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a  b  s  t  r  a  c  t

Interleukin  (IL)  33  has  been  recently  identified  as  a ligand  to the  ST2 receptor  that  mediates  Th2-dominant
allergic  inflammation.  The  purpose  of this  study  was  to explore  the  role  of toll-like  receptor  (TLR)-
mediated  innate  immunity  in  IL-33  induction  by  mucosal  epithelium.  Human  corneal  tissues  and  cultured
primary  human  corneal  epithelial  cells  (HCECs)  were  treated  with  a variety  of  viral  or  bacterial  com-
ponents  without  or  with  different  inhibitors  to evaluate  the  IL-33  regulation  and  signaling  pathways.
The  level  of mRNA  expression  was determined  by reverse  transcription  and  real  time  PCR,  and  protein
was  measured  by ELISA,  immunostaining  and  Western  blotting.  IL-33  mRNA  and  protein  were  largely
induced  by  various  microbial  components,  mainly  by  polyI:C  and  flagellin,  the  ligands  to  TLR3  and  TLR5,
respectively  in  human  corneal  epithelium  ex  vivo  and  in  vitro  cultures.  Pro-IL-33  protein  was normally
restricted  inside  cells,  and  could  be  secreted  outside  when  activated  by  ATP.  The  PolyI:C  induced  IL-33

production  was  blocked  by  TLR3  antibody  or  TRIF  Inhibitory  peptide,  while  flagellin  stimulated  IL-33
was blocked  by  TLR5  antibody  or MyD88  Inhibitory  peptide.  Interestingly,  I�B-�  inhibitor  (BAY11-7082)
or  NF-�B  inhibitor  (quinazoline)  blocked  NF-�B  p65  protein  nuclear  translocation,  and  suppressed  IL-33
production  induced  by  PolyI:C  and flagellin.  These  findings  demonstrate  that  IL-33,  an  epithelium-derived
pro-allergic  cytokine,  is induced  by microbial  ligands  through  TLR-mediated  innate  signaling  pathways,
suggesting  a possible  role  of mucosal  epithelium  in  Th2-dominant  allergic  inflammation.
. Introduction

Mucosal epithelium functions not only as a physical barrier, but
lso as a regulator of innate and adaptive immune responses against
oreign substances and microorganisms. In particular, epithelial
ells have been directly implicated in T helper 2 (Th2) responses,
erving as a critical interface between innate immunity and adap-
ive immune response (Holgate, 2007; Bulek et al., 2010). Recent
tudies have identified two novel epithelium-derived pro-allergic
ytokines, thymic stromal lymphopoietin (TSLP) and interleukin
IL) 33, as key initiators of the adaptive Th2 response in allergic
nflammatory diseases (Liu et al., 2007; Liu, 2007; Demehri et al.,
009; Matsuda et al., 2009; Kearley et al., 2009). Toll-like recep-

ors (TLRs), which recognize conserved microbial components, are
mportant pattern-recognition receptors (PRRs) and play an impor-
ant role in the mucosal innate immune system (Alexopoulou and
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Kontoyiannis, 2005). They detect the presence and the nature of
commensal and pathogenic microbes, thus providing the first line
of host defense (Mayer et al., 2007). Functional TLRs 1–7 and TLR9
have been identified to be expressed in human ocular surface
(Kumar and Yu, 2006). TLR activation by pathogens on the ocular
surface would result in innate immune responses that stimulate
production of inflammatory cytokines and chemokines, as well
as promote immune cell infiltration into the area to alleviate the
microbial load and resolve the infection.

IL-33, a new member of the IL-1 super family, is produced mainly
by epithelial and endothelial cells, fibroblast, and others (Schmitz
et al., 2005; Moussion et al., 2008; Smith, 2009). IL-33 has been
recently identified as a ligand for ST2, a protein encoded by IL-1
receptor-like 1 (IL-1RL1) gene, which is preferentially expressed by
Th2 cells and is involved in allergic inflammation. By binding to ST2
receptor, IL-33 can activate Th2 cells and mast cells to secrete proin-
flammatory and Th2 cell-associated cytokines and chemokines that
lead to severe pathological changes in mucosal organs (Schmitz

et al., 2005). IL-33 expression has been found to be up-regulated
by stimulation with inflammatory cytokines, tumor necrosis fac-
tor alpha (TNF-�)  and IL-1� (Allam et al., 2009). However, it is
still unclear how IL-33 is induced by environmental allergens, and

dx.doi.org/10.1016/j.biocel.2011.06.003
http://www.sciencedirect.com/science/journal/13572725
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ow microbial components play a role in initiating and developing
llergic diseases.

