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Abstract

Background: Interleukin (IL)-33, a new member of the IL-1
cytokine family, is involved in T helper (Th)2-type responses
in a wide range of diseases and is mediated by expression of
the ST2 receptor in many immune cells. As the effects of IL-
33 on dendritic cells (DCs) remain controversial, we investi-
gated the ability of IL-33 to modulate the functions of these
cells. Methods: DCs were derived from mouse bone marrow,
and the expression of the IL-33 receptor ST2 was examined
by fluorescence-activated cell sorting and RT-PCR. The re-
sponses of the DCs to IL-33 were examined by RT-PCR and
ELISA, and activation of mitogen-activated protein kinases
(MAPKs) was determined by Western blotting. Results: ST2
ligand mMRNA and protein were detectable in DCs. IL-33 in-
duced the production of thymus and activation-regulated
chemokine/CCL17 and macrophage-derived chemokine/

CCL22 and the activation of extracellular signal-regulated ki-
nase 1/2, c-Jun N-terminal kinase and p38 MAPK. Conclu-
sions: DCs respond directly to IL-33 through ST2. The inter-
action between IL-33 and DCs may represent a new pathway
to initiate Th2-type immune responses. IL-33 and ST2 may
play important roles in allergic inflammation.

Copyright © 2013 S. Karger AG, Basel

Introduction

The ST2 gene was identified originally as a gene in-
duced by fibroblasts. Interleukin (IL)-33 is a new member
of the IL-1 super-family of cytokines that is expressed
mainly by structural cells, such as epithelial cells, endo-
thelial cells and fibroblasts [1-4]. It acts as a ligand for
ST2 [3], which is expressed on the cell surface of mast
cells, T helper (Th)2 cells, basophils, eosinophils and in-
variant natural killer T cells [5-11]. In addition, novel in-
nate lymphoid cells that produce large quantities of Th2-
type cytokines in response to IL-33 have been identified
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recently [12, 13]. IL-1R accessory protein (IL-1RACcP) is
required for IL-33-mediated signal transduction [14].

Chemokines that induce specific types of leukocyte
chemotaxis play a role in the regulation of the migration
and tissue accumulation of leukocytes during inflamma-
tory and immune responses. Several lymphocyte-direct-
ed chemokines have been identified as small polypeptide
molecules produced by dendritic cells (DCs), T cells, epi-
thelial cells, endothelial cells and others [15]. Thymus
and activation-regulated chemokine (TARC)/CCL17 and
macrophage-derived chemokine (MDC)/CCL22 have
specific chemoattractant effects on Th2-type T cells at lo-
cal inflammatory sites [16, 17].

As the function and relationship of the IL-33 and ST2
pathways in DCs remain unclear, we investigated the
ability of IL-33 to modulate the function of these cells.

Materials and Methods

Animals

Five-week-old female BALB/c mice were purchased from San-
kyo Co. Inc. (Tokyo, Japan). All experiments were performed in
accordance with the guidelines for animal experimentation issued
by Showa University (Tokyo, Japan).

Generation of Mouse Bone Marrow-Derived DCs

DCs were generated from mouse bone marrow (BM) using an
established protocol [18, 19]. Briefly, mouse BM was obtained
from the femurs and tibiae. After lysis of erythocytes, the BM cells
were suspended in RPML 1640 with 10% FBS and 20 ng/ml GM-
CSF (R&D Systems, Minneapolis, Minn., USA), and then incu-
bated with 5% CO, at 37°C. On days 3, 6 and 9, the medium was
refreshed with GM-CSF, and nonadherent cells were harvested at
day 10. The purity of BMDCs was greater than 90%. BMDCs were
collected and resuspended in RPML 1640 with 10% FBS.

Detection of ST2 by Fluorescence-Activated Cell Sorting

For fluorescence-activated cell sorting (FACS) analysis, DCs
were preincubated with Fc-receptor blockers (anti-CD16/32; BD
Pharmingen, San Diego, Calif., USA) for 30 min at 4°C and then
stained for 30 min at 4°C with phycoerythrin(PE)-conjugated an-
ti-CD11c (clone HL3; BD Pharmingen) and fluoroescein isothio-
cyanate (FITC)-conjugated rat antimouse T1/ST2 (MD Bioscienc-
es, St. Paul, Minn., USA). PE-conjugated hamster IgGl (BD
Pharmingen) and FITC-conjugated rat IgGl (BD Pharmingen)
were used as isotype controls. After washing, the DCs were resus-
pended, fixed and analyzed using a FACScan flow cytometer (BD
Immunocytometry Systems, Mountain View, Calif., USA) with
gating by a CD11c-positive forward-scatter high-cell population.

