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PURPOSE. To determine the role of IL-33 in resistance to Pseudo-
monas aeruginosa keratitis.

METHODS. Corneal IL-33 mRNA and protein levels were tested
in susceptible C57BL/6 (B6) and resistant BALB/c mice. B6
mice were injected with recombinant mouse IL-33 (rmIL-33)
and disease severity, bacterial load, polymorphonuclear neu-
trophils (PMN) infiltrate, gene expression of inflammatory, and
T-helper (Th)1/Th2 cytokines were tested by RT-PCR. IL-33
signaling and macrophage (M�) polarization also were exam-
ined.

RESULTS. IL-33 mRNA and protein were expressed constitu-
tively in the normal corneas of both groups and were signifi-
cantly elevated at 1 to 5 days after infection in BALB/c over B6
mice. rmIL-33–treated B6 mice showed less severe disease than
did PBS controls and exhibited decreased bacterial load, PMN
infiltrate, and corneal mRNA levels for IL-1�, MIP-2, and TNF-�.
Th2-type cytokines (IL-4, -5, -10) also were significantly upregu-
lated, and protein levels for TNF-� and IL-10 confirmed the
mRNA data. To further investigate IL-33 in corneal inflamma-
tion, it was overexpressed in M� (RAW264.7 cells). This sig-
nificantly increased IL-5 and IL-10, while it decreased IFN-� and
other pro-inflammatory cytokines. The role of the M� was
further tested in infected rmIL-33 compared with PBS-injected
mice. Immunostaining showed that rmIL-33 injection shifted
M� polarization from NO synthase 2 to arginase production.
Furthermore, peritoneally elicited cells (B6 mice) treated with
lipopolysaccharide and rmIL-33 exhibited elevated ST2 levels
and a shift from IL-12 to IL-10 mRNA production.

CONCLUSIONS. These data provide evidence that IL-33 promotes
a Th2-type immune response and reduces inflammation by
polarizing the M� production of anti-inflammatory mediators
in the cornea. (Invest Ophthalmol Vis Sci. 2010;51:1524–1532)
DOI:10.1167/iovs.09-3983

Keratitis caused by Pseudomonas aeruginosa is character-
ized by epithelial edema, stromal infiltrate, and corneal

ulceration and can lead to vision loss.1 This sight-threatening
infectious disease is, in large part, a consequence of the host
inflammatory response,2 with previous studies showing that
both innate and adaptive host immune responses are critical in

its development.3,4 The innate host response to bacterial in-
fection is primarily mediated by polymorphonuclear neutro-
phils (PMN) and macrophages (M�).5 The initial phase of host
defense against many invading microbes such as P. aeruginosa
also involves a family of proteins called Toll-like receptors
(TLRs), which recognize microbial products and trigger an
innate immune response,6,7 leading to the expression of vari-
ous pro-inflammatory and anti-inflammatory cytokines/chemo-
kines,8 including tumor necrosis factor alpha (TNF-�), interferon-
gamma (IFN-�), and macrophage inflammatory protein (MIP)-2,
interleukin (IL)-1�, -4, -5, -6, -10, and -12. Inflammatory medi-
ators may promote the elimination of bacteria, but, if they are
unbalanced or uncontrolled, they may augment the inflamma-
tory response, leading to tissue damage and corneal perfora-
tion. For example, gene expression profiling of M� has shown
that Gram-negative bacteria induce transcriptional activation of
a common host response that induces genes in M�, expressing
an M1 program.9 M1 polarized cells, prototypical in Th1 re-
sponder strains of mice, such as B6,10 are characterized by the
production of IL-12, TNF-�, MIP-2, and high levels of nitric
oxide synthase 2 (NOS2).11,12 Excessive or prolonged M1 po-
larization can lead to tissue injury and contribute to pathogen-
esis. In contrast, Th2 responder mice (BALB/c) have a higher
population of alternatively activated M�, designated M2 cells,
that produce anti-inflammatory mediators such as IL-10, IL-1ra,
and type II IL-1 decoy receptor,12 upregulate the production of
arginase 1 (Arg1),10 and are critical to disease resolution. A
subset of the latter cells can be induced by agonists of TLRs,
including LPS.9 Thus, negative regulation of TLR signaling may
be critical to avoid a detrimental and inappropriate inflamma-
tory response.13 In this regard, the soluble TLRs (sTLR2 and
sTLR4) act as decoy receptors by binding to their ligands and
competitively blocking TLR2 and TLR4 signaling,14 whereas
the IL-1 receptor–related protein ST2 negatively regulates TLR
signaling by sequestering the recruitment of adaptor molecules
such as MyD88 and TIRAP.15

