), or a JNK inhibitor, SP600125 (2 pum)
could significantly inhibit the IL-31-induced release of
VEGF and CCL2 but not EGF (Fig. 6a—c). These results
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Figure 6. Effect of SB203580, PD98059 and SP600125 on IL-31-
induced production of EGF, VEGF and CCL2. BEAS-2B cells
(1-5 x 10°/well) were pretreated with SB203580 (20 um), PD98059
(20 pm) or SP600125 (2 pm) for 1 hr followed by incubation with
or without IL-31 (100 ng/ml) for a further 24 hr. Release of cyto-
kines (a) EGF, (b) VEGF and (c¢) CCL2 in the culture supernatant
was determined by ELISA. Results are expressed as the arithmetic
mean plus SEM from three independent experiments. DMSO (0-1%)
was used as the solvent control. Differences between groups were
assessed by Student’s t-test. *P < 0-05, **P < 0-005 and ***P < 0-001
when compared with the IL-31 treated group. SB, SB203580; PD,
PD98059; SP, SP600125.

Discussion

The present study suggested a functional role for IL-31, a
member of the IL-6 cytokine family, in bronchial inflam-
mation and remodelling. Human bronchial epithelial cells
are one of the targets of IL-31, because of the constitutive
expression of IL-31RA in various normal and immortal-
ized human bronchial epithelial cells.'* Although the
expression level of functional IL-31RA is low relative to
that of OSMR, it could be detected in our experimental
model of BEAS-2B cells by Western blot (Fig. 4a). Inter-
leukin-31 was previously described as stimulating the
gene expression of several chemokines, including growth-
related oncogene (GRO)1/CXCL1, thymus and activation-
regulated chemokine (TARC)/CCL17, monocyte-derived
chemokine (MDC)/CCL22, 1-309/CCL1 and macrophage
inflammatory protein 1 (MIP-1/CCL3,4) in normal
human epidermal keratinocytes.'’ Of interest were CCL17
and CCL22, which had been reported as markers for and
been associated with allergic asthma.??>2* However, IL-31
could not stimulate the production of these two chemok-
ines in human bronchial epithelial cells as determined by
cytokine array and ELISA (data not shown). Instead,
IL-31 could stimulate bronchial epithelial cells to produce
another CC chemokine CCL2, as well as the growth fac-
tors VEGF and EGF, which might favour airway hyper-
sensitivity and remodelling in allergic asthma, respectively
(Figs 1,2). VEGF is a potent angiogenic factor mediating
endothelial cell survival, proliferation, migration and
tubule formation;?> while EGF is thought to have a
stimulatory effect on the proliferation of epithelial
cells and smooth muscle which is crucial in airway
remodelling.***’

CCL2 and VEGF were constitutively expressed in
bronchial epithelial cells and they were up-regulated by
IL-31 (Figs 1,2b,c). On the other hand, EGF was not
produced in BEAS-2B cells but its release was induced
upon IL-31 stimulation (Fig. 2a). Evidence had suggested
that CCL2, VEGF and EGF could function in the recruit-
ment of inflammatory cells, and were key regulators of
bronchial inflammation and remodelling in bronchial
asthma.””?® Increased expressions of these cytokines were
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reported in bronchial tissue and bronchoalveolar lavage
fluid of asthmatic patients.”>” It was known that CCL2
mediated the activation and recruitment of monocytes,
mast cells, basophils and eosinophils as well as Th2
lymphocytes, whereas VEGF enhanced the recruitment
of monocytes and neutrophils from the vascular com-
partment to inflammatory sites in the bronchoalveolar
spaces.””?®

Gonzalo et al. has previously shown that antibodies
against CCL2 profoundly reduce the number of inflam-
matory cells in bronchoalveolar lavage fluid and reduce
BHR drastically in a mouse model of asthma.*® Further-
more, our recent findings have demonstrated that CCL2
could be up-regulated by the Th2 cytokines IL-4 and
IL-13, which are the predominant cytokines in BHR.*'
These findings suggested that CCL2 might mediate the
development of BHR in allergic asthma. Since IL-31 could
induce CCL2, VEGF and EGF from the activated bron-
chial epithelium, it might have functions in, at least in
part, inducing bronchial inflammation and remodelling.
It is known that the adhesion molecule intercellular adhe-
sion molecule-1 (ICAM-1) plays an important role in
leucocyte trafficking at inflammatory sites. One might
speculate the effect of IL-31 on the expression of ICAM-1
in bronchial epithelial cells. However, we could not find
any significant effect of IL-31 on ICAM-1 expression in
BEAS-2B cells (data not shown). Actually, the effect of
IL-31 on the release of CCL2 and VEGF from bronchial
epithelial cells also appeared to be relatively weak, in
comparison with tumour necrosis factor-o which stimula-
ted CCL2 and VEGF 10 times more strongly than
IL-31.>%° We suggest that the relatively weak activities of
IL-31 might operate alone or together with other media-
tors to fine-tune the cellular response under an inflamma-
tory condition which might favour an allergic profile for
an ongoing inflammatory process.