In the present study, we investigated the TLR-mediated induc-
ion of IL-33 and the signaling pathway in human ocular surface

ucosa that responses to microbial components using human
orneal epithelial cells to explore the potential role of an innate
mmune response in Th2-dominant allergic inflammation.

. Materials and methods

.1. Materials and reagents

Cell culture dishes, plates, centrifuge tubes, and other plas-
ic ware were purchased from BD Biosciences (Lincoln Park,
J); polyvinylidene difluoride (PVDF) membrane was  from Milli-
ore (Bedford, MA); polyacrylamide ready gels (4–15% Tris–HCl),
odium dodecyl sulfate (SDS), prestained SDS-PAGE low range
tandards, precision plus protein standards and precision pro-
ein Strep-Tactin horseradish peroxidase (HRP) conjugate were
rom Bio-Rad (Hercules, CA); Dulbecco’s modified Eagle’s medium
DMEM), Ham’s F-12, amphotericin B and gentamicin were from
nvitrogen (Grand Island, NY); and fetal bovine serum (FBS) from
yclone (Logan, UT). The extracted or synthetic microbial com-
onents, Pam3CSK4, peptidoglycan from Bacillus subtilis (PGN-BS),
agellin from Salmonella typhimurium, diacylated lipoprotein (FSL-
), imiquimod (R837), single-stranded GU-rich oligonucleotide
omplexed with LyoVec (ssRNA40/LyoVec), and type C CpG
ligonucleotide (ODN 2395), MyD88 inhibitory peptide (Pepinh-
YD), TRIF inhibitory peptide (Pepinh-TRIF) and I�B-� inhibitor

BAY11-7082) were from invivoGen (Santiago, CA). Polyinosinic-
olycytidylic acid (polyI:C) and lipopolysaccharide (LPS) from
scherichia coli were from Sigma–Aldrich (St. Louis, MO). Affinity-
urified rabbit polyclonal antibodies (Ab) against IL-33, TLR3, TLR5
nd p65 were from Santa Cruz Biotechnology (Santa Cruz, CA).
uman IL-33 ELISA DuoSet and affinity-purified goat Ab to IL-33
ropeptide were from R&D Systems (Minneapolis, MN). Mono-
lonal mouse antibodies (mAb) against I�B�, phospho-I�B� and
-actin were from Cell Signaling Technology (Beverly, MA). RNeasy
ini RNA extraction kit from Qiagen (Valencia, CA); enhanced

hemiluminescence (ECL) reagents and Ready-To-Go-Primer First-
trand Beads were obtained from GE Healthcare (Piscataway, NJ);
aqMan gene expression assays and real-time PCR master mix  were
rom Applied Biosystems (Foster City, CA); and HRP-conjugated
oat anti-rabbit IgG and BCA protein assay kit from Pierce Chemical
Rockford, IL).

.2. Primary human corneal epithelial culture model for IL-33
nduction

Fresh human corneoscleral tissues from donors aged 19–67
ears and in 72 h post mortem were obtained from the Lions Eye
ank of Texas (Houston, TX). Human corneal epithelial cells (HCECs)
ere cultured in 12-well plates with explants of corneal limbal rims

n a supplemented hormonal epidermal medium (SHEM) contain-
ng 5% FBS according to our previously reported method (Kim et al.,
004). Corneal epithelial cell growth was carefully monitored, and
nly the epithelial cultures without visible fibroblast contamina-
ion were used for this study. Confluent corneal epithelial cultures
ere switched to serum-free SHEM and treated for different peri-

ds (1, 4, 8, 16, 24, or 48 h) with a series of microbial components

n different concentrations. Each experiment was repeated at least
hree times. The cells treated for 1–24 h were lysed for total RNA
xtraction and evaluating mRNA expression. The supernatants of
he conditioned medium and the cell lysate in the cultures treated
or 24–48 h were collected and stored at −80 ◦C for immunoassay.
mistry & Cell Biology 43 (2011) 1383– 1391

2.3. Human corneal epithelial tissue ex vivo model for IL-33
induction

A fresh corneoscleral tissue was  cut into four equal-sized pieces.
Each quarter of was  placed into a well of an eight-chamber slide
with epithelial side up in 150 �l of serum-free SHEM medium, with-
out or with polyI:C (50 �g/mL) or flagellin (10 �g/mL) for 24 h in a
37 ◦C incubator. The corneal epithelial tissues were prepared for
frozen sections for IL-33 immunohistochemical staining.