ST2 is a novel member of the TLR superfamily with unique
anti-inflammatory properties. ST2 mRNAs were expressed in all
human tissues examined, induced by cytokines and phorbol
esters. Three species of mRNAs were observed in different
human cells and tissues. In contrast, only two species of ST2
mRNAs were observed in BALB/c-3T3 cells, and ST2 mRNA
was absent in most tissues of normal mice.16 Higher expression
levels on the surfaces of fibroblasts,17 mast cells,18 and Th2
cells19,20 have been reported. IL-33 is a recently identified
member of the IL-1 family that signals through ST2. The inter-
action between IL-33 and ST2 mediate its biological effects by
recruiting the adaptor molecules MyD88, IRAK1, IRAK4, and
TRAF6, activating mitogen-activated protein kinases (MAPKs)
and nuclear factor (NF)-�B, leading to the production of Th2-
associated cytokines such as IL-4, -5, and -13. IL-33 is most
closely related structurally to the IL-1 family, including IL-1�
and IL-18, and has important functions in host defense, im-
mune regulation, and inflammation.21 However, unlike IL-1�
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and IL-18, which promote pro-inflammatory and Th1-associ-
ated responses, IL-33 predominantly induces the production of
Th2 cytokines and increases levels of serum immunoglobu-
lin.21 In vitro, IL-33 enhanced IL-5 and IL-13 production by
polarized Th2, but not Th1, cell lines.22 In addition, the in vivo
administration of exogenous IL-33 into naive mice provoked
type 2 responses, production of Th2 cytokines and IgE, eosin-
ophilia, and some pathologic changes in mucosal tissues.21

Although IL-33 was detected in epithelial cells from the
bronchus and small airways, fibroblasts, and smooth muscle
cells, which suggested a possible role in the regulation of
mucosal inflammation,23,24 the expression and functional role
of IL-33 (as a specific ligand of ST2) in bacterial keratitis
remains unknown. In the present study, we tested the expres-
sion of IL-33 in the cornea of B6 and BALB/c mice before and
after P. aeruginosa infection. Our data provide direct evidence
that IL-33 is constitutively expressed in the cornea (epithelium)
and is significantly elevated in BALB/c over B6 mice after
infection. Furthermore, B6 mice treated with rmIL-33 protein
had less severe corneal disease after P. aeruginosa infection.
Mechanistically, our data support the tenets that treatment
reduced corneal infection and inflammation by negatively reg-
ulating pro-inflammatory cytokines, polarizing corneal M� to
produce anti-inflammatory mediators such as Arg1, and up-
regulating type 2 and anti-inflammatory cytokine production.

MATERIALS AND METHODS

Corneal Infection

Eight-week-old female C57BL/6 (B6) and BALB/c mice (The Jackson
Laboratory, Bar Harbor, ME) were anesthetized with ether and placed
beneath a stereoscopic microscope at 40� magnification, and the
cornea (left eye) was wounded with three 1-mm incisions using a
sterile 25-gauge needle. Then a bacterial suspension (5 �L) containing
1 � 106 colony-forming units (CFU)/�L of P. aeruginosa (ATCC strain
19660), prepared as described previously,25,26 was applied. Corneas
were examined at 1, 3, and 5 days postinfection (dpi) to monitor
disease. Animals were treated humanely and in compliance with the
ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research.

Ocular Response to Infection

Corneal disease was graded in rmIL-33– compared with PBS-treated
mice using a scale described previously27: 0, clear or slight opacity
partially or fully covering the pupil; �1, slight opacity fully covering
the anterior segment; �2, dense opacity partially or fully covering the
pupil; �3, dense opacity covering the entire anterior segment; and �4,
corneal perforation or phthisis. A clinical score was calculated for each
group of mice (n � 5/group/treatment/experiment) to express disease
severity, and slit lamp photography (5 dpi) was used to illustrate
disease.

Bacterial Plate Counts

Corneas from rmIL-33 and control PBS-treated B6 mice were collected
(n � 5/group/time/experiment) at 1 and 5 dpi, and the number of
viable bacteria were quantitated. Individual corneas were homoge-
nized in sterile saline (0.85% NaCl) containing 0.25% bovine serum
albumin (BSA). Serial 10-fold dilutions of the samples were plated on
Pseudomonas isolation agar (Difco Laboratories, Detroit, MI) in tripli-
cate, and plates were incubated overnight at 37°C. Results are reported
as 105 CFU per cornea � SEM.

Myeloperoxidase Assay

A myeloperoxidase (MPO) assay was used to quantitate PMN in the
cornea of rmIL-33– and control PBS-treated B6 mice. Corneas (n �
5/group/time/experiment) were excised at 1 and 5 dpi and homoge-

nized in 1.0 mL of 50 mM phosphate buffer (pH 6.0) containing 0.5%
hexadecyltrimethylammonium bromide (Sigma, St. Louis, MO). Sam-
ples were freeze-thawed four times and centrifuged at 13,000 rpm for
10 minutes. A 0.1-mL aliquot of the supernatant was added to 2.9 mL
of 50 mM phosphate buffer containing o-dianisidine dihydrochloride
(16.7 mg/100 mL) and hydrogen peroxide (0.0005%). The change in
absorbance at 460 nm was monitored for 5 minutes at 30-second
intervals, and the results were expressed as units of MPO per cornea,
where 1 U activity is equivalent to 2 � 105 PMN.28

IL-33 Protein Treatment

B6 mice (n � 5/group/treatment/experiment) were injected subcon-
junctivally with 1 �g rmIL-33 protein (Axxora LLC, San Diego, CA) or
PBS 1 day before infection. One and 3 dpi, each mouse was injected
intraperitoneally with 1 �g rmIL-33 diluted in 100 �L PBS. Control
mice similarly received an equal volume of PBS.

