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PURPOSE. The authors discovered a genetic association between
the ST2L gene and atopy. The ST2L gene encodes a membrane-
bound functional marker for Th2 cells. Recently, a novel Th2
cytokine, interleukin-33 (IL-33), was discovered to be a specific
ligand for ST2L. The authors investigated the role of IL-33 in
chronic allergic conjunctivitis.

METHODS. Immunohistochemical analysis was carried out using
giant papillae samples obtained from patients with atopic ker-
atoconjunctivitis. The authors used proinflammatory stimuli to
clarify IL-33 mRNA/protein-inducing signals with cultured hu-
man conjunctival epithelial cells, fibroblasts, human umbilical
vascular endothelial cells, and mast cells. These cells were also
used to examine the expression of ST2L (IL-33R). Finally, cul-
tured mast cells were stimulated with recombinant IL-33 (rIL-
33) to examine the downstream signals.

RESULTS. The authors found IL-33 protein expression in human
vascular endothelial cells in the giant papillae and in the con-
trol conjunctivae. IL-33 expression was also observed in con-
junctival epithelium of the giant papillae but not in the control
conjunctivae. IL-1� stimulation upregulated IL-33 mRNA ex-
pression in conjunctival fibroblasts. The authors also con-
firmed mature IL-33 protein expression in ocular resident cells
by Western blot analysis. Preferential ST2L expression was
observed in human mast cells, and phosphorylation of p38
MAPK and IL-13 mRNA induction was observed in human
cultured mast cells after rIL-33 stimulation. Phosphorylation of
p38 MAPK was inhibited by soluble ST2 protein.

CONCLUSIONS. The IL-33-ST2 signaling cascade plays some roles
in the pathophysiology of chronic allergic conjunctivitis
through the activation of mast cells. (Invest Ophthalmol Vis
Sci. 2009;50:4646–4652) DOI:10.1167/iovs.08-3365

Our previous study showed a strong genetic association
between atopic dermatitis/high serum IgE status and a

functional single nucleotide polymorphism (SNP) in the distal
promoter region of ST2.1 The ST2 gene encodes two molecules
by alternative splicing. One molecule is ST2L, which is con-
trolled by the distal promoter and encodes a membrane recep-
tor for a recently discovered Th2 cytokine, interleukin-33 (IL-
33).2 The other molecule is soluble ST2, which works as a
decoy receptor for IL-33. The biological activities of IL-33,
including IgE induction and eosinophil infiltration to the target
tissues, can be explained by the signaling cascade through
membrane-bound ST2L (IL-33R/IL-33 receptor), which had
been extensively investigated as a marker for Th2 cells.3,4

Other lines of study showed that the IL-33 precursor is identi-
cal to a nuclear factor for high endothelial venule (NF-HEV),
which is a gene cloned from high endothelial venule (HEV)
tissue,5 and is identical to DVS-27, a gene cloned from rat
subarachnoid hemorrhage model.6

In this study, we investigated the role of the IL-33/IL-33R
signaling cascade in chronic allergic conjunctivitis because
IL-33 shares homologous sequences with IL-1, a known proin-
flammatory cytokine, expressed by ocular surface epithelial
cells and plays some roles in allergic conjunctivitis.7 In addi-
tion, IL-33 shares the receptor beta chain (IL-1RAP) with IL-1,8

indicating that both cytokines may share its downstream sig-
naling cascades.

To elucidate the role of IL-33 in ocular surface inflamma-
tion, we examined the in vivo expression of IL-33 protein using
biopsy samples obtained from atopic keratoconjunctivitis
(AKC),9 a typical Th2-biased disease; superior limbic kerato-
conjunctivitis (SLK)10,11 and Mooren ulcer,12 models for non–
Th2-biased inflammation; and conjunctivochalasis, a nonin-
flammatory control conjunctiva.13 We found IL-33 protein
expression at human vascular endothelial cells and HEV in the
conjunctival tissues. In chronic allergic conjunctivitis, IL-33
expression was also observed in the conjunctival epithelium.
We also used proinflammatory stimuli to clarify the IL-33–
inducing mechanism using cultured cells. IL-1� could upregu-
late IL-33 mRNA expression in ocular surface epithelial cells
and fibroblasts.

