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Abstract

Interleukin (IL) 33, a member of IL-1 cytokine family, is well known to promote Th2 type immune responses by signaling
through its receptor ST2. However, it is not clear whether ST2 is expressed by mucosal epithelium, and how it responds to
IL-33 to induce inflammatory mediators. This study was to identify the presence and function of ST2 and explore the role of
IL-33/ST2 signaling in regulating the inflammatory cytokine production in corneal epithelial cells. Human corneal tissues and
cultured primary human corneal epithelial cells (HCECs) were treated with IL-33 in different concentrations without or with
different inhibitors to evaluate the expression, location and signaling pathways of ST2 in regulating production of
inflammatory cytokine and chemokine. The mRNA expression was determined by reverse transcription and real time PCR,
and protein production was measured by enzyme-linked immunosorbent assay (ELISA), immunohistochemical and
immunofluorescent staining. ST2 mRNA and protein were detected in donor corneal epithelium and cultured HCECs, and
ST2 signal was enhanced by exposure to IL-33. IL-33 significantly stimulated the production of inflammatory cytokines (TNF-
a, IL-1b and IL-6) and chemokine IL-8 by HCECs at both mRNA and protein levels. The stimulated production of
inflammatory mediators by IL-33 was blocked by ST2 antibody or soluble ST2 protein. Interestingly, the IkB-a inhibitor
BAY11-7082 or NF-kB activation inhibitor quinazoline blocked NF-kB p65 protein phosphorylation and nuclear
translocation, and also suppressed the production of these inflammatory cytokines and chemokine induced by IL-33.
These findings demonstrate that ST2 is present in human corneal epithelial cells, and IL-33/ST2 signaling plays an important
role in regulating IL-33 induced inflammatory responses in ocular surface.
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Introduction

Interleukin (IL) 33, a new member of IL-1 cytokine family, has

been well characterized as a potent inducer of T helper (Th) 2

immune responses [1]. IL-33 potently induces the production of

Th2-associated cytokines IL-4, IL-5 and IL-13 released from

polarized Th2 cells [1], mast cells [2,3] and basophils [4]. IL-33

appears to be a cytokine with dual function, acting as a proin-

flammatory cytokine and as an intracellular nuclear factor with

transcriptional regulatory properties [5]. IL-33 is expressed in

various types of cells, including epithelial cells, endothelial cells,

fibroblasts and smooth muscle cells [6–8]. Epithelial-derived IL-33

is critical regulators of innate and adaptive immune responses

associated with Th2 cytokine-mediated allergic inflammation

[9,10]. In addition to allergic and autoimmune effects, IL-33 also

represents an important mediator of mucosal epithelial restoration

and repair [11]. However, the inflammatory response in mucosal

epithelium induced by IL-33 remains to be elucidated.

Originally identified 23 years ago as a serum-inducible secreted

protein in murine growth-stimulated fibroblast [12,13], ST2 in its

transmembrane form is expressed primarily on mast cells and on

Th2 cells and is linked to important Th2 effector functions [14]. As

one of IL-1 receptor family members, ST2 had eluded ligand

identification until 2005 when Schmitz et al. first identified the

orphan receptor ST2 as a receptor for IL-33 [1]. The ST2 gene is

now known to encode at least 3 isoforms of ST2 proteins by

alternative splicing: a trans-membrane receptor ST2L; a secreted

soluble ST2 form which can serve as a decoy receptor for IL-33;

and ST2V, a variant form present mainly in the gut of humans

[15]. ST2L (also known as T1, IL-1RL1, and DER4) is a member

of the TLR/IL1R superfamily, which shares a common structure

with an extracellular domain of three linked immunoglobulin-like

motifs, a transmembrane segment and a cytoplasmic Toll-

interleukin-1 receptor (TIR) domain.

After identification of IL-33 as a novel ligand of ST2, more

investigators reported the expression and function of IL-33/ST2

signaling in various types of cells. ST2/IL-33 overstimulation has

been implicated in allergic and autoimmune diseases such as

arthritis [16], airway hyperactivity and asthma [17,18], demon-

strating an important role of ST2 in the development of Th2-

dominant inflammatory pathologies. However, the expression and

function of ST2 in epithelium, especially mucosal tissues such as
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corneal epithelium, are not clear, although a few studies showed

ST2 significantly increased inflammatory cytokines in retinal

pigment epithelium (RPE) cells very recently [19]. In this study we

demonstrated, for the first time, that ST2 is present in human

corneal epithelium, and the IL-33 stimulated the expression and

production of pro-inflammatory cytokine and chemokine via ST2

mediated NF-kB signaling pathways in human corneal epithelial

cells.