Macrophage Depletion

Liposomes, composed of phospholipid bilayers and containing dichlo-
romethylene diphosphonate (clodronate) or PBS (control liposomes),
were prepared as described.29 Clodronate was provided by Roche
Diagnostics GmbH (Mannheim, Germany). Clodronate-containing lipo-
some suspension (8 �L) was injected subconjunctivally in B6 mice
using a 50-�L Hamilton syringe with a 30-gauge needle, as generally
described. This route of injection has been shown previously to de-
plete M� in the bulbar conjunctiva.30,31 On day �4 (day 0 � day of
infection), clodronate-containing liposomes (5 �L/mouse/group) were
injected; on day �2, 3 �L more were injected similarly. On day �1, 5
�L rmIL-33 or PBS was injected as described; 1 �g also was injected
intraperitoneally on 1 and 3 dpi. Corneas were infected (day 0), as
described. Control mice for each mouse strain received similar injec-
tions of PBS liposomes.

Cell Culture and IL-33 Overexpression

RAW264.7 (ATCC; TIB-71) cells were cultured in DMEM containing
10% heat-inactivated fetal bovine serum (FBS; Invitrogen Life Technol-
ogies, Carlsbad, CA), L-glutamine (4 �M), penicillin (100 U/mL), and
streptomycin (100 �g/mL; Invitrogen) at 37°C and 5% CO2. After
lipopolysaccharide (LPS, P. aeruginosa serotype 10; Sigma) (1 �g/mL)

TABLE 1. Primer Sequences for Real-time PCR

Gene Primer Sequences

IL-33 Forward CCT CCC TGA GTA CAT ACA ATG ACC
Reverse GTA GTA GCA CCT GGT CTT GCT CTT

IL-1� Forward CGC AGC AGC ACA TCA ACA AGA GC
Reverse TGT CCT CAT CCT GGA AGG TCC ACG

MIP-2 Forward TGT CAA TGC CTG AAG ACC CTG CC
Reverse AAC TTT TTG ACC GCC CTT GAG AGT GG

TNF-� Forward GCA AGC TTC GCT CTT CTG TCT ACT GAA CTT
Reverse GCT CTA GAA TGA GAT AGC AAA TCG GCT GAC

IFN-� Forward GTT ACT GCC ACG GCA CAG TCA TTG
Reverse ACC ATC CTT TTG CCA GTT CCT CCA G

IL-4 Forward GAA GAA CAC CAC AGA GAG TGA GC
Reverse CTT TCA GTG ATG TGG ACT TGG AC

IL-5 Forward AAA GAG AAG TGT GGC GAG GAG AGA C
Reverse CCT TCC ATT GCC CAC TCT GTA CTC ATC

IL-6 Forward CAC AAG TCC GGA GAG GAG AC
Reverse CAG AAT TGC CAT TGC ACA AC

IL-10 Forward TGC TAA CCG ACT CCT TAA TGC AGG AC
Reverse CCT TGA TTT CTG GGC CAT GCT TCT C

IL-12 Forward GGT CAC ACT GGA CCA AAG GGA CTA TG
Reverse ATT CTG CTG CCG TGC TTC CAA C

ST2 Forward TGA CGG CCA CCA GAT CAT TCA CAG
Reverse GCC AAA GCA AGC TGA ACA GGC AAT AC

�-Actin Forward GAT TAC TGC TCT GGC TCC TAG C
Reverse GAC TCA TCG TAC TCC TGC TTG C
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stimulation for 2, 4, 6, and 8 hours, ST2 mRNA expression was deter-
mined by real-time RT-PCR. To further investigate the immunoregula-
tory role of IL-33 in the host inflammatory response, another series of
experiments was performed to test the effect of IL-33/ST2 signaling on
LPS stimulation. In accordance with the manufacturer’s protocol, a
six-well plate of RAW cells (5 � 105 cells/well) was transiently trans-
fected (18 hours) with a mouse IL-33 expression plasmid (pORF-mIL-
33; InvivoGen, San Diego, CA) or empty vector (InvivoGen) control
using transfectamine-2000 (Invitrogen). IL-33 transfected RAW cells
were stimulated with LPS (1 �g/mL) for 6 hours, and cells were
collected and processed for total RNA extraction as described. Real-
time RT-PCR detected mRNA levels of pro-inflammatory cytokines
(IL-1�, MIP-2, IL-6, and TNF-�), Th1-related (IFN-� and IL-12) and
Th2-type cytokines (IL-5 and IL-10).

Real-time RT-PCR

Peritoneal M�, RAW cells, or whole corneas32,33 harvested from nor-
mal and infected (1, 3, and 5 dpi) B6 and BALB/c and rmIL-33 protein
or PBS-treated B6 mice (1 and 5 dpi) (n � 5 mice/group/time/exper-
iment) were collected and homogenized in RNA STAT-60 (Tel-Test,
Friendsville, TX), and total RNA was isolated according to the manu-
facturer’s instruction. Then 1 �g total RNA was reverse transcribed to
produce a cDNA template for PCR reaction. For real-time RT-PCR
amplification, 1 �L each cDNA sample was used per 20 �L PCR
reaction. Sequences of primer sets for real-time RT-PCR are shown in
Table 1. RT-PCR measurements were analyzed in duplicate in three
independent runs using a real-time detection system (Bio-Rad Labora-

tories, Hercules, CA). Relative mRNA levels of IL-33, IL-1�, MIP-2,
TNF-�, IFN-�, IL-4, -5, -6, -10, -12, and ST2 were calculated after
normalizing to �-actin, as described.4,34,35

ELISA Analysis

Protein levels for IL-33 and cytokines/chemokines were quantitated
using enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems,
Minneapolis, MN), as described.35 Normal uninfected corneas and
infected corneas of B6 and BALB/c mice at 1 and 5 dpi (n � 5/group/
time/experiment) were collected and homogenized with a glass pestle
(Fischer, Itasca, IL) in 500 �L PBS containing 0.1% Tween 20, a
protease inhibitor cocktail (Complete; Roche) was centrifuged, and a
50-�L aliquot of the supernatant was assayed for IL-33 protein accord-
ing to the manufacturer’s instructions.