MATERIALS AND METHODS

Reagents, Antibodies, and Plasmids

Rabbit anti–human IL-33 polyclonal antibody was purchased from MBL
(Nagoya, Japan), anti–human CD4 and CD31 antibodies were pur-
chased from Dako Japan (Kyoto, Japan), and rat anti–PNAd IgM anti-
body (clone MECA-79) was purchased from BD Biosciences (Franklin
Lakes, NJ). Phospho-p38 MAPK antibody was purchased from Promega
(Madison, WI), and total p38 MAPK monoclonal antibody and normal
rabbit IgG were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Recombinant human interferon-gamma (rIFN-�), recombinant hu-
man IL-1� (rIL-1�), and recombinant human IL-33 (rIL-33) were pur-
chased from PeproTech (London, UK).
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Immunohistochemistry
Immunofluorescence staining was performed to examine the expres-
sion of IL-33, CD4, CD31 (endothelial cell marker), and PNAd (HEV
marker) in the giant papillae obtained from six patients with AKC and
the control conjunctival tissues (obtained from five patients with
conjunctivochalasis, four with SLK, and two with Mooren ulcer).
Detailed information for the patients (with AKC, SLK, and conjunctiv-
ochalasis) has been described elsewhere.14 Cryosections (7 �m) were
fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) and
then stained with rabbit anti–IL-33, mouse anti–CD31, and rat anti–
PNAd antibodies (BD Bioscience). We also immunostained sections
from four skin biopsy samples obtained from patients with atopic
eczema. The sections were then scanned with a confocal microscope
(FV-1000; Olympus Corporation, Tokyo, Japan). Negative control spec-
imens were immunostained with normal rabbit IgG antibody instead of
rabbit anti–IL-33 antibody. Double immunostaining was carried out on
pairs of the anti–IL-33 antibody with the mouse anti–CD31 antibody or
with the rat anti–PNAd antibody. Donkey Alexa 488-conjugated anti–
rabbit IgG antibody, donkey Alexa 594-conjugated anti–mouse IgG
antibody, and donkey Alexa 594-conjugated anti–rat IgG antibody (all
from Invitrogen Japan, Tokyo, Japan) were used as secondary antibod-
ies. All procedures were approved by the ethics committee of Kyoto
Prefectural University of Medicine, and the study was conducted in
accordance with the tenets of the Declaration of Helsinki.

Cell Culture and Stimulation with rIL-1�

The immortalized human conjunctival epithelial (HCJE) cell line was
kindly provided by Ilene K. Gipson.15 Cultured human primary con-
junctival fibroblasts were prepared and maintained as previously de-
scribed.16 Conjunctival epithelial cells/fibroblasts were stimulated with
rIL-1� (10 ng/mL) and rIL-1� � rIFN (10 ng/mL) for 24 hours. The
HCJE cell line was cultured with defined keratinocyte serum-free
growth medium (Invitrogen Japan). Conjunctival fibroblasts were cul-
tured with 10% fetal calf serum in Dulbecco’s minimum essential
medium (Invitrogen Japan). Human umbilical vascular endothelial cells
(HUVECs) were obtained from DS Pharma Biomedical (Osaka, Japan)
and were cultured with human vascular endothelial culture medium
according to the manufacturer’s protocol. The human mast-cell line
LAD2 was kindly provided by Arnold Kirshenbaum (National Institute
of Allergy and Infectious Diseases, National Institutes of Health) and
was maintained as previously described.17 HUVECs and LAD2 were
also stimulated with rIL-1� (10 ng/mL) for 24 hours.

Reverse Transcription and Real-Time
PCR Analysis
With the use of an RNA purification kit (RNeasy; Qiagen Japan, Tokyo,
Japan), total RNA was isolated from cultured cells (conjunctival epi-
thelial cells and fibroblasts). cDNA was made with a reverse transcrip-
tase (ReverTra-Ace; Toyobo, Osaka, Japan) using random hexamers
according to manufacturer’s protocol. Real-time PCR probes and prim-
ers specific for human IL-1� (Hs00174097_m1), human IL-33
(Hs00369211_m1), human IL-13 (Hs00174379_m1), human IL-1 recep-
tor alpha (IL-1R1;Hs00991010_m1), human ST2L (Hs00249389_m1),
and human 18S-rRNA were purchased from Applied Biosystems (Assay
on Demand Products; Applied Biosystems Inc., Foster City, CA). Real-
time PCR analysis was performed with a detection system (ABI PRISM
7300 HT Sequence; Applied Biosystems). Relative expression of IL-33
in the cultured cells was quantified by the standard curve method, and
relative expression of IL-1�, IL-1R, IL-13, and ST2L was quantified by
comparative Ct methods using 18S-rRNA expression in the same cDNA
as the controls. The standard curve was made with pCRII-IL-33 plasmid
prepared by PCR-based subcloning.

