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Purrose. We previously showed that pre-exposure of the cornea to Toll-like receptor (TLR)5
ligand flagellin induces strong protective innate defense against microbial pathogens and
hypothesized that flagellin modulates gene expression at the transcriptional levels. Thus, we
sought to determine the role of one transcription factor, interferon regulatory factor (IRF1),
and its target gene CXCL10 therein.

MerHops. Superarray was used to identify transcription factors differentially expressed in
Pseudomonas aeruginosa-challenged human corneal epithelial cells (CECs) with or without
flagellin pretreatment. The expression of CXCL10, IRF1, LI-8(CXCL2), and IFNy was
determined by PCR, immunohistochemistry, Western/dot blotting, and/or ELISA. IRF1
knockout mice, CXCL10 and IFNYy neutralization, and NK cell depletion were used to define
in vivo regulation and function of CXCL10. The severity of P aeruginosa was assessed using
clinical scoring, slitlamp microscopy, bacterial counting, polymorphonuclear leukocytes
(PMN) infiltration, and macrophage inflammatory protein 2/Chemokine (C-X-C motif) ligand
2 (MIP-2/CXCL2) expression.

Resurts. Flagellin pretreatment drastically affected P aeruginosa-induced IRF1 expression in
human CECs. However, flagellin pretreatment augmented the P aeruginosa-induced
expression of IrfI and its target gene Cxc/10 in B6 mouse corneas. [rf1 deficiency reduced
infection-triggered CXCL10 expression, increased keratitis severity, and attenuated flagellin-
elicited protection compared to values in wild-type (WT) controls. CXCL10 neutralization in
the cornea of WT mice displayed pathogenesis similar to that of IRF1~/~ mice. IFNy receptor
neutralization and NK cell depletion prevented flagellin-augmented IRF1 and CXCL10
expression and increased the susceptibility to P aeruginosa infection in mouse corneas.

Concrusions. IRF1 plays a role in the corneal innate immune response by regulating CXCL10
expression. IFNy-producing NK cells augment the epithelial expression of IRF1 and CXCL10
and thus contribute to the innate defense of the cornea against P aeruginosa infection.
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he innate immune system is critical for host defense against

infectious challenges.!-> The protective ability of innate
defense is largely dependent on germ-line-encoded pattern-
recognition receptors (PRRs).* Prominent among PRRs are the
Toll-like receptors (TLRs) that recognize pathogen-associated
molecular patterns (PAMPs) to initiate innate immune respons-
es including the production/secretion of inflammatory media-
tors, antimicrobial effectors, and signals inducing adaptive
immune responses.®> The ocular surface, like other mucosal
surfaces including the respiratory,® gastrointestinal,> and
urogenital tracts,” is covered by epithelial cells (ECs) that form
a physiological barrier. These ECs also possess the ability to
sense and promote the host immune response.!2 Although
the innate response is important for host defense against

invading pathogens, unregulated inflammation could be detri-
mental to the host tissue. Several negative regulators, including
Tollip,'° IRAK-M,"' SOCS1,'? and ST2,'3'4 have been shown to
play a role in the resolution of inflammation and in restoring
homeostasis. At the cellular level, pre-exposure of mucosal
surfaces or cultured cells to TLR ligands has resulted in
suppression of inflammatory cytokine release yet enhanced
tissue resistance to infection and other adverse environmental
challenges.'>'¢ Inhibition of nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) activation has been
demonstrated to be responsible for silencing the expression of
proinflammatory cytokines. However, the underlying mecha-
nisms for the expression of antimicrobial effectors, mostly
antimicrobial peptides such as human BD2 (hBD2) and LL-37,
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and other protective genes remain elusive.!” Hence, it is
reasonable to postulate that in addition to NF-xB, other
transcription factors, the effectors controlling gene expression,
may also be involved in TLR ligand-mediated modification of
gene expression, also termed “reprogramming.”!7-18 Identifi-
cation of these factors is of great interest, as they may mediate
the expression of a subgroup of genes and serve as a more
specific target for controlling TLR-triggered inflammation and/
or accelerating the resolution of inflammation. Thus identifi-
cation may lead to the development of more advanced
therapeutic molecules to treat bacterial keratitis and other
infectious diseases.