Infected corneas of B6 mice (n � 5/group/time/experiment)
treated with rmIL-33 or PBS were collected at 3 and 5 dpi and tested for
TNF-� and IL-10 protein levels. Individual samples were homogenized
as described in 1 mL PBS containing 0.1% Tween 20 and centrifuged,
and 50 �L each supernatant was assayed according to the manufactur-
er’s instructions. The reported sensitivities of these assays are �6.5
pg/mL for IL-33, �5.1 pg/mL for TNF-�, and �4 pg/mL for IL-10.

Immunostaining

Normal uninfected and infected eyes were enucleated (n � 3/group/
time) at 1 dpi from B6 and BALB/c mice, immersed in PBS, embedded
in OCT compound (Tissue-Tek; Miles, Elkhart, IN), and frozen in liquid

FIGURE 1. IL-33 expression in cor-
nea. mRNA expression levels of IL-33
(A) were significantly higher in in-
fected corneas of BALB/c than of B6
mice at 1, 3, and 5 dpi (P � 0.01, P �
0.05, and P � 0.05, respectively). No
difference was detected between
groups in normal uninfected mice.
IL-33 protein levels (B) were signifi-
cantly higher in the corneas of
BALB/c than of B6 mice at 1 and 5
dpi (P � 0.001 and P � 0.05, respec-
tively). Constitutive expression of
IL-33 protein was significantly higher
in the normal uninfected corneas of
BALB/c than of B6 mice (P � 0.01).
Data are the mean � SEM and repre-
sent two similar experiments each,
with 5 mice/group/time. Immuno-
staining to localize IL-33 in the cor-
nea showed qualitatively more in-
tense positive staining for IL-33 (red)
in the normal uninfected corneal ep-
ithelium of BALB/c (D) compared
with B6 (C) mice. At 1 dpi, BALB/c
also exhibited a more robust expres-
sion of IL-33 (F) than did B6 (E) mice.
Negative controls for B6 (G) and
BALB/c (H) mice, in which the pri-
mary antibody was replaced with a
species-specific IgG, showed no pos-
itive staining for IL-33. Original mag-
nification, �120.
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nitrogen. Ten-micrometer sections were cut, mounted to polylysine-
coated glass slides, incubated at 37°C overnight, and fixed in acetone.
After blocking with 0.01 M phosphate buffer containing 2.5% BSA and
donkey IgG (1:100) for 30 minutes at room temperature, sections were
incubated with primary antibody and goat anti-mouse IL-33 (10 �g/mL;
R&D Systems) for 1 hour, followed by Alexa Fluor 660-conjugated
donkey anti-goat antibody (1:1500) for 1 hour. Sections were then
incubated for 2 minutes with nuclear acid stain (SYTOX Green,
1:15,000; Lonza, Walkersville, MD). Controls were similarly treated
with either omission of the primary antibody or replacement of it with
species-specific IgG. Sections were visualized, and digital images were
captured with a confocal laser scanning microscope (TSC SP2; Leica
Microsystems, Exton, PA).

Normal uninfected and infected eyes were enucleated (n �
3/group/time) at 1, 3, and 5 dpi from PBS and rmIL-33–treated B6 mice
and were prepared for immunostaining, as described. After blocking
with 0.01 M phosphate buffer containing 2.5% BSA and goat IgG
(1:100) for 3 minutes at room temperature, sections were incubated
with primary antibodies, rat anti-mouse M� (1:100; Santa Cruz Biotech-
nology, Santa Cruz, CA), rabbit anti-mouse NOS2 (1:100; Santa Cruz
Biotechnology), rabbit anti-mouse Arg1 (1:100; Santa Cruz Biotechnol-
ogy), or rabbit anti-mouse ST2 (2 �g/mL; ProSci Incorporated, Poway,
CA) for 1 hour, followed by Alexa Fluor 546-conjugated goat anti-rat
antibody (1:1500; Invitrogen) or Alexa Fluor 633-conjugated goat anti-
rabbit antibody (1:1500; Invitrogen) for another hour. Controls were
run with species-specific IgG replacing the primary antibody. SYTOX
nuclear label, confocal visualization, and image capture were per-
formed as described.

M� Isolation and Stimulation to Detect ST2
by RT-PCR

M� were isolated from B6 mice as described.2,33,36 Briefly, M� were
induced into the peritoneal cavity by intraperitoneal injection of 1 mL
of 3% Brewer’s thioglycollate medium (BD Biosciences, Sparks, MD) 5
days before kill. Cells were collected by peritoneal lavage with DMEM
containing 10% FBS and stained with 0.4% trypan blue, and viable cells
(�95%) were counted with a hemacytometer. M� were seeded into
24-well tissue culture plates at a density of 6 � 106 cells/well and were
incubated for 4 hours. Then nonadherent cells were removed, and
fresh media containing PBS (negative control) or LPS (1 �g/mL) with or
without 0.5 �g/mL rmIL-33 was added. Cells were stimulated for 18
hours at 37°C and were processed for RT-PCR to detect mRNA levels
of ST2, IL-10, and IL-12, as described.