2.4. TLR and NF-�B signaling pathway assays

HCECs were preincubated with specific TLR antibodies or
pathway inhibitors, Pepinh-MYD (40 �M),  Pepinh-TRIF (40 �M),
BAY11-7082 (10 �M)  or NF-�B activation inhibitor (quinazoline
10 �M)  for 1–6 h before polyI:C or flagellin was added for an addi-
tional 1, 4, 24, or 48 h, respectively. The cells in six-well plates
were lysed for extraction of cytoplasmic and nuclear proteins with
a nuclear extraction kit (Active Motif, Carlsbad CA), and stored at
−80 ◦C for Western blot analysis. The cells in eight-chamber slides
were fixed for NF-�B p65 immunofluorescent staining. The cells in
12-well plates were subjected to total RNA extraction for measur-
ing IL-33 expression by RT and real-time PCR. The cultured cells
treated for 24–48 h were lysed in RIPA buffer for IL-33 ELISA and
Western blot analysis.

2.5. Total RNA extraction, reverse transcription (RT) and
quantitative real-time PCR

Total RNA was isolated from cells using a Qiagen RNeasy® Mini
kit according to the manufacturer’s protocol, and quantified by
a NanoDrop® ND-1000 Spectrophotometer and stored at −80 ◦C.
The first strand cDNA was synthesized by RT from 1 �g of total
RNA using Ready-To-Go You-Prime First-Strand Beads as previ-
ously described (Luo et al., 2004; Yoon et al., 2007). The real-time
PCR was performed in a Mx3005PTM system (Stratagene) with 20 �l
reaction volume containing 5 �l of cDNA, 1 �l of TaqMan® Gene
Expression Assay for IL-33 (TaqMan Assay ID Hs00369211 m1)  or
GAPDH (Hs99999905 m1)  and 10 �l Master Mix. The thermocy-
cler parameters were 50 ◦C for 2 min, 95 ◦C for 10 min, followed
by 40 cycles of 95 ◦C for 15 s and 60 ◦C 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 (Yoon et al., 2007; de Paiva et al.,
2006).

2.6. Enzyme-linked immunosorbent assay

Double-sandwich ELISA for human IL-33 was  performed,
according to the manufacturer’s protocol, to determine the con-
centration of IL-33 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).

2.7. Immunohistochemical and immunofluorescent staining

Indirect immunostaining was  performed according to our pre-
viously reported methods (Kim et al., 2004; Li and Tseng, 1995;
Chen et al., 2004). In brief, the human corneal frozen sections or
corneal epithelial cells on eight chamber slides were fixed in ace-

tone at −30 ◦C for 5 min. Cell cultures were permeabilized with 0.2%
Triton X-100 in PBS at room temperature for 10 min. Primary rab-
bit antibodies against human IL-33 (1:100, 2 �g/mL) or p65 (1:100,
2 �g/mL) were applied for 1 h. A goat anti-rabbit biotinylated sec-
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Fig. 1. TLR-dependent induction of IL-33 by microbial ligands in primary HCECs.
(A)  Levels of IL-33 mRNA at 8 h after stimulation by 50 �g/mL polyI:C or 10 �g/mL
of  Pam3CSK4, PGN, polyI:C, LPS, flagellin, FSL-1, R-837, ssRNA40 or C-CpG-ODN.
(B) The concentrations of IL-33 protein detected by ELISA in cell lysates treated
with various TLR ligands (X-axis) for 48 h. (C) Levels of IL-33 mRNA at different
time periods (4–24 h) in cells treated with 50 �g/mL polyI:C (left), or by increasing
concentration (10, 25, or 50 �g/mL) of polyI:C at 8 h (right), evaluated by quantitative
L. Zhang et al. / The International Journal of 

ndary antibody (R&D Systems) and an ABC peroxidase system
Vectastain; Vector Laboratories, Burlingame, CA) were then used
or histochemical staining. For fluorescent staining, AlexaFluor 488-
onjugated secondary antibody was applied for 1 h followed by
ropidium iodide (PI, 2 �g/mL) for 5 min  for nuclear counterstain-

ng. Secondary antibody alone or isotype IgG were used as the
egative controls. The results were photographed with an epifluo-
escence microscope (Eclipse 400; Nikon, Garden City, NY) using a
igital camera (DMX 1200; Nikon).

.8. Western blot analysis

Western blot analysis was performed using a previously
eported method (Li et al., 2006). Briefly, the cell lysate (50 �g
er lane, measured by a BCA protein assay kit) was  mixed with

 × SDS reducing sample buffer and boiled for 5 min  before load-
ng. The proteins were separated on an SDS polyacrylamide gel
nd transferred electronically to PVDF membranes. The mem-
ranes were blocked with 5% nonfat milk in TTBS (50 mM Tris [pH
.5], 0.9% NaCl, and 0.1% Tween-20) for 1 h at room temperature
nd incubated, first with primary antibody against pro-IL-33 or
F-�B p65 overnight at 4 ◦C, and then with horseradish peroxidase-
onjugated secondary antibody for 1 h at room temperature.
he signal bands were detected with an ECL chemiluminescence
eagent using a Kodak image station 2000R (Eastman Kodak, New
aven, CT).