SDS-Polyacrylamide Gel Electrophoresis and
Western Blot Analysis
HCJE cells and fibroblasts were collected and washed twice with
phosphate-buffered saline (PBS), and the number of cells was counted.

Cells (2 � 104) were then solubilized in SDS-sample buffer (62.5 mM
Tris-HCl, pH 6.8, 2% SDS, 20% glycerol, and 0.04% bromophenol blue).
Next, 50 mM dithiothreitol was added to the samples and incubated for
15 minutes at 65°C. Of each sample, 15 �L was loaded onto 12%
Tris-glycine gel with prestained protein standards (Precision Blue;
Bio-Rad Japan, Tokyo, Japan). The electrophoresed protein was trans-
ferred to polyvinylidene fluoride (PVDF) membrane (Pall Japan, Tokyo,
Japan). The membrane was then incubated with rabbit anti–human
IL-33 polyclonal antibody (a 1:500 dilution in 1% nonfat skim milk)
overnight at 4°C. After washing with Tris-buffered saline (10 mM
Tris-HCl, pH 7.6, 150 mM NaCl) containing 0.05% Tween 20 (TBS-T),
the membrane was incubated with a 1:10,000 dilution of horseradish
peroxidase–conjugated anti–rabbit IgG (GE Healthcare, Uppsala, Swe-
den) for 1 hour and was visualized with Western blotting reagents (ECL
Plus; GE Healthcare).

Reporter Gene Assay

ST2L (the membrane-bound form of ST2) or soluble ST2 (sST2) were
overexpressed in HCJE cells with the pBOS-human ST2L expression
vector or the pEF6-human sST2 vector, respectively, as previously
described.18 Mock transfection was carried out with empty pBOS
vectors. Forty-eight hours after transfection, pNF�B promoter plasmids
(Stratagene Japan, Tokyo, Japan) and the pRL-TK vector (Promega)
were cotransfected into the HCJE cells. The pRL-TK vectors served as
an internal control for transfection efficiency into the epithelial cells.
All transfections were carried out with reagent (Lipofectamine LTX;
Invitrogen Japan). Twenty-four hours after reporter gene transfection,
each sample was stimulated with rIL-33 (50 ng/mL), rIL-1 (10 ng/mL),
or PBS only. Twenty-four hours after cytokine stimulation, luciferase
activity was measured (Dual Luciferase Reporter Assay Kit, Promega)

Quantification of Relative IL-1R and ST2L
(IL-33R) Expression

Real-time PCR analysis was carried out using cDNA obtained from
unstimulated HCJE cells, conjunctival fibroblasts, HUVECs, and mast
cells.

Mast Cell Stimulation with rIL-33 and
Downstream Signal Analysis

To analyze the rIL-33–induced phosphorylation of p38 MAPK, LAD2
cells (2 � 104 cells/well in a 24-well dish) were stimulated with rIL-33
(50 ng/mL) for 15 minutes. As control experiments, neutralization of
rIL-33 was carried out by the addition of anti–ST2 antibody (clone 2A5;
MBL) or recombinant soluble ST2 (R&D Systems, Minneapolis, MN).
Western blot analysis was carried out using phosphospecific p38 mi-
togen-activated protein kinase (MAPK) and total p38 MAPK antibodies.
IL-13 mRNA expression in LAD2 cells, with rIL-33 (50 ng/mL) or rIL-1�
(10 ng/mL) stimulation for 6 hours and 24 hours, was also quantified by
real-time PCR, as described.