Cytokine Stimulation of DCs

To examine the effects of IL-33 on DCs, BMDCs were suspend-
ed in RPMI 1640 containing 10% FBS and stimulated at 37°C with
the medium alone or with recombinant murine IL-33 (R&D Sys-
tems).

IL-33 Induces TARC and MDC in DCs

Reverse Transcription-Polymerase Chain Reaction

Total RNA was isolated from DCs with ISOGEN reagent (Nip-
pon Gene Co., Ltd., Tokyo, Japan). First-strand complementary
(c) DNAs were synthesized using a cDNA extraction kit (Applied
Biosystems, Foster City, Calif., USA). After denaturation of the
cDNA at 94°C for 5 min, a polymerase chain reaction (PCR) was
performed using 5 pmol each of the forward and reverse primers,
5ml of cDNA, 0.6 U of Taq polymerase (Roche Diagnostics, Basel,
Switzerland) and 2.5 ml of PCR reaction buffer (100 mmol/I Tris-
HCI, 15 mmol/l MgCl, and 500 mmol/l KCI; Roche Diagnostics).
Distilled water was added to bring the reaction volume to 25 ml.
The primer sequences for ST2 ligand (ST2L) were 5'-TGCGTA-
CATCATTTACCCTCGGGTC-3" (forward) and 5'-TCTTGT-
GCCACAAGAGTGAAGTAGG-3' (reverse), and for p-actin were
5'-ATCTACGAGGGCTATGCTCT-3' (forward) and 5'-TACT-
CCTGCTTGCTGATCCA-3" (reverse). The amplification reac-
tion was performed for 33 (for ST2L) or 25 (for P-actin) cycles,
with denaturation at 94°C for 1 min, annealing at 60°C for 1 min
and extension at 72°C for 1.5 min (Perkin-Elmer Cetus, Norwalk,
Conn., USA). After incubation at 72°C for 10 min, the PCR-am-
plified products were analyzed using 2% agarose gel electrophore-
sis and ethidium staining, followed by visualization with a UV
transilluminator [20].

Real-Time PCR

TagMan probe sets of TARC/CCL17 and MDC/CCL22 (Ap-
plied Biosystems) were used in these analyses. Each probe had a
fluorescent receptor dye (FAM) linked to its 5 end and a down-
stream quencher dye (TAMURA) linked to its 3’ end. We used
TagMan ribosomal RNA labeled with a fluorescent reporter dye
(VIC) as an internal control. Each reaction comprised 25 ul of mix-
ture containing 2x Universal Master Mix (Applied Biosystems),
primers, labeled probes and 500 ng cDNA. Amplification condi-
tions included 40 cycles at 95°C for 15 s and 60°C for 1 min after
incubation at 95°C for 10 min. The amplification and fluorescence
measurements were performed during the elongation step using
the ABI PRISM 7700 Sequence Detection System (Applied Biosys-
tems). normalized against RNA Polymerase II expression; levels of
specific mRNA in stimulated cells were presented as relative ex-
pression compared with control cultures using the Ct method. The
data were analyzed using SDS 2.2 software (Applied Biosystems)
and normalized against RNA. Levels of RNA in IL-33-stimulated
cells were presented as relative expression compared with control
cells using the AACt method [20].

Assay of TARC and MDC in Culture Supernatants

The levels of TARC and MDC in the culture supernatants were
measured using an ELISA kit (R&D Systems). Data are presented
as picograms of TARC or MDC per 1 x 10° cells. The minimum
detectable dose of mouse TARC and MDC was <5 pg/ml.