.9. Statistical analysis

Student’s t-test was used to compare differences between two
roups. One-way ANOVA test was used to make comparisons
mong three or more groups, and the Dunnett’s post hoc test was
sed to identify between group differences. P values < 0.05 were
onsidered statistically significant.

. Results

.1. Induction of IL-33 in HCECs exposed to different microbial
omponents

Primary HCECs were challenged by a variety of extracted or syn-
hetic microbial components, representing the ligands respective to
LRs 1-9 for 4–48 h. IL-33 expression at the mRNA and protein lev-
ls was evaluated by RT and real-time PCR and ELISA, respectively.
he mRNA expression of IL-33 in untreated primary HCECs was at

 relatively low level, but was largely induced (about 2- to 7-fold)
fter exposure to certain viral or bacterial components, including
olyI:C, LPS, flagellin, FSL-1 and imiquimod (R837), which are the

igands to TLR3, -4, -5, -6 and -7, respectively (Fig. 1A). IL-33 expres-
ion was not significantly induced by other bacterial components,
uch as the TLR1 ligand pam3csk4 (1–100 �g/mL), TLR2 ligands
GN-BS (1–50 �g/mL) and TLR9 ligand bacterial DNA unmethylated
pG motifs (CCpG-ODN, 1–50 �g/mL), as well as the TLR8 ligand
irus single stranded RNA (ssRNA40, 0.1–10 �g/mL). A correspond-
ng increase of IL-33 protein was detected by ELISA in whole cell
ysates of HCECs exposed to these TLR ligands for 48 h (Fig. 1B).

hen compared with the untreated control (0.318 ± 0.026 ng/mg
ell protein), the IL-33 protein levels increased to 2.68 ± 0.14,
.20 ± 0.15, 2.09 ± 0.16, 1.94 ± 0.17 and 1.13 ± 0.35 ng/mg cell pro-
ein (P < 0.01, n = 4), respectively, in the primary HCECs exposed
o PolyI:C (50 �g/mL), LPS (10 �g/mL), flagellin (10 �g/mL), FSL-1

10 �g/mL) and R837 (10 �g/mL), respectively. The expression of
L-33 mRNA was induced to peak levels at 8 h in a concentration-
ependent fashion by several microbial ligands, including polyI:C
s shown in Fig. 1C.
RT  and real-time PCR. Results shown are the mean ± SD of three to five independent
experiments. *P < 0.05; **P  < 0.01.

3.2. Release of IL-33 cellular protein to culture medium

Although we  successfully detected the increased mRNA expres-
sion and cellular protein production of IL-33 in HCECs challenged
by certain TLR ligands, no significant changes of IL-33 protein lev-
els could be detected by ELISA in 24 or 48 h supernatants of the
HCECs without or with treatment by these TLR ligands (data not
shown). Previously reported studies have found that IL-33 pro-
tein is not secreted from the cells unless it is activated, which
usually implies that a cleavage step is required (Krishnan et al.,
2007). Interestingly, similar to these previous studies, our results
showed that IL-33 protein could be released for secretion to the
culture medium by adenosine-5′-triphosphate (ATP), which acti-
vates caspase-1 cleavage of IL-33 by triggering the P2X7 receptor
(a cell-surface ATP receptor) (Krishnan et al., 2007). As mea-
sured by ELISA, IL-33 concentration in the culture supernatant
significantly increased from 38.1 ± 3.46 pg/mL in the control group
to 159.23 ± 38.36 or 213.7 ± 38.99 pg/mL, respectively, in HCECs
exposed to PolyI:C (50 �g/mL) or flagellin (10 �g/mL) for 48 h with
additional incubation with ATP for the last 30 min. In contrast, the
protein levels of IL-33 in the culture supernatants were 70.19 ± 9.59
and 64.63 ± 12.79 pg/mL, respectively, in HCECs treated by PolyI:C

or flagellin without ATP. It appeared that the ATP co-incubation in
the last 30 min  largely contributed to the secretion of IL-33 (3- to
5-fold) in PolyI:C or flagellin treated groups when compared with
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Fig. 2. Stimulated secretion of IL-33 cellular protein to culture medium by ATP in
primary HCECs. The HCECs were exposed to microbial ligand 50 �g/mL polyI:C (A, C,
E,  G) or 10 �g/mL flagellin (B, D, F, H) for 48 h without or with addition of 5 mM ATP
to  media 30 min  prior to measurement. The IL-33 protein concentrations in culture
media (A & B) and in cell lysates were detected by ELISA (C & D), and the level of
c
c
t

t
a

c

F
q
f
4

ellular IL-33 protein was also evaluated by Western blot analysis using �-actin as
ontrol (E & F) with quantitative ratio of IL-33/�-actin (G & H). Results shown are
he  mean ± SD of three to five independent experiments. *P < 0.05; **P < 0.01.
he untreated controls without or with ATP co-incubation (Fig. 2A
nd B).