RESULTS

Immunohistochemistry of Giant Papillae

IL-33 immunohistochemical staining with rabbit anti–human
IL-33 polyclonal antibody was carried out on giant papillae
samples obtained from patients with AKC (Figs. 1, 2A–D). IL-33
immunostaining was observed in PNAd� HEV cells (Fig. 1C,
arrowheads), though not all the IL-33� cells were PNAd� (Fig.
1C, arrows). Negative control staining using control rabbit IgG
showed no definite staining (Fig. 1D). IL-33� immunostaining
could be observed in vascular endothelial cells (Fig. 2) and in
some part of the epithelial cells (Figs. 2A, 2C) and fibroblasts
(Fig. 2D, asterisks) of giant papillae. Double immunostaining
with anti–CD4 antibody showed that the IL-33� vascular en-
dothelial cells were surrounded by CD4� T cells (Fig. 2B,
arrow). Double immunostaining with anti–CD31 antibody con-
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firmed positive IL-33 staining in vascular endothelium (Fig. 2C).
Nuclear IL-33� staining was observed in some vascular endo-
thelial cells (Fig. 2C, arrowhead). On the other specimens,
cytoplasmic IL-33 staining was observed in vascular endothelial
cells (Fig. 2D, arrows), and fibroblasts were also positive for
IL-33 staining (Fig. 2D, asterisks). A skin biopsy section ob-
tained from a patient with atopic dermatitis showed positive
IL-33 immunostaining in epithelium and vascular endothelium
(Fig. 2F).

IL-33 immunostaining was also observed in vascular endo-
thelium of conjunctivae obtained from a patient with conjunc-
tivochalasis (Fig. 2E), a patient with SLK (Fig. 3A), and the
nuclei of HEV in conjunctival tissue obtained from a patient
with Mooren ulcer (Figs. 3B, 3C). However, no definitive IL-
33� staining was observed in the epithelial cells or in the
fibroblasts of the conjunctivae obtained from those patients.

IL-1� Stimulation Induced IL-33 mRNA
Expression in HCJE/Conjunctival Fibroblasts

IL-33 mRNA expression in HCJE cells and fibroblasts was quan-
tified with real-time PCR. In human HCJE cells, the induction of
IL-33 mRNA expression was 1.2-fold by IL-1� stimulation and
1.4-fold by IL-1� � IFN-� stimulation. The overall magnitude of
IL-33 mRNA expression was greater in conjunctival fibroblasts
than in conjunctival epithelial cells, and 16-fold IL-33 mRNA
induction was observed by IL-1� stimulation. No IL-33 mRNA
expression was observed in cultured human mast cells. On the
other hand, IL-1� treatment reduced constitutive IL-33 mRNA
expression in HUVECs (Fig. 4A). For the purpose of compari-
son, relative IL-1� mRNA expression was also quantified by
real-time PCR. HCJE cells showed the most abundant IL-1�
mRNA expression. IL-1� mRNA induction was observed in
conjunctival fibroblasts and HUVECs. Only a negligible amount
of IL-1� mRNA expression was detected in mast cells (Fig. 4B).

IL-33 Western Blot Analysis

Western blot analysis was carried out with rabbit anti–human
IL-33 polyclonal antibody using HCJE lysate and conjunctival
fibroblast lysate, both stimulated with rIL-1� or rIL-1� � IFN-�
for 24 hours. In the case of fibroblasts, a marked increase of
pro-IL-33 was observed after stimulation (Fig. 5, arrow). No
definitive bands corresponding to pro-IL-33 molecular weight

(30 kDa, arrow) were observed in HCJE cells. A modest amount
of mature IL-33 protein was observed in HCJE cells and con-
junctival fibroblasts, but no increase of mature IL-33 protein
was observed with rIL-1� treatment (Fig. 5, asterisk). No addi-
tive effect for rIL-1� � IFN-� stimulation was observed for IL-33
expression.

ST2L (IL-33R)–Dependent NF-�B Activation
in HCJE

HCJE cells were transfected with the ST2L (IL-33R) expression
vector or the sST2 (a decoy receptor for IL-33) expression
vector. NF-�B activation by IL-1� stimulation was observed in
all samples examined (Fig. 6A). ST2L-transfected HCJE cells
showed a higher NF-�B activation signal than did those of
mock-transfected HCJE or sST2-transfected cells (Fig. 6A).