Results

ST2 was Detected in Human Corneal Epithelium ex vivo
and its Primary Cultures in vitro
To investigate the cellular location and stimulation of ST2

protein ex vivo, fresh donor corneal tissues were incubated with

IL-33 (10 ng/ml) for 48 h, followed by Immunohistochemical

staining. As shown in Fig. 1A, the ST2 protein mainly located in

the cell membrane and cytoplasm in the superficial epithelial

layers of normal donor corneas. Stronger immunoreactivity

throughout multiple layers of corneal epithelium was observed in

the tissues exposed to IL-33 for 48 h. In primary human corneal

epithelial cells (HCECs) cultured from explants of donor corneal

limbal tissues, we observed that immunohistochemical staining of

ST2 was located mainly in the cytoplasm, and stronger

cytoplasmic and more nuclear staining was observed in cultures

exposed to IL-33 (Fig. 1B).

The presence of ST2 in human corneal epithelium was further

confirmed at mRNA transcriptional levels as evaluated by reverse

transcription and quantitative real-time PCR (RT-qPCR). As

shown in Fig. 1C, the mRNA of ST2 was expressed in untreated

primary HCECs, and it was stimulated by 2- to 3-fold with a peak

level at 4 hrs after exposure to IL-33 (10 ng/ml). The stimulation

of ST2 by IL-33 appeared in a dose-dependent manner when

tested with 2, 10, and 50 ng/ml. The findings indicate the

presence of ST2 in human corneal epithelium.

IL-33 Stimulated Expression and Production of Pro-
inflammatory Mediators by HCECs
To explore the role of IL-33 in inflammatory response by

corneal epithelium, we evaluated the mRNA expression and

protein production of pro-inflammatory cytokines (TNF-a, IL-

1b, and IL-6) and chemokine IL-8 in primary HCECs by RT-

qPCR and ELISA, respectively. With the untreated primary

HCECs as controls, the mRNA expression of TNF-a, IL-1b,
IL-6 and IL-8 was significantly induced (up to 3-fold) in cells

exposed to IL-33 (10 ng/ml) for 4 hrs (Fig. 2A). The stimulatory

effects on these inflammatory cytokines and chemokine were

shown in a dose-dependent manner in 2–50 ng/ml of IL-33

(Fig. 2B). These stimulatory responses were confirmed at the

protein levels with 2-5-fold increase in TNF-a, IL-1b, IL-6 or

IL-8 in the culture media from HCECs treated with IL-33 in

2–50 ng/ml (Fig. 2C).

IL-33 Stimulated Inflammatory Mediators via ST2
Signaling in HCECs
The role of ST2 in mucosal epithelium is largely unknown.

Here we investigated whether ST2 signaling was essential in IL-

33-stimulated production of inflammatory mediators by primary

HCECs. When treated with 10 ng/ml of IL-33 for 4–48 hours, the

production of TNF-a, IL-1b, IL-6, and IL-8 was significantly

increased at both mRNA (Fig. 3A) and protein (Fig. 3B) levels.

Pre-treatment with 5 mg/ml ST2 antibody or 10 ng/ml of soluble

recombinant human ST2 protein one hour prior IL-33, signifi-

cantly suppressed the expression of TNF-a, IL-1b, IL-6, and IL-8

induced by 10 ng/ml of IL-33 at both mRNA (Fig. 3A, all

p,0.05, n= 4) and protein (Fig. 3B, p,0.05 or 0.01, n = 4) levels.

These findings suggest that ST2 plays an important role in IL-33

induces inflammation in HCECs.

Figure 1. ST2 was expressed by human corneal epithelium. A. Representative images showing ST2 localization in ex vivo donor corneal
tissues without or with exposure to IL-33 (10 ng/ml) by immunohistochemical staining with isotype IgG as a negative control. B.
Immunohistochemical images showing ST2 protein in primary HCECs without or with exposure to IL-33, with isotype IgG as a negative control.
Magnification 4006. C. The mRNA expression of ST2 by HCECs exposed to IL-33 in time course and dose response.
doi:10.1371/journal.pone.0060963.g001

IL-33/ST2 Signaling in Corneal Epithelium
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IL-33/ST2 Signaling Mediated Inflammatory Responses
via NF-kB Pathway in HCECs
We further investigated whether NF-kB signaling pathway is

involved in IL-33/ST2 stimulated inflammatory response in

HCECs. As shown in Fig. 3A&B, pre-treatment of NF-kB
activation inhibitor quinazoline (NF-kB-I, 10 mM) or IkB-a in-

hibitor BAY11-7082 (10 mM) significantly suppressed the mRNA

expression and protein production of TNF-a, IL-1b, IL-6 and IL-

8, stimulated by 10 ng/ml of IL-33 in HCECs (Fig. 3A&B). The

NF-kB activation was further confirmed by immunofluorescent

staining showing the increased phosphorylation (Fig. 4A) and

nuclear translocation (Fig. 4B) of NF-kB p65 protein in HCECs

exposed to 10 ng/ml of IL-33. Interestingly, the IL-33 stimulated

p65 activation (phosphorylation and nuclear translocation) was

markedly blocked by ST2 antibody (ST2Ab, 5 mg/ml), but not by

its isotype IgG. Furthermore, p65 activation was also blocked by

NF-kB-I (Fig. 4). These results suggest that IL-33 induces

inflammatory responses by HCECs via ST2 signaling and NF-

kB activation.