Interestingly, the stimulatory effect of ATP on IL-33 release was
onfirmed by a corresponding change in IL-33 cellular protein lev-

ig. 3. IL-33 induction in an ex vivo human corneal tissues evaluated by immunohistochem
uarter  was  placed into a well of eight-chamber slides, epithelial side up in 150 �l of seru
or  24 h in a 37 ◦C incubator. Frozen sections of corneal tissues were used for IL-33 imm
00×.
mistry & Cell Biology 43 (2011) 1383– 1391

els. As shown in Fig. 2C and D, the cellular IL-33 protein level was
stimulated by polyI:C or flagellin, while it markedly decreased (3-
to 5-fold, P < 0.01, n = 4, respectively) after co-incubation with ATP
for 30 min. Western blot bands (Fig. 2E and F) and quantitative anal-
ysis of IL-33 (Fig. 2G and H) normalized by �-actin control further
confirmed the stimulation effect of ATP on release of IL-33 from
cells induced by two TLR ligands, polyI:C or flagellin, respectively.

3.3. Induction of IL-33 in an ex vivo model of human corneal
tissues

To further investigate the cellular location and stimulation of IL-
33 protein ex vivo, fresh human corneal tissues were incubated ex
vivo with polyI:C or flagellin for 48 h. Immunohistochemical stain-
ing showed that IL-33 protein was normally produced by certain
basal epithelial cells, and mainly located in the nucleus and cyto-
plasm in the untreated corneal epithelial tissues. Stronger staining
throughout multiple layers of corneal epithelium was observed in
the tissues exposed to polyI:C (50 �g/mL) or flagellin (10 �g/mL)
for 48 h (Fig. 3).

3.4. TLR and NF-�B signaling pathways involved in IL-33
induction

Since IL-33 showed the greatest induction in response to syn-
thetic dsRNA polyI:C and extracted bacterial flaggelin, we further
investigated the signaling pathways that mediated the IL-33 induc-
tion. When HCECs were preincubated with a rabbit antibody
against TLR3 or TLR5 (10 �g/mL) 1 h before challenged by TLR3
ligand polyI:C (50 �g/mL) or TLR5 ligand flaggelin, respectively,
for 8 or 48 h, the stimulated induction of IL-33 transcript (Fig. 4A
and B) and protein (Fig. 4C–H) by these two microbial compo-
nents was  dramatically reduced. Following TLR activation by its
ligand, the signaling pathways are mainly initiated via two differ-
ent adaptor proteins, myeloid differentiation factor-88 (MyD88)
and TIR-domain-containing adaptor-inducing interferon � (TRIF)
(Kumar and Yu, 2006; Brikos and O’Neill, 2008). To study which
adaptor signaling was  activated by polyI:C or flaggelin during IL-33
induction, the HCECs were preincubated with MyD88 inhibitory

peptide (Pepinh-MYD) or TRIF inhibitory peptide (Pepinh-TRIF) for
6 h. We  observed that the stimulated levels of IL-33 mRNA and
cellular protein by polyI:C were largely blocked by Pepinh-TRIF
(P < 0.01, n = 4), but not by Pepinh-MYD (Fig. 4A, C, E and G). In

ical staining. A fresh corneoscleral tissue was cut into four equal-sized pieces. Each
m-free SHEM medium, without or with polyI:C (50 �g/mL) or flagellin (10 �g/mL)

unohistochemical staining with isotype IgG as the negative control. Magnification
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Fig. 4. TLR and NF-�B signaling pathways are involved in IL-33 induction by polyI:C or flagellin. The HCECs exposed to polyI:C (50 �g/mL) or flagellin (10 �g/mL) were
preincubated in the absence or presence of rabbit TLR3Ab (10 �g/mL), TLR5Ab (10 �g/mL), BAY11-7082 (10 �M) or NF-kB activation inhibitor quinazoline (NF-kB-I, 10 �M)
for  1 h, and Pepinh-MYD (40 �M)  or Pepinh-TRIF (40 �M)  for 6 h. The cultures treated by ligands for 8 h were subjected to RT and real-time PCR to measure IL-33 mRNA (A &
B y ELIS
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),  the cultures treated for 48 h were used to evaluate IL-33 protein in cell lysates b
f  IL-33/�-actin (G & H). Results shown are the mean ± SD of three to five independ