Statistical Analysis

The difference in clinical score between two groups at each time point
was tested by the Mann-Whitney U test. An unpaired, two-tailed Stu-
dent’s t-test was used to determine statistical significance for RT-PCR,
MPO, bacterial plate count, and ELISA analyses, and data were consid-
ered significant at P � 0.05. All experiments were performed at least
twice to ensure reproducibility, and data from both experiments are
shown.

RESULTS

IL-33 Expression in Cornea

IL-33 mRNA levels were constitutively expressed similarly in
the uninfected normal corneas of both mouse groups. How-
ever, after infection, IL-33 mRNA levels were significantly up-

FIGURE 2. rmIL-33 protein treatment (A). Significantly lower clinical
scores were seen at 1, 3, and 5 dpi in rmIL-33 compared with PBS mice
(P � 0.01, for each). The experiment was performed twice with 5
mice/group/time, and data shown are individual scores from both
experiments. Photographs taken with a slit lamp at 5 dpi show less
severe disease after rmIL-33 treatment (B) compared with corneal
thinning or perforation in PBS-treated controls (C). Plate counts to
enumerate viable bacteria (D) and MPO assay to quantitate corneal
PMN (E) showed fewer bacteria and PMN in the cornea of rmIL-33 than
of PBS-treated mice at 5 dpi (P � 0.01 and P � 0.04, respectively), with
no significant difference in either between the two groups at 1 dpi.
Data for both are the mean � SEM and represent two similar experi-
ments, each with 5 mice/group/time.

FIGURE 3. Pro-inflammatory and rmIL-33 mediators. Real-time RT-PCR
showed rmIL-33 treatment significantly downregulated mRNA levels
for IL-1� (P � 0.01 and P � 0.01; A), MIP-2 (P � 0.01 and P � 0.01;
B), and TNF-� (P � 0.05 and P � 0.01; C) at 1 and 5 dpi, respectively.
mRNA data were selectively confirmed by ELISA for TNF-� at 3 and 5
dpi (D) and showed a significant decrease in TNF-� protein at 5 dpi
only (P � 0.05). Data are the mean � SEM and represent the results of
two experiments, each with 5 mice/group/time.
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regulated in BALB/c over B6 mouse corneas at 1 (P � 0.01), 3
(P � 0.05), and 5 (P � 0.05) dpi (Fig. 1A). IL-33 protein in the
normal BALB/c mouse was greater than in B6 mice (P � 0.01),
but in the infected corneas, protein correlated with gene ex-
pression levels in that significantly more IL-33 was detected at
1 (P � 0.001) and 5 dpi (P � 0.05) (Fig. 1B) in BALB/c
compared with B6 mice. Immunostaining for IL-33 in the nor-
mal uninfected cornea of B6 (Fig. 1C) compared with BALB/c
(Fig. 1D) mice showed qualitatively more staining in the epi-
thelium of BALB/c mice. This pattern continued at 1 dpi in
BALB/c (Fig. 1F) compared with B6 mouse cornea (Fig. 1E).
Negative controls (primary antibody substituted with species-
specific IgG) showed no positive IL-33 staining in normal
cornea (data not shown) or at 1 dpi (Figs. 1G, 1H).

IL-33 and Host Resistance

Because IL-33 mRNA expression was lower in the infected
cornea of B6 compared with BALB/c mice, the next series of in
vivo studies tested whether IL-33 (a specific ligand of ST2) was
protective in bacterial keratitis. For this, B6 mice were injected
with rmIL-33 protein. Clinical scores (Fig. 2A) showed that
treated B6 mice exhibited significantly decreased corneal dis-
ease at 1, 3, and 5 dpi (each at P � 0.01) compared with PBS
treatment. A representative photomicrograph taken with a slit
lamp at 5 dpi also revealed less corneal opacity or disease in the
rmIL-33 (Fig. 2B) compared with PBS (Fig. 2C) treated mice.
We next investigated whether bacterial count or PMN number
differed in the infected corneas of the two groups. At 1 dpi, no
difference in bacterial count (Fig. 2D) or PMN (Fig. 2E) was
detected, but at 5 dpi, both bacterial (P � 0.001) and PMN
(P � 0.04) values were elevated in PBS compared with rmIL-33

treated mice. Treatment with rmIL-33 protein compared with
PBS also significantly decreased mRNA levels of IL-1� (Fig. 3A;
P � 0.01 at both 1 and 5 dpi), MIP-2 (Fig. 3B; P � 0.01 at both
1 and 5 dpi), and TNF-� (Fig. 3C; P � 0.05 and �0.01 at 1 and
5 dpi, respectively). To confirm the mRNA data, corneal pro-
tein levels for TNF-� were tested (Fig. 3D) and were signifi-
cantly downregulated in rmIL-33 compared with PBS-treated
B6 mice at 5 (P � 0.05), but not at 3 dpi (P � 0.79), paralleling,
in part, the mRNA data.