FIGURE 2. Immunohistochemical analysis of giant papillae using anti–
human IL-33 antibody. Giant papillae obtained from patients with AKC
were immunostained with anti–IL-33 polyclonal antibody (A) and dou-
ble immunostained with anti–IL-33 and anti–CD4 monoclonal antibody
(B). Arrow: IL-33� vascular endothelium surrounded by CD4� T cells.
(C) Double-immunostained with anti–IL-33 and anti–CD31 monoclonal
antibody. Arrowhead: nuclear IL-33 staining in the vascular endothe-
lium. (D) Cytoplasmic IL-33 staining in the vascular endothelium (ar-
rows); IL-33� fibroblastic staining (asterisks). (E) Control conjunctiva
obtained from a patient with conjunctivochalasis. Positive IL-33 immu-
nostaining was observed in the vascular endothelium. (F) IL-33 immu-
nostaining of a skin biopsy specimen of a patient with atopic eczema.
Positive staining was observed in the epithelium and vascular endo-
thelium. Original magnifications, 200� (A , B , F); 400� (C –E).

FIGURE 1. Immunohistochemical analysis of giant papillae using rab-
bit anti–human IL-33 antibody. Giant papillae obtained from a patient
with AKC were immunostained with the anti–IL-33 antibody (A). The
same slides were also immunostained with anti–PNAd (HEV) monoclo-
nal antibody (B). The merged image is shown (C). Arrows: PNAd�

IL-33 staining. Arrowhead: IL-33� HEV. Negative control staining of
the adjacent section with normal rabbit IgG is shown (D). Original
magnification, 200�.
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IL-1R and ST2L (IL-33R) Receptor Expression
Levels Are Distinct among the Cell Types

The relative mRNA expression of IL-1R and ST2L was quanti-
fied by real-time PCR. Abundant IL-1R mRNA expression was
observed in HCJE cells and conjunctival fibroblasts, whereas a
negligible amount of IL-1R expression was observed in mast
cells. On the other hand, abundant ST2L mRNA expression was
observed in mast cells but not in HCJE cells or conjunctival
fibroblasts. HUVECs showed modest IL-1R and ST2L mRNA
expression (Fig. 6B).

Mast Cell Stimulation with rIL-33–Induced p38
MAPK Activation and IL-13 Upregulation

Human mast cell line LAD2 was stimulated with rIL-33 for 5,
15, and 30 minutes, and phosphospecific p38 MAPK immuno-
blotting was then carried out. Prominent p38 phosphorylation
was observed 15 minutes after rIL-33 stimulation (Fig. 7A).
IL-13 mRNA expression in rIL-33–stimulated LAD2 cells was
quantified with real-time PCR analysis. Relative magnitude of
IL-13 mRNA expression was shown. Marked IL-13 induction
was observed in rIL-33–stimulated LAD2 cells but not in rIL-
1�–stimulated mast cells (Fig. 7B).

DISCUSSION

Immunohistologic analysis of ocular tissue showed constitutive
IL-33 expression in vascular endothelial cells (Figs. 1–3). These
results are consistent with previous reports that showed IL-33
expression at vascular endothelial cells in human colon, lung,
liver, and skin tissue.19 We found IL-33� HEV at the stromal
region of the giant papillae (Fig. 1C, arrowhead). Given that the

IL-33 molecule was originally cloned from HEV by differential
display,5 it is reasonable that we found IL-33� HEV cells in our
samples. It is reported that HEV cells are abundant in the T-cell
zone of lymphatic tissue, and they play a major role in lympho-
cyte homing to lymphatic tissue.20 Our results also showed
that IL-33� vascular cells were surrounded by CD4� T cells
(Fig. 2B, arrow). Because of the preferential ST2L (IL-33R)
expression in Th2 cells compared with Th1 cells,3,4 IL-33�

HEV cells may play a role in the activation and infiltration of
Th2 lymphocytes, as suggested by previous reports.21,22

IL-33 protein expression is observed not only in the nucleus
of endothelial cells (Fig. 2C, arrowhead), as reported in previ-
ous reports,19,23 but also in the cytoplasm in some vascular
endothelial cells (Fig. 2D, arrows). Given that the IL-33 nuclear
localization signal is located at the N-terminal of the pro-IL-33
protein,24 it is reasonable that it is expressed in cytoplasm, at
least in mature IL-33 protein, in which N-terminal amino acid
sequences were cleaved by caspase-1.2 Based on these results,
we theorize that nuclear and cytoplasmic IL-33 expression is
possible in conjunctival tissue, and nuclear IL-33 localization
suggests the existence of the pro-IL-33 protein.