ontrast, flagellin stimulated IL-33 mRNA and protein levels were
ignificantly inhibited by Pepinh-MYD (P < 0.05, n = 4), but not by
epinh-TRIF, as shown in Fig. 4B, D, F and H. TLR signaling typically
nduces activation of the transcription nuclear factor kappa B (NF-
B). Preincubation with an I�B-� inhibitor BAY11-7082 or a NF-�B
ctivation inhibitor quinazoline (NF-�B-I) for 1 h was found to sig-
ificantly block the stimulated expression and production of IL-33
y HCECs exposed to these 2 TLR ligands (Fig. 4).

Western blot analysis further confirmed the involvement of
hese signaling pathways (Figs. 5 and 6). When Pepinh-TRIF and
epinh-MYD respectively blocked the expression and production of
L-33 stimulated by polyI:C or flagellin, they also greatly suppressed
he stimulated I�B-� phosphorylation (A & C, B & D) and degrada-
ion (A & E, B & F), as well as NF-�B activation with p65 protein
uclear translocation (Fig. 6A). Preincubation with BAY11-7082
r NF-�B-I significantly suppressed the I�B-� phosphorylation
nd degradation, as well as NF-�B p65 nuclear translocation

timulated by these two TLR ligands. As further confirmation,
mmunofluorescent staining demonstrated that the NF-�B p65 pro-
ein translocated from cytoplasm to nucleus in corneal epithelial
ells exposed to polyI:C or flagellin for 4 h. This NF-�B activation
A (C & D) and Western blot using �-actin as control (E & F) with quantitative ratio
periments. *P < 0.05; **P  < 0.01.

with p65 nuclear translocation was largely blocked by preincu-
bation with Pepinh-TRIF, Pepinh-MYD, BAY11-7082 or NF-�B-I
(Fig. 6B).

4. Discussion

Recent studies have provided compelling evidence that in addi-
tion to physical barrier function, epithelial cells actively participate,
as initiators, mediators and regulators, in innate and adaptive
immune responses for host defense (Hoebe et al., 2004). A novel
proallergic cytokine IL-33, which was  found to be mainly produced
by mucosal epithelia, has been recently identified as a natural lig-
and of the IL-1 receptor family member ST2, which has been well
known to enhance experimental allergic inflammatory responses
by costimulating the production of cytokines from activated Th2
lymphocytes (Allakhverdi et al., 2007). However, the regulated
expression of IL-33 by mucosal surface epithelia has not been well

investigated. Using fresh donor corneal tissues and primary human
corneal epithelial cells, the present study revealed that IL-33 is
expressed by normal corneal epithelium and is largely induced by
microbial components through TLR and NF-�B signaling pathways.
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Fig. 5. Activation of IkB� signaling induced by polyI:C and flagellin in HCECs. The HCECs were exposed to polyI:C (50 �g/mL) or flagellin (10 �g/mL) in the absence or presence
of  preincubated Pepinh-MYD (40 �M)  or Pepinh-TRIF (40 �M)  for 6 h, and BAY11-7082 (10 �M)  or NF-kB activation inhibitor quinazoline (NF-kB-I, 10 �M)  for 1 h. The cells
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f  p-IkB-�/�-actin (C & D) or IkB-�/�-actin (E & F). Results shown are the mean ± S

ur findings suggest that stimulated production of the mucosal
pithelial cell-derived cytokine IL-33 by innate immunity signaling
athway could participate in allergic inflammatory diseases.

.1. TLR-dependent induction of IL-33 by HCECs in response to
icrobial components

The discovery of TLRs, the most important family among the
RRs, represented a breakthrough in understanding regarding abil-
ty of the innate immune system to rapidly recognize pathogens.
t least 11 human TLRs have been identified to date. Each TLR
as unique ligand specificity. In general, TLR1, -2, -4, -5, and -6
re present on the cell plasma membrane and respond to a vari-
ty of bacterial and fungal components, whereas TLR3, -7, -8, and
9 are mainly present on endosomal membranes inside cells and
ecognize virus nucleic acids. Recently, TLR3 was also found to be
resent on cell surface in human endothelial and corneal epithelial
ells. TLRs are expressed on immune cells that are most likely to first
ncounter microbes, such as neutrophils, monocytes, macrophages,
nd dendritic cells. In addition to innate immune cells, an array of
LRs is expressed by epithelial cells at host/environment interfaces,
ncluding the skin, respiratory tract, gastrointestinal tract and ocu-
ar surface. HCECs have been shown to express functional TLRs 1-9
xcept for TLR8, and to be able to recognize the presence of viral
nd bacterial components, and initiate innate immune responses

hrough production of proinflammatory cytokines. In this study,
e have evaluated the induction of IL-33 by HCECs in response to

 extracted or synthetic microbial components that are ligands of
LRs 1–9.
, B & F) with �-actin as control by Western blotting and quantitative ratio analysis
ree to five independent experiments. *P < 0.05; **P < 0.01.