IL-33 Differentially Regulates
Th1/Th2-type Immunity

mRNA expression of type-1 cytokines IFN-� (Fig. 4A; P � 0.05
at both 1 and 5 dpi) and IL-12 (Fig. 4B; P � 0.05 and �0.01 at
1 and 5 dpi) was significantly decreased in the cornea of
rmIL-33– compared with PBS-treated mice. In contrast, mRNA
expression of type-2 cytokines, including IL-4 (Fig. 4C; P �
0.05 and �0.01 at 1 and 5 dpi), IL-5 (Fig. 4D; P � 0.05 at both
1 and 5 dpi), and IL-10 (Fig. 4E; P � 0.05 at both 1 and 5 dpi)
were significantly upregulated in rmIL-33– compared with PBS-
treated B6 mice. ELISA showed that IL-10 protein levels (Fig.
4F) were upregulated at 3 and 5 dpi (P � 0.01 and P � 0.04).
M�-depleted mice also were tested to determine whether
rmIL-33 had a direct effect on T cells. Data show that in the
absence of M�, Th2-type T-cell cytokines were upregulated,
and increased mRNA levels of IL-4 (P � 0.01), IL-5 (P � 0.01),
and IL-10 (P � 0.01) (and protein, P � 0.01, Fig. 4H) were
detectable compared with control levels (Fig. 4G). In addition,
Th1 cytokines IFN-� (P � 0.01) and IL-12 (P � 0.01) also were
modestly elevated in clodronate-treated mice compared with
controls.

FIGURE 4. Th1/Th2 regulation. Real-
time RT-PCR showed that treatment
with rmIL-33 significantly decreased
mRNA levels for Th1 cytokines (A)
IFN-� (P � 0.05 and P � 0.05) and
(B) IL-12 (P � 0.05 and P � 0.01) at
1 and 5 dpi Levels of mRNA for Th2
cytokines were significantly upregu-
lated after rmIL-33 treatment com-
pared with PBS controls at 1 and 5
dpi for (C) IL-4 (P � 0.05 and P �
0.01, respectively), (D) IL-5 (P �
0.05 for both), and (E) IL-10 (P �
0.05 for both). ELISA confirmed the
mRNA data for IL-10 (F) at 3 and 5
dpi (P � 0.01 and P � 0.04) com-
pared with PBS controls. After M�
depletion, mRNA levels for Th2 cyto-
kines were significantly upregulated
after rmIL-33 treatment compared
with PBS controls at 5 dpi (G) (P �
0.0.l for IL-4, -5 and -10 and -10 pro-
tein; H). Modest upregulation for
IFN-� and IL-12 (P � 0.01 for each)
also was seen. Data are the mean �
SEM and represent the results of two
experiments, each with 5 mice/
group/time (only G and H are data
from a single experiment).
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Overexpression of IL-33 Modulates Inflammation

mRNA expression of ST2 in RAW cells, determined by real-time
RT-PCR, showed constitutive expression before and upregula-
tion with time after LPS stimulation (Fig. 5A; P � 0.05, �0.01,
�0.01, and �0.01 at 2, 4, 6, and 8 hours). RAW cells were
transiently transfected with an IL-33 expression vector and
stimulated with LPS (1 �g for 6 hours). Overexpression of IL-33
markedly decreased pro-inflammatory cytokines (Fig. 5B; P �
0.05, �0.01, �0.01, and �0.01 for IL-1�, MIP-2, IL-6, and
TNF-�, respectively) and Th1-type cytokines (Fig. 5C; P � 0.01
for both IFN-� and IL-12) while significantly increasing Th2-

type cytokines (Fig. 5D; P � 0.01 and P � 0.01 for IL-5 and
IL-10) compared with the empty vector control.

NOS2 and Arg1 Immunostaining

Immunostaining determined whether M1 or M2 polarization of
F4/80 positively stained M� in the cornea occurred after
rmIL-33 compared with PBS treatment by localizing NOS2 (M1;
Figs. 6A–H) or Arg1 (M2; Figs. 7A–H). Staining for NOS2 ap-
peared similar in PBS- compared with rmIL-33–treated corneas
at 1 dpi (data not shown). At 3 dpi, more NOS2 positively
stained M� were seen in the cornea after PBS (Fig. 6A, merged
NOS2 and F4/80 staining) compared with rmIL-33 treatment
(Fig. 6B, merged). By 5 dpi, less overall NOS2 staining was seen
in either treatment group, but the PBS group continued to
exhibit more staining than the rmIL-33 group (compare Figs.
6C, 6D; both merged). Negative controls, in which IgG was
substituted for the primary antibody, are shown for both
groups at 3 and 5 dpi (Figs. 6E, 6F for 3 dpi; 6G, H for 5 dpi;
PBS and rmIL-33 treated, respectively). In contrast, qualita-
tively less intense staining for Arg1 in F4/80-positive M� was
seen in the cornea after PBS treatment compared with rmIL-33
treatment (compare Figs. 7A, 7B; both merged) at 1 dpi. The
pattern and intensity of Arg1 staining at 3 (data not shown) and
5 dpi (Figs. 7C, 7D) were similar to those at 1 dpi, with the PBS
compared with the rmIL-33 treatment group exhibiting less
staining for Arg1. Controls (IgG substituted for the primary
antibody) are shown for both groups at 1 and 5 dpi (Figs. 7E,
7F for 1 dpi; 7G, 7H for 5 dpi; PBS and rmIL-33 treated,
respectively) with no detectable background staining.