Discussion

A novel proallergic cytokine IL-33, mainly produced by

epithelial cells, has been identified as a natural ligand of the IL-

1 receptor family member ST2, which is preferentially expressed

by Th2 cells and is involved in allergic inflammation [1]. By

binding to ST2 receptor, IL-33 can activate Th2 cells and mast

cells to secrete Th2 cell-associated cytokines and chemokines that

lead to severe pathological changes in mucosal organs [20]. Recent

studies showed that the IL-33 and its receptor ST2 play important

roles in allergic conjunctivitis [10]. However, the role of IL-33 and

ST2 in pro-inflammatory response by ocular surface epithelium

has not been well investigated. It is not clear whether ST2 is

expressed by corneal epithelial cells. Using fresh donor corneal

tissues and primary human corneal epithelial cells, the present

study revealed for the first time that ST2 is expressed by normal

corneal epithelium; and IL-33/ST2 signaling promotes corneal

epithelial cells to secrete inflammatory cytokines and chemokines

through NF-kB signaling pathways.

Figure 2. IL-33 induced inflammatory mediators in HCECs with time course and dose response. The expression of inflammatory
cytokines (TNF-a, IL-1b and IL-6) and chemokine IL-8 were measured by RT-qPCR for mRNA (A & B) and by ELISA for protein levels in culture
supernatants (C). Results shown are mean 6 SD of four independent experiments. *p,0.05; **p,0.01, n = 4.
doi:10.1371/journal.pone.0060963.g002

IL-33/ST2 Signaling in Corneal Epithelium

PLOS ONE | www.plosone.org 3 April 2013 | Volume 8 | Issue 4 | e60963



Human Corneal Epithelial Cells Possess ST2, an IL-33
Receptor
ST2, a member of IL-1 receptor family, has been characterized

as a biomarker of inflammatory processes, such as bronchial

asthma, idiopathic pulmonary fibrosis, heart failure, dengue virus

infection, and septic shock and trauma. ST2 is preferentially

expressed by Th2 cells [21], mast cells [22], eosinophils [23],

basophils [24] and endothelial cells [25]. Recent studies showed

that ST2 was also expressed by epithelial cells [26]. Moreover,

soluble ST2 has been recognized as a decoy receptor that

competitively binds to IL-33 [27]. Soluble ST2 may confer

protection to arthritis [28] and atherosclerosis development [29],

heart surgery [30], allergic airway inflammation [31], and warm

hepatic ischemia/reperfusion injury [32]. High ST2 serum levels

detected in chronic inflammatory processes suggest that soluble

ST2 might be involved in controlling the progress of the disease

[33]. However, the location and function of ST2 in corneal

epithelial still remains unknown.

Our findings showed that the ST2 mRNA was expressed by

primary HCECs, and it was stimulated when the cells exposed to

IL-33 in a dose-dependent manner (Fig. 1C). As shown in Fig. 1B,

the ST2 protein levels significantly increased in HCECs exposed

to IL-33, when compared with the untreated control. In ex vivo

donor corneal epithelium, ST2 protein was detected to be located

in superficial layers, and it was stimulated to multiple layers of the

epithelium exposed to IL-33. The findings demonstrate that ST2 is

present in human corneal epithelial cells, suggesting a potential

role in ocular surface inflammatory diseases.

IL-33 Mediated Inflammatory Responses via ST2 in HCECs
It is well known that IL-33 is a novel proallergic cytokine

involved in allergic inflammation. IL-33 signals through its

receptor ST2 and drives production of inflammatory cytokines

and chemokines in target cells, including Th2 lymphocytes [34],

mast cells [35], basophils and eosinophils [36], endothelial cells

[37], and invariant NKT and NK cells [4,38]. The IL-33/ST2

axis appears to play an important role in several chronic

inflammatory disorders, including asthma [8], rheumatoid,

arthritis [16,39], and anaphylactic shock [40]. IL-33/ST2

signaling affects immune response to bacteria and viruses

[41,42]. However, the function of IL-33/ST2 axis in regulating

inflammation of ocular surface epithelium has not been reported.

In the present study, we showed that IL-33 significantly

stimulated production of proinflammatory cytokines (TNF-a, IL-
1b, and IL-6) and chemokine IL-8 by HCECs at both mRNA and

protein levels, in a concentration-dependent manner (Fig. 2).

Interestingly, the IL-33 stimulated expression and production of

these inflammatory mediators were markedly blocked by a ST2

neutralizing antibody or soluble ST2 protein in cultured primary

HCECs (Fig. 3). These findings demonstrated that the stimulation

of the inflammatory cytokines and chemokine by IL-33 is through

activation of its receptor ST2 signaling. Further studies are

necessary to clarify the underlying mechanism by which IL-33/

ST2 play an important role in inflammatory disease.