As  shown in Fig. 1, the expression and production of proallergic
cytokine IL-33 was  largely induced by polyI:C, LPS, flagellin, FSL-1
and R837, the ligands for TLR3, -4, -5, -6 and -7, representing viral
dsRNA and the bacterial components flagellin and lipopeptides,
respectively. PolyI:C and flagellin were the most robust IL-33 induc-
ers, stimulating IL-33 production by 7- and 4-fold, respectively,
with peak mRNA levels noted at 8 h in HCECs. The IL-33 induction
by these 2 ligands was further confirmed using an ex vivo donor
corneal tissue model (Fig. 3). The specificity of the TLR-dependent
response by HCECs was also confirmed by demonstrating signifi-
cant inhibition of polyI:C or flagellin stimulated IL-33 expression
following treatment with TLR3 or TLR5 antibodies, respectively
(Fig. 4). The pattern of TLR-dependent IL-33 induction indicates
that HCECs are able to rapidly initiate an innate immune response
to virus or bacteria, and play an important role in allergic inflam-
matory disease.

4.2. The potential mechanism involved in IL-33 secretion and
activation

As a member of IL-1 super family, IL-33 functions as an extra-
cellular inflammatory cytokine, while it also acts as a nuclear
transcription factor. It has been shown that IL-33 is mainly localized
to the nucleus of endothelial cells where it is bound to chromatin
(Haraldsen et al., 2009). IL-33 mRNA is primarily translated and

synthesized in vivo as a 30-kDa precursor, pro-IL-33 protein. Like
IL-1 and IL-18, pro-IL-33 protein sequence lacks a signal peptide
that directs its secretion via the ER-Golgi pathway (Schmitz et al.,
2005; Hayakawa et al., 2009). Like pro-IL-1�, human pro-IL-33 was
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Fig. 6. Activation of NF-�B signaling induced by polyI:C and flagellin in HCECs. (A) The HCECs were exposed to polyI:C (50 �g/mL) or flagellin (10 �g/mL) in the absence
or  presence of preincubated Pepinh-MYD (40 �M)  or Pepinh-TRIF (40 �M)  for 6 h, and BAY11-7082 (10 �M)  or NF-kB activation inhibitor quinazoline (NF-kB-I, 10 �M) for
1  h. The cells treated for 4 h were subjected to cytoplasm and nuclear protein extraction for NF-�B p65 nuclear translocation analysis by Western blotting with quantitative
ratio  analysis of N-p65/C-p65. Results shown are the mean ± SD of three to five independent experiments. **P < 0.01. C-p65, cytoplasm p65; N-p65, nuclear p65. (B) The cells
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reated  for 4 h in 8-chamber slides were fixed in acetone for immunofluorescent st
ntibody. The images are representatives from three independent experiments.

eported to be cleaved by caspase-1 to generate an 18-kDa active
orm that is sufficient to activate signaling via the IL-33 receptor
T2. Recombinant mature IL-33 has been known to induce Th2-
ssociated cytokines and inflammatory cytokines via its receptor,
T2 (Hayakawa et al., 2009; Talabot-Ayer et al., 2009). However,
rocessing of pro-IL-33 in vivo has not been clarified yet. It is not
lear whether caspase-1 cleavage of pro-IL-33 occurs in vivo, and
hether, as for IL-1�, this cleavage is a prerequisite for IL-33 secre-

ion and bioactivity. IL-33 was reported to be active as full length
rotein (pro-IL33) while to be inactivated by caspase-1 cleavage
Talabot-Ayer et al., 2009), which is under debate.
Our data showed that no significantly changes of IL-33 protein
evels detected by ELISA in the culture supernatants of the stimu-
ated HCECs. As shown in Fig. 2, the IL-33 protein levels significantly
ncreased in the cell lysate, but not in the culture supernatants, of
 with rabbit antibody against p65 followed by AlexaFluor 488-conjugated second

HCECs exposed to poly I:C or flagellin, when compared with the
untreated control. However, the stimulated cellular IL-33 protein
was released into the culture supernatant after co-incubation with
ATP for 30 min, as evaluated by ELISA and Western blot analysis. Our
finding supports a notion that caspase 1-dependant activation may
be involved in the release and secretion of IL-33 protein because
ATP has been known to activate caspase-1 through triggering the
P2X7 receptor (Krishnan et al., 2007). Further studies are necessary
to clarify this underlying mechanism.