In the giant papillae of patients with AKC and in skin biopsy
specimens obtained from patients with atopic eczema, positive
IL-33 staining was observed not only in the vascular endothe-
lium but also in epithelial cells (Figs. 2A, 2C, 2F). On the other
hand, IL-33 expression is restricted to the vascular endothe-
lium of conjunctivae of patients with conjunctivochalasis (Fig.
2E), SLK (Fig. 3A), and Mooren ulcer (Figs. 3B, 3C). We used
conjunctivae samples obtained from patients with conjunctiv-
ochalasis as noninflammatory control conjunctivae, as shown
previously.13 Although we analyzed only a limited number of
samples, extravascular IL-33 protein expression might be one

FIGURE 3. Immunohistochemical
staining of conjunctival specimens ob-
tained from patients with SLK or
Mooren ulcer using anti–IL-33 anti-
body. Frozen sections made from con-
junctival specimens obtained from a
patient with SLK (A) and a patient
with Mooren ulcer (B, C) were stained
by polyclonal anti–IL-33 antibody. Nu-
clear IL-33 staining was observed in
the vascular endothelium. Double im-
munostaining was carried out with an-
ti–PNAd (HEV) antibody (C). Original
magnification, 200�.
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of the pathologic elements of chronic allergic disease. Because
Leonardi et al.25 reported that IL-1� protein was expressed in
4 of 6 tear samples obtained from patients with vernal kerato-
conjunctivitis (VKC; average, 21.7 pg/mL) but not in any of the
tear samples obtained from controls, it is possible that the tears
of AKC and VKC patients induce extravascular IL-33 expres-
sion at the ocular surface.

We next tried to detect proinflammatory stimuli to induce
IL-33 expression. A previous report showed that the IL-33
(DVS-27) gene is induced prominently by IL-1� and moderately
by IFN-� in human artery smooth muscle cells.6 We then
stimulated HCJE cells, corneal fibroblasts, HUVECs, and mast
cells with IL-1� for 24 hours and found that IL-33 mRNA was
induced by rIL-1� stimulation in HCJE cells and conjunctival
fibroblasts. Our result was consistent with previous results for
IL-33 induction in dermal fibroblasts by a combination of IL-
1�/TNF-�.2 A weak additive effect for rIL-1� � IFN-� costimu-
lation was observed in the mRNA level. On the other hand,
IL-33 mRNA expression was suppressed in HUVECs by the
same IL-1�. This result is consistent with the previous results
by Kuchler et al.23 that showed IL-33 downregulation by IL-1
stimulation. We also examined IL-1� mRNA expression using
the same cDNA samples (Fig. 4B) and found that constitutive

IL-1� mRNA expression was observed in HCJE cells and that
IL-1� mRNA expression was induced in conjunctival fibroblasts
and in HUVECs with the stimulation of IL-1� itself. Interest-
ingly, the reverse kinetics of IL-33 mRNA and IL-1� mRNA
expression was observed in IL-1�–stimulated HUVECs (Fig. 4A
vs. 4B). We considered that the reverse kinetics was not con-
tradictory because the loss of constitutive IL-33 expression in
the nucleus may activate transcriptional machinery in HUVECs,
as has been shown in other reports.23 As a result of our in vivo
and in vitro experiments, we agree with the theory proposed
by Carriere et al.24 that IL-33 may work as a dual-function
protein (a nuclear protein with repressive properties and as a
proinflammatory cytokine) and other types of dual-function
proteins such as IL-1�26 and HMGB1.27

As a next step, we tried to detect IL-33 protein because it
was reported that caspase-1–dependent cleavage is required
for mature IL-33.2 Immunoblotting experiments showed clear
induction of the pro-IL-33 molecule in response to rIL-1� stim-
ulation for 24 hours in conjunctival fibroblasts (Fig. 5, lanes 5
and 6, arrow); however, no definitive increase in mature IL-33
was observed (Fig. 5, lanes 5 and 6, asterisk). No additive effect
for IL-33 protein induction was observed with IL-1� � IFN-�
simulation compared with the effect of IL-� stimulation (Fig. 5,
lanes 4 and 7).