Most TIR ligands are known to desensitize the inflammatory
response to the same (homotolerance) and/or different (cross-
tolerance) TLR ligands, generating certain protective effects
against infection or deleterious inflammation.'>7 The best studied
is lipopolysaccharide (LPS)-induced endotoxin tolerance or
hyporesponsiveness.'>!” Among the 10 identified human TLRs,
TLRS5 is unique as it recognizes a bacterial protein flagellin and
requires only MyD88 for signal transduction.'® Using flagellin as a
stimulus, we found that prestimulation of the cornea provided
robust protection against microbial keratitis, including forms
caused by flagellin-bearing Pseudomonas aeruginosa or unrelat-
ed pathogens such as fungi.?’-24 Flagellin has also been reported to
induce protection against lethal radiation and chemicals in mice
and monkeys,?>2° to restore antibiotic-impaired innate immune
defenses,?” and to protect mice from acute Clostridium difficile
colitis.?® Moreover, the flagellin‘TLRS axis, but not the Ipaf
pathway,?*3° exhibits several distinctive properties: (1) more
potent stimulation of mucosal ECs compared to immune cells such
as dendritic cells and macrophages,3! (2) unique expression of
anti-inflammatory genes (such as II-1Ra, but not IL-13),2%32 and
(3) preservation of epithelial barrier function.?”-2® While flagellin
or its derivatives have great potential as a prophylactic and/or
therapeutic reagent, its clinical application faces many obstacles
due to its potential ability to alter the cell’s response to other
adverse challenges, its untested usability in repeated applications
on the airway and cornea or through systematic injections, and the
generation of antibodies in the host that neutralize its effects in
vivo.333% Hence, harnessing the flagellininduced protective
power requires much more insight into the underlying mecha-
nisms of cell reprogramming. One of the pressing questions is how,
while hyporesponsiveness can be attributed to impairment of the
classic NF-xB activation, the expression of antimicrobial effectors
suchas LL-37 and hBD3 (which are generally known to require NF-
kB at least for initial activation3>3%) remains unchanged or even
enhanced in flagellin-pretreated cells. As TLR-mediated expression
of proinflammatory and cytoprotective genes is mostly controlled
at the transcription level, it is of much interest to identify the
transcription factors involved in TLR-induced reprogramming and
mucosal surface protection.

In this study, we used a real-time PCR array to identify
transcription factors with differential expression profiles in
human corneal epithelial cells (HCECs) challenged with bacteria
with or without flagellin pretreatment. We identified interferon
regulatory factor (Z/RF)1 as one such transcription factor and
demonstrated that its upregulation is important for the expression
of CXCL10 in corneal epithelial cells (CECs). Our results suggest
that the IFN)-IRF1-CXCL10 axis plays a role in flagellin-induced
corneal epithelial response to and protection against P aerugi-
nosa infection in the cornea by accelerating the recruitment of
NK cells into the cornea.

MATERIALS AND METHODS

Reagents and Antibodies

Anti-human IRF1 and anti-BD2 antibodies were purchased from
Santa Cruz Biotech (Santa Cruz, CA). Anti-B-actin and anti-
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mouse CXCL10 antibodies were purchased from Sigma-Aldrich
(St. Louis, MO) and Peprotech (Rocky Hill, NJ), respectively.
Anti-NK1.1 was purchased from eBiosciences (San Diego, CA).
Anti-IFNYR2 was purchased from R&D Systems (Minneapolis,
MN). Horseradish peroxidase (HRP)-conjugated secondary
antibodies were from Bio-Rad (Hercules, CA). Fluorescein
isothiocyanate-conjugated secondary antibodies were from
Jackson ImmunoResearch Laboratories (West Grove, PA).
Defined keratinocyte serum-free medium (DK-SFM) was
purchased from Invitrogen (Carlsbad, CA). Keratinocyte basal
medium (KBM) was purchased from BioWhittaker (Walkers-
ville, MD).