IL-33/ST2 Signaling Mediated Inflammatory Responses
via NF-kB Activation in HCECs
NF-kB signaling pathway appears to mediate mucosal epithelial

inflammation [43,44]. We investigated the potential signaling

pathway by which IL-33 and its receptor ST2 exert the role in

inflammatory response. NF-kB is present in the cytoplasm of

resting cells as a dimer bound to an inhibitor protein IkB to form

an inactive protein complex. Thus, NF-kB biological activity is

controlled mainly by the IkB-a and IkB-b proteins, which restrict

NF-kB to the cytoplasm and inhibit its DNA binding activity.

Phosphorylation of IkB, which leads to its dissociation from NF-

kB protein and subsequent degradation, results in the phosphor-

ylation, release and translocation of NF-kB protein from

cytoplasm to nucleus, which promotes the expression of relevant

inflammatory genes [45].

This study has demonstrated that NF-kB was dramatically

activated with p65 protein phosphorylation and nuclear trans-

location in corneal epithelial cells exposed to IL-33 for 1 or 4 h

respectively (Fig. 4). Quinazoline, a NF-kB activation inhibitor,

blocked the NF-kB p65 phosphorylation and nuclear trans-

location. Interestingly, the stimulated induction of inflammatory

cytokines (TNF-a, IL-1b, and IL-6) and chemokine IL-8 by IL-33

were also markedly blocked by Quinazoline and IkB-a inhibitor

BAY11. These findings confirmed that IL-33 promotes production

Figure 3. ST2 and NF-kB signaling pathways were involved in
IL-33 induced inflammatory response. The HCECs were exposed to
IL-33 (10 ng/ml) with prior incubation in the absence or presence of
isotype IgG (5 mg/ml), ST2Ab (5 mg/ml), Soluble ST2 protein (S-ST2,
10 ng/ml), BAY11-7082 (10 mM) or NF-kB activation inhibitor quinazo-
line (NF-kB -I, 10 mM) for 1 h. The cultures treated by IL-33 for 4 h were
subjected to RT-qPCR to measure mRNA (A), the cultures treated for
48 h were used to evaluate protein in medium supernatants by ELISA
(B). Results shown are the mean6SD of four independent experiments.
*P,0.05; **P,0.01, n = 4.
doi:10.1371/journal.pone.0060963.g003

IL-33/ST2 Signaling in Corneal Epithelium
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of proinflammatory mediators is mediated by the NF-kB signaling

pathways.

In conclusion, our findings demonstrate for the first time that

ST2 is present in human corneal epithelial cells, and IL-33

stimulates expression and production of proinflammatory cyto-

kines and chemokines through ST2 and NF-kB signaling pathways

in corneal epithelial cells. This study suggests that IL-33/ST2 axis

may play an important role in ocular surface inflammatory

diseases. We may speculate a possible dual effect of ST2 in

different target tissues: promoting allergic inflammation through

Th2 cells while regulating pro-inflammatory response in epithelial

cells.

Materials and Methods

Materials and Reagents
Cell culture plates, centrifuge tubes and other plastic ware were

purchased from Becton Dickinson (Lincoln Park, NJ). Dulbecco

modified Eagle medium (DMEM), Ham F-12, amphotericin B,

gentamicin and 0.25% trypsin/0.03% EDTA solution were from

Invitrogen GIBCO BRL (Grand Island, NY). Fetal bovine serum

(FBS) was from Hyclone (Logan, UT). Primary antibody against

ST2 came from Santa Cruz Biotechnology (Santa Cruz, CA).

Fluorescein Alexa Fluor 488 conjugated second antibodies (goat

anti-mouse or anti-rabbit IgG) were from Molecular Probes

(Eugene, OR). Soluble recombinant human ST2 was from

Abbiotec (San Diego, CA). Hydrocortisone, human EGF, cholera

toxin A subunit, dimethyl sulfoxide (DMSO), Hoechst 33342 and

other reagents came from Sigma (St Louis, MO). Affinity purified

rabbit polyclonal antibody against p65 was from Santa Cruz

Biotechnology (Santa Cruz, CA). A rabbit antibody against

phospho-NF-kB p65 was from Cell Signaling Technology

(Danvers, MA). ELISA DuoSet kits for human IL-6, IL-8, IL-1b
and TNF-a were from BioLegend (San Diego, CA). RNeasy Plus

Mini RNA extraction kit was from Qiagen (Valencia, CA).

Enhanced Chemiluminescence (ECL) reagents and Ready-To-Go-

Primer First-Strand Beads were obtained from GE Healthcare

(Piscataway, NJ); TaqMan gene expression assays and real-time

PCR master mix were from Applied Biosystems (Foster City, CA).