Western Blotting

Cells were exposed to IL-33 for 0-120 min, washed with PBS
and the total protein was extracted in mammalian protein extrac-
tion reagent containing a cocktail of protease and phosphatase
inhibitors (Pierce Biotechnology, Rockford, Ill., USA). The har-
vested lysates were then centrifuged for 10 min at 4°C to remove
cellular debris, and the supernatants were collected and stored at
-80°C. Protein concentration was measured using the BCA pro-
tein assay reagent kit (Pierce Biotechnology). For Western blot-
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Fig. 1. DCs express ST2 mRNA and ST2 protein. a Total RNA was
purified from DCs, and ST2L mRNA expression was examined by
RT-PCR. Representative results of RT-PCR were visualized on a
2% electrophoresis gel. b FACS analyses of purified DCs showing
the surface expression of ST2 protein. The control antibody was
rat IgG1 isotype control (dark blue area) and anti-ST2 (green line).
Data are representative of 3 independent experiments (4 mice per
group).

ting, 20 ug of protein from each sample was separated electropho-
retically on 4-20% Tris-glycine gradient gels (Novex, San Diego,
Calif., USA) and then transferred to a nitrocellulose membrane
(Schleicher & Schuell, Dassel, Germany). The blots were blocked
with 5% non-fat milk powder in TBST (50 mM Tris, 0.15 M NaCl
and 0.05% Tween 20) at room temperature for 1 h, washed 3 times
in TBST bulffer, followed by incubation at 4°C overnight with pri-
mary antibody [phosphorylated extracellular signal-regulated
kinase (ERK)1/2, c-Jun N-terminal kinase (JNK), p38 mitogen-
activated protein kinase (MAPK) and total ERK1/2, JNK and
p38 MAPK 1:1,000 (Cell Signaling Technology, Danvers, Mass.,
USA)]. The membranes were then incubated at room temperature
for 1 h with secondary antibody, HRP-conjugated anti-rabbit IgG
antibody 1:3,000 (Cell Signaling Technology). After extensive
washing with TBST, we added a chemiluminescent substrate
(ECL Western blot detection system, Amersham, Biosciences)
and subjected the membrane to autoradiography. The reaction
products were detected using an enhanced chemiluminescence
detection system.
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Statistical Analysis

The results were expressed as means + SE. Significant differ-
ences in the results were detected using the Tukey test. Differences
were considered significant at p < 0.05.

Results

Expression of the IL-33 Receptor ST2 in DCs

We first examined whether DCs express ST2 mRNA
and protein. Using RT-PCR, we detected ST2L mRNA in
BMDC:s (fig. 1a).

A FACScan was also used to study the expression of
surface ST2 protein and showed that this protein was in-
deed expressed on the surface of DCs (fig. 1b).

IL-33-Activated DCs Induce Expression of TARC and

MDC

As ST?2 protein was detectable on the surface of DCs
on FACScans, we investigated whether IL-33 could in-
duce any functional responses in these cells. The concen-
trations of the chemokines TARC/CCL17 and MDC/
CCL22 were measured after the DCs had been stimulated
with IL-33. These studies demonstrated that IL-33-stim-
ulated DCs showed significant enhancement of TARC/
CCL17 and MDC/CCL22 mRNA levels compared with
unstimulated DCs. The extent of this upregulation was
dose-dependent (fig. 2a, b).

To evaluate if the production of these proteins accom-
panied the expression of these mRNA, we determined the
amount of TARC/CCL17 and MDC/CCL22 protein
in the supernatants of DCs. TARC/CCL17 and MDC/
CCL22 production was expressed as pg/1 x 10° cells.
Stimulation with IL-33 showed significant enhancement
of TARC/CCL17 and MDC/CCL22 levels compared with
unstimulated DCs. Stimulation with IL-33 caused a dose-
dependent upregulation of TARC/CCL17 and MDC/
CCL22 protein expression (fig. 2c, d).