Animals

Wild-type (WT) C57BL6 (B6) mice (8 weeks of age; 20-24 g
weight) and IRF1/~ mouse breeding pairs were purchased
from The Jackson Laboratory (Bar Harbor, ME). IRF1~/~ mice
were bred in-house, and their pups were subjected to
genotyping before use. All investigations conformed to the
ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research, the National Institutes of Health guidelines,
and the guidelines of the Animal Investigation Committee of
Wayne State University.

Infection Protocol

Mice were anesthetized with ketamine/xylazine and placed
beneath a stereoscopic microscope for needle scratching with
three 1-mm incisions using a 26-gauge needle. Purified flagellin
(500 ng in 5 pL PBS) or PBS (the control) was topically applied
on the needle-injured corneas. At 24 hours after pretreatment,
the corneas were scarified again and inoculated with 5 pL
bacterial suspension containing 1 X 10> CFU of strain PAO1
and 1 X 10%* CFU of P aeruginosa strain ATCC 19660
(American Type Culture Collection, Manassas, VA). Eyes were
examined daily to monitor the disease progression with a
dissection microscope equipped with a digital camera.

Clinical Examination

For assessment of clinical scores, mice were color coded and
examined in a blinded fashion by two independent observers
at 1, 2, and 3 days postinfection (dpi) to visually grade the
severity of disease after P aeruginosa infection. The ocular
disease was graded, and clinical scores were assigned using the
following previously described scale3”: 0, clear; 1, slight
opacity partially or fully covering the pupil; 2, slight opacity
fully covering the anterior segment; 3, dense opacity partially
or fully covering the pupil; and 4, dense opacity covering the
anterior segment and corneal perforation. At 3 dpi, all infected
corneas were photographed with a slitlamp microscope to
illustrate the disease response.

Bacterial Strains and Flagellin

Two strains of P aeruginosa, PAO1 and ATCC 19660, were
used in the study. ATCC 19660, a cytotoxic strain, can infect
the B6 mouse corneas at 10* CFU/cornea and cause severe
keratitis and corneal perforation at approximately day 5. To
illustrate the profound protection induced by flagellin we have
been using ATCC 19660. However, our interest is in the early
innate immune response in the cornea, particularly the
epithelium, which has been shown to play a key role in innate
immunity and in shaping adaptive immunity as well. ATCC
19660 usually causes EC death in vitro and epithelial sheet loss
in vivo. To that end, we had to use PAO1 with 10-fold increase
in CFU (10°) to challenge B6 mouse corneas and assess host
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TaBLE. Mouse Primer Sequences Used for PCR

Gene Primer Sequence (5'—3') Product Size, bp

Ifny Forward ACGGCACAGTCATTGAAAGC 198
Reverse TGCTGATGGCCTGATTGTCTT

If1 Forward CAGAGGAAAGAGAGAAAGTCC 208
Reverse CACACGGTGACAGTGCTGG

Cxcll10 Forward ATGAACCCAAGTGCTGCCGTC 297
Reverse TTAAGGAGCCCTTTTAGACCTTT

Cxcl2 Forward AGTTTGCCTTGACCCTGAAGCC 466
Reverse TGGGTGGGATGTAGCTAGTTCC

Bd3 Forward GCTTCAGTCATGAGGATCCATTACCTTC 318
Reverse GCTAGGGAGCACTTGTTTGCATTTAATC

Gapdh Forward ACCACAGTCCATGCCATCAC 452
Reverse TCCACCACCCTGTTGCTGTA

responses at 6 hours by isolating ECs for PCR analysis or
immunohistochemistry. Flagellin was prepared from PAO1
using a previously described method.?® For direct bacterial
challenge of HCECs, P aeruginosa was grown in tryptic soy
broth (Sigma-Aldrich) at 37°C until absorbance at 600 nm
reached optical density value 0.5. The bacterial culture was
centrifuged at 6000g for 10 minutes. Bacteria were washed in
PBS and resuspended in KBM (PAO1) or PBS (PAO1 or ATCC
19660) and then used to challenge HCECs at a cell-to-bacteria
ratio of 1:50 or to infect mouse corneas at 10 for PAO1 and
10% CFU for ATCC 19660, respectively.