Human Corneal Epithelial Tissue ex vivo Model for
Inflammatory Cytokine Induction
A fresh corneoscleral tissue was cut into four equal-sized pieces.

Each quarter of the corneoscleral tissue was placed into a well of

an eight-chamber slide with epithelial side up in 150 ml of serum-

free SHEM [46], without or with IL-33 (10 ng/ml) for 24 h in

a 37uC incubator. The corneal epithelial tissues were prepared for

frozen sections for ST2 immunohistochemical staining.

Primary Human Corneal Epithelial Culture Model for
Inflammatory Cytokine Induction
Fresh human corneoscleral tissues from donors aged 19–67

years were obtained from the Lions Eye Bank of Texas (Houston,

TX). Human corneal epithelial cells (HCECs) were cultured in 12-

well plates with explants of corneal limbal rims in a supplemented

hormonal epidermal medium (SHEM) containing 5% FBS

according to our previously reported method [47]. Corneal

epithelial cell growth was carefully monitored, and only the

epithelial cultures without visible fibroblast contamination were

used for this study. Confluent corneal epithelial cultures were

switched to serum-free SHEM and treated with IL-33 in different

concentrations. Each experiment was repeated at least three times.

The cells treated for 1–24 h were lysed for total RNA extraction

and evaluating mRNA expression. The supernatants of the

conditioned medium and the cell lysate in the cultures treated

for 24–48 h were collected and stored at 280uC for immunoassay.

IL-33/ST2/NF-kB Signaling Pathway Evaluation
HCECs were preincubated with specific ST2 antibodies(5 mg/

ml), soluble recombinant human ST2 (10 ng/ml) or pathway

inhibitors, BAY11-7082 (10 mM) or NF-kB activation inhibitor

(quinazoline 10 mM) for 1 h before IL-33 was added for 1, 4, 6, 24

and 48 hours, respectively [48]. The cells treated with IL-33 for 1

or 4 hours in eight-chamber slides were fixed for immunofluores-

cent staining to detect NF-kB p65 phosphorylation and nuclear

translocation respectively. The cells in 12-well plates were

subjected to total RNA extraction for measuring inflammatory

cytokine (TNF-a, IL-1b, and IL-6) and chemokine IL-8 expression

by RT and real-time PCR. The cultured cells treated for 24–48 h

were lysed in RIPA buffer for ELISA.

Figure 4. NF-kB activation was induced by IL-33 and inhibited by ST2 antibody and NF-kB activation inhibitor quinazoline (NF-kB-I)
in HCECs. The HCECs were exposed to IL-33 (10 ng/ml) with prior incubation in the absence or presence of ST2Ab (5 mg/ml), isotype IgG (5 mg/ml)
or NF-kB-I (10 mM) for 1 h. The cells treated by IL-33 for 1 or 4 h in 8-chamber slides were used for immunofluorescent staining with rabbit antibody
against phosphor-p65 (P-p65, A) or total p65 (B), respectively. The representative images were from three independent experiments. Magnifications
400X.
doi:10.1371/journal.pone.0060963.g004

IL-33/ST2 Signaling in Corneal Epithelium

PLOS ONE | www.plosone.org 5 April 2013 | Volume 8 | Issue 4 | e60963



Total RNA Extraction, Reverse Transcription (RT) and
Quantitative Real-time PCR
Total RNA was isolated from cells using a Qiagen RNeasyH

Mini kit according to the manufacturer’s protocol, and quantified

by a NanoDropH ND-1000 Spectrophotometer and stored at

280uC. The first strand cDNA was synthesized by RT from 1 mg
of total RNA using Ready-To-Go You-Prime First-Strand Beads

as previously described [49]. The real-time PCR was performed in

a Mx3005PTM system (Stratagene) with 20 ml reaction volume

containing 5 ml of cDNA, 1 ml of TaqManH Gene Expression

Assay for IL-6, IL-8, IL-1b, TNF-a (TaqMan Assay

Hs00174131_m1, Hs00174103_m1, Hs01555413_m1,

Hs00174128_ m1,) or GAPDH (Hs99999905 m1) and 10 ml
Master Mix. The thermocycler parameters were 50uC for 2 min,

95uC for 10 min, followed by 40 cycles of 95uC for 15 s and 60uC
for 1 min. A non-template control was included to evaluate DNA

contamination. The results were analyzed by the comparative

threshold cycle (CT) method and normalized by GAPDH [50].

Enzyme-linked Immunosorbent Assay
Double-sandwich ELISA for human IL-6, IL-8, IL-1b, TNF-

a was performed, according to the manufacturer’s protocol, to

determine the concentration of IL-6, IL-8, IL-1b, TNF-a protein

in conditioned media and culture cell lysates from different

treatments. Absorbance was read at 450 nm with a reference

wavelength of 570 nm by a VERSAmax microplate reader

(Molecular Devices, Sunnyvale, CA).