IL-4 and IL-13 are significantly expressed and have
been shown to play critical roles in BHR and bronchial
remodelling of allergic asthma."*>*"** These Th2 cytok-
ines could up-regulate the production of CCL2 in BEAS-
2B cells as illustrated by our recent findings.”' Besides, a
recent report had demonstrated that IL-31 expression was
significantly increased and correlated with IL-4 and IL-13
in allergic contact dermatitis.”> Therefore, we speculated
that IL-4 or IL-13 might have a synergistic effect on IL-31
activity, regarding the expression of CCL as well as VEGF
and EGF. Although both IL-4 and IL-13 alone could
moderately up-regulate the expression of IL-31RA in
BEAS-2B cells (Fig. 3a), our current findings could not
demonstrate any synergistic effect of IL-4 or IL-13 on
IL-31-induced expression of IL-31RA, CCL2, VEGF, EGF
(Fig. 3), or surface expression of ICAM-1 (data not
shown). Neither IL-4 nor IL-13 caused a significant
increase in EGF or VEGF secretion, while both stimulated
the secretion of CCL2. Moreover, both IL-4 and IL-13

IL-31 activates bronchial epithelial cells

caused an additive stimulation of CCL2 secretion when
added in combination with IL-31 (Fig. 3d). Although
these two cytokines could activate both STAT-3 and
MAPKs,?! results might suggest that they might not have
interaction between their receptor signalling pathways and
that of IL-31. Therefore, more investigations are needed
to elucidate any potential inflammatory mediators and
their receptor signalling pathways that could cross-talk
with that of IL-31RA and subsequently mediate the bio-
logical functions of IL-31 synergistically.

We also observed that IL-31 could not only induce
EGF, CCL2, IL-6 and IL-8 in human eosinophils but also
exhibit a synergistic effect on the induction of EGF,
VEGF, CCL2, IL-6 and IL-8 in cocultures of eosinophils
and BEAS-2B cells (Fig. 4). In conjunction with the effect
of IL-31 on BEAS-2B cells, IL-31 can play a crucial role
in the allergic inflammation of the bronchi characterized
by the infiltration of eosinophils.

Chattopadhyay ef al. demonstrated that IL-31 might
mediate its biological activities through the activation of
the STAT-3 signalling pathway and MAPK signalling mole-
cules, including ERK, JNK and Akt, in human bronchial
epithelial cells."* In addition, Dambacher et al. also dem-
onstrated that IL-31 might mediate ERK-1,2, Akt, STAT-1
and STAT-3 activation in human intestine epithelial
cells.”” In concurrence with these recent findings, we
demonstrated the activation of ERK1, JNK1,2 and p38
MAPK signalling molecules in IL-31-stimulated human
bronchial epithelial cells (Fig. 5). However, the down-
stream targets of these signalling pathways mediating the
functions of IL-31 are still uncertain. As shown in Fig. 6,
IL-31-induced release of CCL2 and VEGF might be medi-
ated by the activation of p38 MAPK, ERK1 and JNKI,2
signalling molecules, which could be inhibited by three
kinase inhibitors p38 MAPK inhibitor SB203580, MEK1,2
inhibitor PD98059 and JNK1,2 inhibitor SP600125,
respectively. We also demonstrated the involvement of
p38 MAPK, but not of ERKI and JNKI,2 in IL-31-
induced release of EGF in BEAS-2B cells. However,
induction of EGF was not completely inhibited by
SB203580, suggesting that one or more additional signal-
ling pathways (e.g. Akt and STAT signalling pathways)
might also be involved and remain to be determined.

In conclusion, this study demonstrated for the first
time that IL-31 alone or in combination with Th2 cyto-
kines (IL-4 and IL-13) and eosinophils modulates the
function of bronchial epithelial cells through, at least in
part, activation of MAPK signalling pathways and pro-
duction of inflammatory mediators. These results sugges-
ted a new role for IL-31 in the development of allergic
airway inflammation. It would be useful to determine
whether IL-31 and IL-31RA are overexpressed in samples
from human patients with allergic asthma. IL-31 may also
be a new target for development of therapeutic agent for
treatment in allergic asthma.
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