Immunostaining and RT-PCR

Dual immunolabeling with antibodies specific for M� and ST2
showed a qualitative upregulation of ST2 on F4/80-positive M�
in the cornea of infected B6 mice treated with rmIL-33 (Fig. 8A)
compared with PBS (Fig. 8B). No staining was seen when IgG
was substituted for the primary antibody (Fig. 8C). In vitro, ST2
expression was assessed on peritoneal M� from B6 mice stim-
ulated in culture with 1 �g/mL LPS with or without 0.5 �g/mL
rmIL-33 (Fig. 8D). After 18 hours, M� with added rmIL-33
expressed significantly higher levels of ST2 transcript (P �
0.04) than M� with added rmIL-33. In addition, in the presence
of rmIL-33, mRNA levels of the M2 cytokine IL-10 (Fig. 8E)
were elevated (P � 0.003), whereas levels of the M1 cytokine
IL-12 (Fig. 8F) were reduced (P � 0.003).

FIGURE 5. Modulation of IL-33 in vitro. Real-time RT-PCR showed ST2
expression on RAW cells was significantly upregulated over constitu-
tive levels after stimulation with LPS after 2 (P � 0.05), 4, 6, and 8
hours (each at P � 0.01) (A). After transfection with a vector overex-
pressing IL-33, RAW cells significantly downregulated mRNA for pro-
inflammatory mediators (B) IL-1� (P � 0.05), MIP-2 (P � 0.01), IL-6
(P � 0.01), and TNF-� (P � 0.01). In addition, Th1-type cytokines such
as IFN-� (P � 0.01) and IL-12 (P � 0.01) (C) and Th2-type cytokines
such as IL-5 (P � 0.01) and IL-10 (P � 0.01) (D) were upregulated.
Data are the mean � SEM of two similar experiments (5 samples/
group/time).

FIGURE 6. Immunostaining for NOS2.
Dual immunofluorescence staining for
F4/80 (M�) and NOS2 in the corneas of
rmIL-33 and PBS-treated B6 mice at 3 (A,
B, E, F) and 5 (C, D, G, H) dpi. In
merged images (F4/80, red; NOS2,
blue), more intense NOS2 staining in
cornea was seen in PBS-treated mice at 3
(A) and 5 (C) dpi compared with rmIL-
33–treated corneas (B, D). Controls (pri-
mary antibody replaced with IgG) are
shown for both groups at 3 and 5 dpi (E,
F, for 3 dpi; G, H, for 5 dpi) with negli-
gible backgroundstaining. Original mag-
nification, �400.

IOVS, March 2010, Vol. 51, No. 3 IL-33 in P. aeruginosa Keratitis 1529



DISCUSSION

The TLRs constitute a family of proteins involved in the initial
phase of host defense against invading pathogens32,37 and act

as primary sensors of microbial products to activate signaling
pathways leading to the induction of innate immune and in-
flammatory responses.35 TLRs belong to a larger family of
proteins that include receptors for cytokines such as IL-1 and
IL-18, which are pro-inflammatory. Overall, TIR domain-con-
taining superfamily members can be divided into three sub-
groups, all of which induce an inflammatory response except
SIGIRR (single immunoglobulin domain IL-1R related) and ST2.
The latter was originally identified in murine fibroblasts as a
late response gene induced by serum. Thus, ST2 serves an
important selective negative regulatory function of TIR do-
main-containing receptors, providing an explanation for its
involvement in Th2-cell responses.15,34 ST2 was the first iden-
tified member of the TIR family unable to activate NF-�B but
still able to activate MAP kinases. In the cornea, previous work
from this laboratory has shown that ST2 is critical in resistance
to P. aeruginosa keratitis, functioning to reduce corneal infec-
tion (bacterial load) and inflammation by negatively regulating
pro-inflammatory cytokines, inhibiting type-1 immunity, and
upregulating type-2 cytokine production, particularly IL-10.36

Nonetheless, involvement of its ligand, IL-33, and its cellular
distribution remained unknown until the present study. In this
regard, in addition to being a stable cell marker on Th2 effector
cells, IL-33 is a member of the IL-1 family, which includes IL-1�
and IL-18. Like those cytokines, IL-33 also was found to have
strong immunomodulatory functions.22 However, in contrast
to IL-1� and IL-18, which promote Th1-associated responses,
IL-33, the ligand for the ST2 receptor, predominantly induces
the production of Th2 cytokines such as IL-5 and IL-13. In this
regard, the ST2 gene encodes two isoforms of ST2 protein:
ST2L, a transmembrane form, and soluble ST2, a secreted form
that is able to serve as a decoy receptor for IL-33. ST2L is
preferentially expressed on Th2 cells but not on Th1 cells37

and can have profound suppressive effects on innate and adap-
tive immune responses.22 The soluble variant of ST2 can sup-
press pro-inflammatory cytokine production by M� activated
with LPS. IL-33 has been detected in epithelial cells from the
bronchus and small airways and from fibroblasts and smooth
muscle cells,24,25 but no information has been available about
IL-33 in diseases such as bacterial keratitis. The study reported
herein is the first to test the expression and functional role of
IL-33 in this disease. We have shown that ocular infection with
P. aeruginosa upregulated IL-33. In fact, resistant (Th2 respon-
sive)3 mice exhibited higher mRNA and protein expression
levels constitutively and after infection than did susceptible
(Th1-responsive)3 mice whose corneas were perforated. Thus,
it is tempting to hypothesize that in BALB/c mice, constitu-
tively elevated expression of IL-33 may exert a significant
posttranslational regulative effect that could contribute to or