Immunohistochemical and Immunofluorescent Staining
Indirect immunostaining was performed according to our

previously reported methods [47]. In brief, human corneal frozen

sections or corneal epithelial cells on eight chamber slides were

fixed in acetone at 230uC for 5 min. Cell cultures were

permeabilized with 0.2% Triton X-100 in PBS at room

temperature for 10 min. Primary goat antibody against human

ST2 (1:100, 2 mg/ml ) or rabbit antibody against human p65

(1:100, 2 mg/ml) was applied for 1 h. A donkey anti-goat

biotinylated secondary antibody (R&D Systems) and an ABC

peroxidase system (Vectastain; Vector Laboratories, Burlingame,

CA) were then used for histochemical staining. For fluorescent

staining, Alexa Fluor 488-conjugated secondary antibody was

applied for 1 h followed by propidium iodide (PI, 2 mg/ml) for

5 min for nuclear counterstaining. Secondary antibody alone or

isotype IgG was used as the negative controls. The results were

photographed with an epifluorescence microscope (Eclipse 400;

Nikon, Garden City, NY) using a digital camera (DMX 1200;

Nikon).

Statistical Analysis
Student’s t-test was used to compare differences between two

groups. One-way ANOVA test was used to make comparisons

among three or more groups, and the Dunnett’s post hoc test was

used to identify between group differences. P value ,0.05 was

considered statistically significant.

Acknowledgments

The authors thank Dr. Marshall Bowes Hamill in Cullen Eye Institute,

Baylor College of Medicine for his kind support and the Lions Eye Bank of

Texas for providing human corneoscleral tissues.

Author Contributions

Conceived and designed the experiments: DQL GZ SCP. Performed the

experiments: JL LZ ZS RD. Analyzed the data: JL ZS DQL. Contributed

reagents/materials/analysis tools: DQL SCP. Wrote the paper: JL DQL.

References

1. Schmitz J, Owyang A, Oldham E, Song Y, Murphy E, et al. (2005) IL-33, an
interleukin-1-like cytokine that signals via the IL-1 receptor-related protein ST2

and induces T helper type 2-associated cytokines. Immunity 23: 479–490.
2. Iikura M, Suto H, Kajiwara N, Oboki K, Ohno T, et al. (2007) IL-33 can

promote survival, adhesion and cytokine production in human mast cells. Lab
Invest 87: 971–978.

3. Ho LH, Ohno T, Oboki K, Kajiwara N, Suto H, et al. (2007) IL-33 induces IL-

13 production by mouse mast cells independently of IgE-FcepsilonRI signals.
J Leukoc Biol 82: 1481–1490.

4. Smithgall MD, Comeau MR, Yoon BR, Kaufman D, Armitage R, et al. (2008)
IL-33 amplifies both Th1- and Th2-type responses through its activity on human

basophils, allergen-reactive Th2 cells, iNKT and NK cells. Int Immunol 20:

1019–1030.
5. Carriere V, Roussel L, Ortega N, Lacorre DA, Americh L, et al. (2007) IL-33,

the IL-1-like cytokine ligand for ST2 receptor, is a chromatin-associated nuclear
factor in vivo. Proc Natl Acad Sci U S A 104: 282–287.

6. Moussion C, Ortega N, Girard JP (2008) The IL-1-like cytokine IL-33 is
constitutively expressed in the nucleus of endothelial cells and epithelial cells

in vivo: a novel ’alarmin’? PLoS One 3: e3331.

7. Sanada S, Hakuno D, Higgins LJ, Schreiter ER, McKenzie AN, et al. (2007) IL-
33 and ST2 comprise a critical biomechanically induced and cardioprotective

signaling system. J Clin Invest 117: 1538–1549.
8. Prefontaine D, Lajoie-Kadoch S, Foley S, Audusseau S, Olivenstein R, et al.

(2009) Increased expression of IL-33 in severe asthma: evidence of expression by

airway smooth muscle cells. J Immunol 183: 5094–5103.
9. Saenz SA, Taylor BC, Artis D (2008) Welcome to the neighborhood: epithelial

cell-derived cytokines license innate and adaptive immune responses at mucosal
sites. Immunol Rev 226: 172–190.

10. Matsuda A, Okayama Y, Terai N, Yokoi N, Ebihara N, et al. (2009) The role of
interleukin-33 in chronic allergic conjunctivitis. Invest Ophthalmol Vis Sci 50:

4646–4652.

11. Kobori A, Yagi Y, Imaeda H, Ban H, Bamba S, et al. (2010) Interleukin-33
expression is specifically enhanced in inflamed mucosa of ulcerative colitis.

J Gastroenterol 45: 999–1007.
12. Tominaga S (1989) A putative protein of a growth specific cDNA from BALB/c-

3T3 cells is highly similar to the extracellular portion of mouse interleukin 1

receptor. FEBS Lett 258: 301–304.

13. Tominaga S, Jenkins NA, Gilbert DJ, Copeland NG, Tetsuka T (1991)

Molecular cloning of the murine ST2 gene. Characterization and chromosomal

mapping. Biochim Biophys Acta 1090: 1–8.