4.3. TLR/NF-�B signaling mediating innate immune response for

IL-33 induction

TLRs, capable of recognizing conserved microbial components,
control host innate responses to mucosal and systemic infections.
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ignaling involves the intracellular Toll/interleukin-1 receptor
TIR) domain. Following ligand binding, TLR signaling is initi-
ted by the recruitment of adaptor proteins to the TIR domain,
ncluding MyD88, MyD88 adapter-like protein (Mal), TRIF-related
daptor molecule (TRAM) and the sterile �- and armadillo-motif-
ontaining protein (SARM) (Takeda and Akira, 2005; O’Neill and
owie, 2007). MyD88 is a universal adapter protein as it is used by
ll TLRs except TLR3. MyD88 transduces signal through IRAK (IL-
R-associated kinase) and TRAF6 (tumor necrosis factor receptor
ssociated factor), leading to the activation of transcription factor
F-�B (Johnson et al., 2005; Figueiredo et al., 2008). Most of the
LRs seem to be absolutely dependent on the expression of MyD88
or all of their functions, except TLR3 and TLR4 that have a unique
bility to activate MyD88-independent antiviral responses by a
echanism involving the activation of IRF3. MyD88-independent

ignaling events are controlled by TRIF (for TLR3) or TRIF/TRAM
for TLR4) and induce IRF3-dependent type I interferon produc-
ion (see review articles (Kumar and Yu, 2006; Krishnan et al.,
007)).

Our data showed that synthetic dsRNA polyI:C-induced IL-33
xpression and production were markedly blocked by TLR3 anti-
ody and Pepinh-TRIF, but not by Pepinh-MyD88, while extracted
acterial component flagellin-induced IL-33 production was dra-
atically suppressed by TLR5 antibody and Pepinh-MyD88, but not

y Pepinh-TRIF, in corneal epithelial cells. These findings indicate
hat the induction of the proallergic cytokine IL-33 is triggered by
pecific TLR ligands through innate signaling pathways in mucosal
pithelia.

Although the recognition of different ligands by specific TLRs
eads to activation of an intracellular signaling cascade in a MyD88
ependent or independent fashion, all TLRs share NF-�B signal
ransduction pathways for activation of the transcription factors
Kumar and Yu, 2006; Krishnan et al., 2007). NF-�B is present in the
ytoplasm of resting cells as a dimer bound to an inhibitor protein
I�B) to form an inactive protein complex. Thus NF-�B biological
ctivity is controlled mainly by the IkB alpha and IkB beta pro-
eins, which restrict NF-�B to the cytoplasm and inhibit its DNA
inding activity. Phosphorylation of I�B, which leads to its disso-
iation from NF-�B protein and subsequent degradation, results in
he release and translocation of NF-�B protein from cytoplasm to
ucleus, which triggers transcription of IL-33 and relevant inflam-
atory genes.
We have previously demonstrated that TSLP, another

pithelium-derived pro-allergic cytokine, is induced by an
nnate immune response of ocular mucosal epithelium through
LR/NF-�B signaling pathways. The present study has shown
hat NF-�B was dramatically activated with p65 protein nuclear
ranslocation in corneal epithelial cells exposed to polyI:C or
agellin for 4 h, demonstrated by Western blot analysis and

mmunofluorescent staining (Figs. 5 and 6). BAY 11, a selective
nhibitor of I�B-� phosphorylation and degradation, blocked the
uclear translocation of NF-�B p65 protein. NF-�B activation

nhibitor quinazoline also blocked p65 nuclear translocation.
nterestingly, the stimulated induction of IL-33 by polyI:C or
agellin were also markedly blocked by these NF-�B activation

nhibitors. These findings confirmed that IL-33 induction in HCECs
s mediated by the TLR and NF-�B signaling pathways.

In summary, this study demonstrates a novel phenomenon that
 newly defined pro-allergic cytokine IL-33 is largely induced by
icrobial components through TLR and NF-�B signaling path-
ays in human corneal epithelium. Our findings suggest that
uman ocular mucosal epithelium plays an important role in ini-

iating Th2-dominant allergic inflammation via innate immune
esponses. Furthermore, IL-33 and TLRs could become novel
olecular targets for the intervention of allergic inflammatory dis-

ases.
mistry & Cell Biology 43 (2011) 1383– 1391
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