FIGURE 7. Immunostaining for Arg1.
Dual immunostaining for F4/80 (M�)
and Arg1 in the corneas of rmIL-33– and
PBS-treated B6 mice at 1 (A, B, E, F) and
5 (C, D, G, H) dpi. In merged images
(F4/80 � red; Arg1 � blue), more in-
tense Arg1 staining was seen in the cor-
nea of rmIL-33–treated mice at 1 (B) and
5 (D) dpi than in PBS-treated mice (A, C,
1 and 5 dpi, respectively). Negligible
background staining was seen in con-
trols, in which the primary antibody was
replaced with IgG (shown for both
groups at 1 and 5 dpi [E, F, for 1 dpi; G,
H, for 5 dpi; PBS and rmIL-33 treated,
respectively]). Original magnification,
�400.

FIGURE 8. Immunostaining and real-time RT-PCR. Dual immunostain-
ing for F4/80 (M�) and ST2 in the cornea of rmIL-33 compared with
PBS-treated B6 mice. More staining for ST2 (blue) was associated with
M� (red) in rmIL-33–-treated mice (A) than in PBS-treated mice (B)
cornea. Substitution of the primary antibodies with IgG showed no
detectable staining (C). Original magnification, �1000. Real-time RT-
PCR analysis of LPS-stimulated peritoneal-elicited M�, with or without
rmIL-33, showed a significant upregulation of ST2 on M� after LPS
stimulation in the presence of rmIL-33 (P � 0.04) (D). Upregulation of
IL-10 (E; P � 0.003) and downregulation of IL-12 (F; P � 0.003) were
observed after LPS, together with rmIL-33 treatment. Data for RT-PCR
are the mean � SEM of two similar experiments (5 samples/
group/time).
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prime the resistance response. In fact, injection of susceptible
B6 mice with rmIL-33 protein promoted the resistance re-
sponse of these mice by decreasing corneal disease and the
PMN infiltrate and bacterial count in the cornea. In addition,
treatment shifted M� polarization in the cornea from M1 to an
M2 profile, increased ST2 expression, and shifted mRNA ex-
pression levels from IL-12 to IL-10 production. In the absence
of the M�, rmIL-33 treatment also upregulated Th2-type T-cell
cytokines, including IL-4, -5, and -10, but Th1-type cytokines
also were modestly elevated. These data suggest, and are con-
sistent with other data showing,38 that CD4� Th0-type T cells
are responsive to rmIL-33 treatment. The data also illustrate the
importance of M� modulation of the host response in this
disease because in the absence of this cell, Th1-type cytokines
also were slightly upregulated, an unexpected finding. In ad-
dition, these data are consistent with past studies showing that
M� from ST2-deficient mice produced significantly more IL-12
than cells from wild-type mice when stimulated with the TLR4
ligand LPS and that ST2 negatively regulated IL-1R, TLR2, TLR4,
and TLR9 signaling.37 IL-1 itself upregulates the expression of
many genes important in the initiation and development of the
inflammatory state and other immune processes, including
bacterial keratitis.37,39 Thus, IL-1 is critical for maintaining the
health of the organism and, in the cornea, has been dubbed its
“alarm bell.” Imbalance of this potent cytokine can lead to the
development of disease and can contribute to perforation39 or
destruction of the cornea. TLR signaling leads to the induction
and activation of many genes similar to IL-1; thus, the regula-
tion of TLRs is required for immune system homeostasis. Al-
though SIGIRR is also an inhibitory member of the IL-1R1-TLR
superfamily, its expression pattern differs. SIGIRR is restricted
primarily to epithelial cells, whereas ST2 is expressed on mac-
rophages and Th2 cells, and its ability to modulate TLR signal-
ing may be even more important than SIGIRR in terms of
immune responsiveness.15 Nonetheless, SIGIRR is important in
resistance to P. aeruginosa corneal infection and functions to
downregulate type 1 immunity and to negatively regulate IL-1
and TLR4 signaling.40

In summary, the data presented herein indicate that IL-33 is
constitutively expressed disparately in the corneal epithelium
of B6 (less) and BALB/c (more) mice before and after P. aerugi-
nosa infection. In addition, we provide substantial evidence
that IL-33 is critical for host resistance and functions in vivo by
binding to M�, favors an M2 (Arg1) rather than an M1 (NOS2)
phenotype, promotes type 2 cytokine (e.g., IL-10) production,
and negatively regulates type 1 cytokine production and re-
duces pro-inflammatory cytokine expression. In the absence of
M�, Th2 cytokines are upregulated, but Th1 cytokines are also
increased. These data suggest that IL-33 plays a protective role
in corneal defense against bacterial infection and that modula-
tion of IL-33 signaling may be used as a novel therapeutic
reagent for the treatment of P. aeruginosa keratitis.
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