14. Townsend MJ, Fallon PG, Matthews DJ, Jolin HE, McKenzie AN (2000) T1/

ST2-deficient mice demonstrate the importance of T1/ST2 in developing

primary T helper cell type 2 responses. J Exp Med 191: 1069–1076.

15. Tominaga S, Kuroiwa K, Tago K, Iwahana H, Yanagisawa K, et al. (1999)

Presence and expression of a novel variant form of ST2 gene product in human

leukemic cell line UT-7/GM. Biochem Biophys Res Commun 264: 14–18.

16. Xu D, Jiang HR, Kewin P, Li Y, Mu R, et al. (2008) IL-33 exacerbates antigen-

induced arthritis by activating mast cells. Proc Natl Acad Sci U S A 105: 10913–

10918.

17. Kearley J, Buckland KF, Mathie SA, Lloyd CM (2009) Resolution of allergic

inflammation and airway hyperreactivity is dependent upon disruption of the

T1/ST2-IL-33 pathway. Am J Respir Crit Care Med 179: 772–781.

18. Kurokawa M, Matsukura S, Kawaguchi M, Ieki K, Suzuki S, et al. (2011)

Expression and effects of IL-33 and ST2 in allergic bronchial asthma: IL-33

induces eotaxin production in lung fibroblasts. Int Arch Allergy Immunol 155

Suppl 1: 12–20.

19. Liu XC, Liu XF, Jian CX, Li CJ, He SZ (2012) IL-33 is induced by amyloid-

beta stimulation and regulates inflammatory cytokine production in retinal

pigment epithelium cells. Inflammation 35: 776–784.

20. Pastorelli L, Garg RR, Hoang SB, Spina L, Mattioli B, et al. (2010) Epithelial-

derived IL-33 and its receptor ST2 are dysregulated in ulcerative colitis and in

experimental Th1/Th2 driven enteritis. Proc Natl Acad Sci U S A 107: 8017–

8022.

21. Lohning M, Stroehmann A, Coyle AJ, Grogan JL, Lin S, et al. (1998) T1/ST2 is

preferentially expressed on murine Th2 cells, independent of interleukin 4,

interleukin 5, and interleukin 10, and important for Th2 effector function. Proc

Natl Acad Sci U S A 95: 6930–6935.

22. Moritz DR, Rodewald HR, Gheyselinck J, Klemenz R (1998) The IL-1

receptor-related T1 antigen is expressed on immature and mature mast cells and

on fetal blood mast cell progenitors. J Immunol 161: 4866–4874.

23. Cherry WB, Yoon J, Bartemes KR, Iijima K, Kita H (2008) A novel IL-1 family

cytokine, IL-33, potently activates human eosinophils. J Allergy Clin Immunol

121: 1484–1490.

IL-33/ST2 Signaling in Corneal Epithelium

PLOS ONE | www.plosone.org 6 April 2013 | Volume 8 | Issue 4 | e60963



24. Suzukawa M, Iikura M, Koketsu R, Nagase H, Tamura C, et al. (2008) An IL-1

cytokine member, IL-33, induces human basophil activation via its ST2
receptor. J Immunol 181: 5981–5989.

25. Kumar S, Minnich MD, Young PR (1995) ST2/T1 protein functionally binds to

two secreted proteins from Balb/c 3T3 and human umbilical vein endothelial
cells but does not bind interleukin 1. J Biol Chem 270: 27905–27913.

26. Tajima S, Bando M, Ohno S, Sugiyama Y, Oshikawa K, et al. (2007) ST2 gene
induced by type 2 helper T cell (Th2) and proinflammatory cytokine stimuli may

modulate lung injury and fibrosis. Exp Lung Res 33: 81–97.

27. Oshikawa K, Yanagisawa K, Tominaga S, Sugiyama Y (2002) Expression and
function of the ST2 gene in a murine model of allergic airway inflammation.

Clin Exp Allergy 32: 1520–1526.
28. Leung BP, Xu D, Culshaw S, McInnes IB, Liew FY (2004) A novel therapy of

murine collagen-induced arthritis with soluble T1/ST2. J Immunol 173: 145–
150.

29. Miller AM, Xu D, Asquith DL, Denby L, Li Y, et al. (2008) IL-33 reduces the

development of atherosclerosis. J Exp Med 205: 339–346.
30. Szerafin T, Niederpold T, Mangold A, Hoetzenecker K, Hacker S, et al. (2009)

Secretion of soluble ST2 - possible explanation for systemic immunosuppression
after heart surgery. Thorac Cardiovasc Surg 57: 25–29.

31. Hayakawa H, Hayakawa M, Kume A, Tominaga S (2007) Soluble ST2 blocks

interleukin-33 signaling in allergic airway inflammation. J Biol Chem 282:
26369–26380.