IL-33 Promotes Phosphorylation of ERK1/2, JNK and

p38 MAPK in DCs

To determine the signaling pathways involved in IL-
33-induced expression of chemokines in DCs, untreated
orIL-33-stimulated cells were lysed at various time points,
and Western blotting was performed using antibodies
against members of the MAPK family, including ERK1/2,
JNK and p38 MAPK. Western blotting of lysed, untreated
or IL-33-stimulated cells demonstrated that the phos-
phorylation of ERK1/2, JNK and p38 MAPK was initiated
after 5-15 min of treatment with IL-33 and returned to
baseline levels at 120 min (fig. 3a—c).
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Fig. 2. TARC/CCL17 and MDC/CCL22 expression in DCs. Ex-
pression of TARC/CCL17 (a) and MDC/CCL22 (b) mRNA in DCs
was determined by real-time PCR at 4 h after IL-33 stimulation.
TARC/CCL17 (c) and MDC/CCL22 (d) protein concentrations in

Discussion

DCs are the major antigen-presenting cells and play a
pivotal role in immune responses [21]. It has been shown
previously that although DCs contain ST2 protein, this
has not been detected on their surface [22]. Our study
suggests that DCs express ST2 constitutively and are ac-
tivated by IL-33 through ST2. We are not certain, how-
ever, whether or not this discrepancy may be attributable
to technical differences in our experimental approach.

Treatment of DCs with IL-33 upregulates cell-surface
expression of MHC class II molecules and the costimula-
tory molecules CD86 [22], CD40 and CD80, and also in-
creases production of proinflammatory cytokines and che-

IL-33 Induces TARC and MDC in DCs

supernatants were also measured by ELISA at 48 h with IL-33 stim-
ulation. Each sample was analyzed in duplicate. Data are represen-
tative of 3 independent experiments (8 mice per group). * p < 0.05,
**p <0.0L, *** p <0.001.

mokines [23]. In this study, we demonstrated that IL-33
caused potent activation of DCs, resulting in the produc-
tion of the chemokines TARC/CCL17 and MDC/CCL22.
This production by DCs is related to Th2-mediated allergic
inflammation. We were able to detect TARC/CCL17 and
MDC/CCL22 protein in the supernatants of nontreated
DCs. But, we are not certain whether these results are at-
tributable to technical differences. IL-33 appears to be ex-
pressed by epithelial cells, fibroblasts and smooth muscle
cells. Thymic stromal lymphopoietin (TSLP) is also ex-
pressed by epithelial cells. TSLP causes potent activation of
DCs and induces the production of the Th2-attracting che-
mokines, TARC/CCL17 and MDC/CCL22 [24].IL-33 may
therefore be another tissue-derived factor that activates
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Fig. 3. IL-33-induced phosphorylation of MAPKs in DCs. Whole-
cell lysates were examined for the expression of phospho-ERK1/2, p38 _
ERK1/2 (a), phospho-JNK, JNK (b) as well as phospho-p38 MAPK 0 5 10 15 30 60 120
and p38 MAPK (c) at the time points indicated following stimula- c Time (min)
tion with IL-33 (100 ng/ml). Data are representative of 3 indepen-
dent experiments (4 mice per group).

DCs and profoundly affects the production of Th2-type
chemokines, similar to that observed with TSLP.

Next, we evaluated the signaling pathways involved in
the IL-33 responses in DCs. IL-33 signals by interacting
with the receptor complex consisting of membrane-bound
ST2 and IL-1RACP, resulting in the activation of NF-«xB
and MAPK [3]. This pathway induces the production of
several cytokines and chemokines. The production of
TARC/CCL17 in response to IL-33 is mediated by an NF-
kB-independent MAPK-dependent pathway [25]. IL-33/
ST2 signaling pathways have been reported in several cells,
although they vary in the different cells. IL-33/ST2 signal-
ing pathways therefore remain poorly understood in DCs.

IL-33 is known to activate ERK1/2, JNK and p38
MAPK signaling cascades in mast cells [3], basophils [10],
macrophages [26] and fibroblasts [27]. IL-33 also acti-
vates ERK1/2 and p38 MAPK in eosinophils [10] and mi-
crovascular endothelial cells, but only ERK1/2 in bron-
chial epithelial cells [28]. We demonstrated that IL-33 in-
duced the activation of ERK, JNK and p38 MAPK in DCs,
and also showed that these cells had distinct differences
in requirements for MAPK in the IL-33-mediated signal-
ing pathway. These mechanistic differences between DCs
and other cells in their IL-33-mediated signaling path-
ways need to be elucidated in further studies.

In summary, this study defines a role for IL-33/ST2 in
type 2 immunity as an important enhancer for the devel-
opment of activated DCs by the production of TARC and
MDC. IL-33 and ST2 may play important roles in Th2 al-
lergic inflammation.
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