Human Corneal Epithelial Cell Culture

Primary HCECs were isolated from human donor corneas
obtained from the Midwest Eye Bank (Ann Arbor, MI) using a
previously described method.>* HCECs were used between
passages 3 and 5 in experiments. Prior to bacterial challenge
(1:50 multiplicity of infection [MOI]), HCECs were cultured in
KBM overnight to starve cells from growth factors and then
pretreated with 50 ng/mL flagellin or PBS for 24 hours.

RNA Isolation, RT-PCR, and Real-Time PCR

Total RNA was isolated from mice corneal epithelia using
RNeasy Mini Kit (Qiagen, Valencia, CA) according to manufac-
turer instructions. One microgram of total RNA was reverse-
transcribed with a first-strand synthesis system for RT-PCR
(SuperScript; Invitrogen). Complementary DNA was amplified
by PCR using primers for mouse Ifny, Irf1, Cxcl10, Cxcl2, Bd3,
and glyceraldehyde-3-phosphate dehydrogenase (Gapdb; Ta-
ble). The PCR products and internal control Gapdh were
subjected to electrophoresis on 1.5% agarose gels containing
ethidium bromide. Stained gels were captured using a digital
camera, and band intensity was quantified using 1D Image
Analysis Software (EDAS 290 system; Eastman Kodak, Ro-
chester, NY). Real-time PCR was conducted using the Power
SYBR Green PCR Master Mix (Applied Biosystems, Carlsbad,
CA), based on expression of Gapdh, on the StepOnePlus Real-
Time PCR System (Applied Biosystems).

Transcription Factor PCR Array

Total RNA was isolated using the following protocol. First-
strand DNA was created using RT? First Strand kit along with
the protocol and cycling times as recommended by the
manufacturer (SABiosciences, Frederick, MD). Two-stage real-
time reverse transcriptase PCR of TLR-related transcription
factors was performed on the RT? Profiler PCR Array
(SABiosciences, catalogue no. PAHS-018). The PCR was

performed on an ABI 7000 (Applied Biosystems). The cycle
threshold (Cp) was determined for each sample and normalized
to the average Cy of GAPDH. Comparative Cr method was used
to calculate relative gene expression. Data are represented as
fold change relative to control. All solutions, including the
SYBR Green reverse transcriptase PCR mix, were purchased
from SABiosciences. The data were analyzed using online
analysis software provided by the manufacturer. Briefly, the
PCR Array Pathway number is entered, followed by uploading
the Microsoft Excel (Redmond, WA) file containing the PCR
data. Housekeeping genes on the PCR array were used for data
normalization, whereas HCECs without any treatment were
used as the reference for infected HCECs with PAO1 and for
flagellin pretreated and infected with the same strain. The
“Fold Change” (increase as positive and decrease as negative)
and “p-value” (only values <0.05 were chosen) were used by
the software for subsequent graphical presentation.

Western Blot Analysis

Human CECs challenged with bacteria were subjected to
Western blot analysis using a previously described method.?*

ELISA Measurement of Cytokines

Secretion IL-8 from HCECs was determined by ELISA. Human
CECs were plated at 1 X 10° cells/well in six-well plates. After
growth factor starvation, the cells were either left untreated or
pretreated with flagellin followed by challenge with live
bacteria (~MOI 50). At the end of the incubation period, the
media were harvested for measurement of cytokines, and
ELISA was performed according to the manufacturer’s instruc-
tions (R&D Systems). To measure mouse CXCL2 and CXCL10,
corneal extracts were prepared by homogenization in 200 pL
phosphate-buffered saline (PBS) with a glass micro tissue
grinder, followed by centrifugation at 14,000g for 10 minutes.
Protein concentration of the corneal lysate was determined by
Micro BCA protein assay kit (Pierce, Rockford, IL), and equal
amounts of protein were used to perform ELISA according to
the manufacturer’s instructions (R&D Systems, Minneapolis,

MN).