32. Yin H, Huang BJ, Yang H, Huang YF, Xiong P, et al. (2006) Pretreatment with
soluble ST2 reduces warm hepatic ischemia/reperfusion injury. Biochem

Biophys Res Commun 351: 940–946.
33. Oshikawa K, Kuroiwa K, Tago K, Iwahana H, Yanagisawa K, et al. (2001)

Elevated soluble ST2 protein levels in sera of patients with asthma with an acute

exacerbation. Am J Respir Crit Care Med 164: 277–281.
34. Komai-Koma M, Xu D, Li Y, McKenzie AN, McInnes IB, et al. (2007) IL-33 is

a chemoattractant for human Th2 cells. Eur J Immunol 37: 2779–2786.
35. Moulin D, Donze O, Talabot-Ayer D, Mezin F, Palmer G, et al. (2007)

Interleukin (IL)-33 induces the release of pro-inflammatory mediators by mast

cells. Cytokine 40: 216–225.
36. Pecaric-Petkovic T, Didichenko SA, Kaempfer S, Spiegl N, Dahinden CA

(2009) Human basophils and eosinophils are the direct target leukocytes of the
novel IL-1 family member IL-33. Blood 113: 1526–1534.

37. Choi YS, Choi HJ, Min JK, Pyun BJ, Maeng YS, et al. (2009) Interleukin-33
induces angiogenesis and vascular permeability through ST2/TRAF6-mediated

endothelial nitric oxide production. Blood 114: 3117–3126.

38. Bourgeois E, Van LP, Samson M, Diem S, Barra A, et al. (2009) The pro-Th2

cytokine IL-33 directly interacts with invariant NKT and NK cells to induce

IFN-gamma production. Eur J Immunol 39: 1046–1055.

39. Xu D, Jiang HR, Li Y, Pushparaj PN, Kurowska-Stolarska M, et al. (2010) IL-33

exacerbates autoantibody-induced arthritis. J Immunol 184: 2620–2626.

40. Pushparaj PN, Tay HK, H’ng SC, Pitman N, Xu D, et al. (2009) The cytokine

interleukin-33 mediates anaphylactic shock. Proc Natl Acad Sci U S A 106:

9773–9778.

41. Jones LA, Roberts F, Nickdel MB, Brombacher F, McKenzie AN, et al. (2010)

IL-33 receptor (T1/ST2) signalling is necessary to prevent the development of

encephalitis in mice infected with Toxoplasma gondii. Eur J Immunol 40: 426–

436.

42. Becerra A, Warke RV, de BN, Rothman AL, Bosch I (2008) Elevated levels of

soluble ST2 protein in dengue virus infected patients. Cytokine 41: 114–120.

43. Li DQ, Zhou N, Zhang L, Ma P, Pflugfelder SC (2010) Suppressive effects of

azithromycin on zymosan-induced production of proinflammatory mediators by

human corneal epithelial cells. Invest Ophthalmol Vis Sci 51: 5623–5629.

44. Bian F, Qi H, Ma P, Zhang L, Yoon KC, et al. (2010) An immunoprotective

privilege of corneal epithelial stem cells against Th17 inflammatory stress by

producing glial cell-derived neurotrophic factor. Stem Cells 28: 2172–2181.

45. Bonanno JA, Polse KA (1987) Effect of rigid contact lens oxygen transmissibility

on stromal pH in the living human eye. Ophthalmology 94: 1305–1309.

46. Ma P, Wang Z, Pflugfelder SC, Li DQ (2010) Toll-like receptors mediate

induction of peptidoglycan recognition proteins in human corneal epithelial

cells. Exp Eye Res 90: 130–136.

47. Kim HS, Jun S, de Paiva CS, Chen Z, Pflugfelder SC, et al. (2004) Phenotypic

characterization of human corneal epithelial cells expanded ex vivo from limbal

explant and single cell cultures. Exp Eye Res 79: 41–49.

48. Zhang L, Lu R, Zhao G, Pflugfelder SC, Li DQ (2011) TLR-mediated induction

of pro-allergic cytokine IL-33 in ocular mucosal epithelium. Int J Biochem Cell

Biol 43: 1383–1391.

49. Luo L, Li D-Q, Doshi A, Farley W, Corrales RM, et al. (2004) Experimental dry

eye stimulates production of inflammatory cytokines and MMP-9 and activates

MAPK signaling pathways on the ocular surface. Invest Ophthalmol Vis Sci 45:

4293–4301.

50. de Paiva CS, Corrales RM, Villarreal AL, Farley WJ, Li D-Q, et al. (2006)

Corticosteroid and doxycycline suppress MMP-9 and inflammatory cytokine

expression, MAPK activation in the corneal epithelium in experimental dry eye.

Exp Eye Res 83: 526–535.

IL-33/ST2 Signaling in Corneal Epithelium

PLOS ONE | www.plosone.org 7 April 2013 | Volume 8 | Issue 4 | e60963