In the case of HCJE cells, the induction of pro-IL-33 protein
was not observed in contrast to that of conjunctival fibroblasts
(Fig. 5, lanes 2 and 3, arrow); however, a comparable amount
of mature IL-33 expression was observed (Fig. 5, lanes 2 and 3
vs. lanes 5 and 6, asterisk). A previous report showed caspase-1
protein expression in ocular surface epithelial cells.28 These
results might be attributed to the more efficient IL-33 matura-
tion process by caspase-1 in conjunctival epithelial cells com-
pared with fibroblasts. The origin of higher molecular weight
bands around 40 kDa (Fig. 5, double asterisks) observed in
HCJE cells and in rIL-33 is unknown, but they might be a
dimeric form of IL-33. Our immunohistologic results showed
that some of the epithelial cells (Figs. 2A, 2C) and some of the
fibroblastic cells (Fig. 2D) in the giant papillae were IL-33�.
Further studies are essential to elucidate IL-33 protein matura-
tion and subcellular localization.

We then attempted to find the effector cells for IL-33 among
ocular surface resident cells. At first we examined HCJE cells
because it is known that IL-1 stimulation may activate these
cells through the IL-1R signaling cascade.29,30 Our result
showed that ST2L transfection is required for NF-�B activation
in response to IL-33 in HCJE cells (Fig. 6A), which means that
the amount of ST2L expression is a determinant factor for the
responsiveness against IL-33. Therefore, we examined ST2L

FIGURE 5. Immunoblotting analysis of IL-33 protein using HCJE cells
and fibroblasts. Cultured conjunctival epithelial cells and fibroblasts
were stimulated with rIL-1� (10 ng/mL) and rIL-1� � rIFN-� (10
ng/mL) for 24 hours. Western blot analysis was carried out using rabbit
anti–human IL-33 polyclonal antibody. The molecular weight of ma-
ture IL-33 protein was approximately 20 kDa (asterisk), whereas for
the proform of IL-33 protein it was approximately 30 kDa (arrow). An
additional band of unknown origin was observed around 27 kDa
(arrowhead). A proposed dimeric form of IL-33 protein was observed
around 40 kDa (double asterisks). Lane 1, rIL-33 (100 ng); lanes 2–4,
conjunctival epithelial cells; lanes 5–7, conjunctival fibroblasts; lanes
2 and 5, no stimulation; lanes 3 and 6, rIL-1� stimulation; lanes 4 and
7, rIL-1� � rIFN-� stimulation.
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mRNA expression level by real-time PCR and found that ST2L
(IL-33R) mRNA is abundantly expressed in human mast cells
but not in HCJE or fibroblasts (Fig. 6B). Based on these results,
we considered that the human mast cell is a good candidate to
be an effector cell of IL-33.

Consistent with the results of previous studies,31–33 we
found that rIL-33 could activate the p38 MAPK signaling cas-
cade (Fig. 7A) and could induce IL-13 mRNA expression in
human mast cells (Fig. 7B). Neutralizing experiments showed
that the sST2 molecule could completely inhibit rIL-33–medi-
ated p38 MAPK activation and that anti–ST2 antibody could
partially inhibit p38 MAPK activation (Fig. 7A). This result
suggests that the sST2 molecule may have a therapeutic value
for allergic diseases, as suggested by the mouse asthma mod-
el.18 It should also be noted that the ability of rIL-33 to induce
IL-13 mRNA expression in mast cells was far stronger than that
of rIL-1� (Fig. 7B). Based on these results we considered that
the ratio of IL-1R1/IL-33R expression depends on the cell types
(Fig. 6B) and that it may have some functional significance.

In summary, we found in vivo IL-33 protein expression in
epithelium and vascular endothelium of the giant papillae in
patients with severe chronic allergic conjunctivitis. We also
found IL-1�–induced IL-33 mRNA expression and pro-IL-33
protein expression, particularly in the cultured conjunctival
fibroblasts. The IL-33-ST2L (IL-33R) signaling cascade may play
some role in the pathophysiology of chronic allergic conjunc-
tivitis through the activation of mast cells. Further investiga-
tions are essential to elucidate the molecular mechanism of
IL-33 expression control and its role in atopic disease.
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