Slot-Blot Determination of hBD2

Accumulation of hBD2 in the culture media was detected by
slot blot.3>4° Briefly, 150 pL supernatant was applied to a
nitrocellulose membrane (0.2 pm; Bio-Rad) by vacuum using a
slot-blot apparatus (Bio-Rad). The membrane was fixed by
incubating with 10% formalin for 1 hour at room temperature,
followed by blocking in Tris-buffered saline (TBS) containing
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Ficure 1. Reprogramming of transcription factor expression caused
by flagellin pretreatment in primary HCECs. Normal or flagellin-
pretreated (50 ng/mL, 24 hours) cells were challenged with live PAO1
(1:50 MOD for 4 hours, and transcription factor RNA expression
alterations were quantified by comparing RNA fold changes of PAO1-
infected normal cells versus PAOl-infected flagellin-pretreated cells
using the real-time RT? Profiler PCR Array (A). For confirmation of PCR
array results, cells were cultured and challenged under the same
conditions and lysed and subjected to Western blotting analyses with
IRF1 and B-actin antibodies (D). Cell culture media were collected 4
hours after bacterial challenge for the analyses of IL-8 by ELISA (B) and
hBD2 using slot blot (C). P values were generated using unpaired
Student’s rtest (P < 0.01). The figure is a representative of four
independent experiments.

5% nonfat powdered milk for 1 hour at room temperature. The
membrane was then incubated overnight at 4°C with rabbit
anti-hBD2 antibody diluted 1:500 in TBS containing 5% nonfat
powdered milk, and 0.05% Tween-20. After washing, the
membrane was incubated for 1 hour at room temperature with
goat anti-rabbit IgG conjugated to HRP diluted 1:2000 with 5%
nonfat powdered milk. Immunoreactivity was visualized by
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chemiluminescence (Supersignal reagents; Pierce) using the
Kodak Image Station 4000R Pro.

Polymorphonuclear Leukocytes (PMN) Infiltration
Assay

Measurement of myeloperoxidase (MPO) activity was em-
ployed to determine PMN infiltration in the cornea as
previously described.?®> The corneas were excised from
enucleated eyes at 5 dpi and homogenized in 1 mL
hexadecyltrimethylammonium bromide (HTAB) buffer (0.5%
HTAB in 50 mM phosphate buffer, pH 6.0). The samples were
then subjected to four freeze-thaw cycles, followed by
centrifugation at 16,000g for 20 minutes. Each supernatant
was mixed with 50 mM phosphate buffer (pH 6.0) containing
16.7 mg/mL O,O-dianisidine hydrochloride and 0.0005%
hydrogen peroxide at a 1:30 ratio to obtain a total volume of
3 mL. The change in absorbance at 460 nm was monitored
continuously for 5 minutes. The results were expressed in
units of MPO activity/cornea.

Bacterial CFU Determination in the Cornea

Corneas (n = 5-7 per group) from P aeruginosa (PA)-infected
mice were collected, and the numbers of viable bacteria were
determined by plate count method. Individual corneas were
homogenized in sterile PBS, and aliquots (100 pL) of serial
dilutions were plated onto Pseudomonas isolation agar (BD
Biosciences, San Jose, CA) plates in triplicate. The plates were
incubated overnight at 37°C, and bacterial colonies were
counted. The results are expressed as the mean number of
CFU/cornea.

Immunohistochemistry

Mouse eyes were enucleated and embedded in Tissue-Tek
(Miles, Inc., Elkhart, IN) optimal cutting temperature (OCT)
compound and frozen in liquid nitrogen. Sections (10 pm
thick) were cut and mounted to polylysine-coated glass slides.
After a 10-minute fixation in 4% paraformaldehyde, slides were
blocked with 10 mmol/L sodium phosphate buffer containing
2% BSA for 1 hour at room temperature. Sections were then
incubated with primary antibody for CXCL10, 5 pg/mL. For
fluorescence microscopy, the slides were incubated with anti-
rabbit IgG conjugated with fluorescein isothiocyanate (1:100;
Jackson ImmunoResearch Laboratories) and then mounted
with Vectorshield mounting medium containing 4’,6-diamidi-
no-2-phenylindole (DAPI) mounting medium (Vector Laborato-
ries, Burlingame, CA). Controls were similarly treated, but the
primary antibody was replaced with rabbit IgG. The images
were taken using Nikon Eclipse 90i (Brighton, MI).

Statistical Analysis

An unpaired, two-tailed Student’s #test was used to determine
statistical significance for data from bacterial count, cytokine
ELISA, MPO assay, and real-time PCR. Mean differences were
considered significant at a P value of <0.05. Experiments were
repeated at least twice to ensure reproducibility.

RESULTS

Flagellin Pretreatment Suppresses P. aeruginosa—
Induced IRF1 Expression in Cultured HCECs

We previously showed that exposure of mucosal surfaces to
the TLR5 ligand flagellin induced innate immune protection
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Figure 2. Detection of Cxcl10 expression in corneal epithelia of B6
WT and Irf1/~ mice. Wild-type and Irf7~/~ B6 mice were topically
pretreated with 500 ng flagellin in 5 pL PBS, a dosage we showed to
induce protection in B6 mice, or 5 pL PBS for 24 hours, and then
infected with PAO1 at 10° CFU for 6 hours. The epithelial cells were
collected and RNA was isolated for semiquantitative RT-PCR (A) and
quantitative real-time PCR (B) analysis of Cxcl10, Irfl, and mBd3.
Gapdhb was used as the internal control. P values were generated using
unpaired Student’s #test (*P < 0.05). The figure is a representative of
three independent experiments.

against microbial infection, regardless whether or not the
invading pathogens expressed flagellin.?! Flagellin pretreat-
ment alters cell response to infection by suppressing the
expression of proinflammatory cytokines and augmenting the
expression of innate defense genes such as B-defensins and LL-
37 while the activation of NF-kB is dampened. To determine
other transcription factors that might be involved in flagellin-
induced cell reprogramming and protection against microbial
infection, we used the transcription factor RT? Profiler PCR
Array (SABiosciences) to compare the expression profiles of
transcription factors in HCECs in response to P aeruginosa
PAO1 (MOI, 50 bacteria per cell), with or without 50 ng/mL
flagellin pretreatment, for 24 hours (Fig. 1A). Compared to the
control, PAO1 challenge of HCECs resulted in greatly elevated
expression of Irfl (29.1fold) and A3 (42-fold). Strikingly,
while flagellin pretreatment further enhanced the expression
of Atf3 (61.5fold), Irfl was downregulated by —2.93-fold
compared to control, giving an 85.2 (29.1 X 2.93)-fold decrease
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for IRF1 mRNA in flagellin-pretreated HCECs over that of PAO1
challenge alone (Fig. 1A).

To further confirm the expression pattern of IRF1 at the
protein level, Western blotting of HCEC lysates, ELISA for IL-8,
and dot blot for hBD2 detection in culture media were
performed (Figs. 1B-D). As we have demonstrated previously,4
flagellin pretreatment (50 ng/mL for 24 hours) by itself had
minimal effects on the expression of proinflammatory cytokine
IL-8 and antimicrobial peptide hBD2. PAO1 strongly induced
their production in naive cells, whereas in flagellin-pretreated
cells, the expression of IL-8 but not hBD2 was dampened at 6
hours post-PAO1 challenge. Consistent with the PCR array data,
PAO1 challenge induced an abundant expression of IRF1, and
flagellin pretreatment dampened PAO1-induced IRF1 expression
(Fig. 1D). Thus, IRF1 is differentially expressed in HCECs in
response to bacterial challenge in the presence or absence of
flagellin pretreatment, suggesting IRF1 as a good candidate to
study flagellin-induced cell reprogramming. Given its distinction
as an important regulator of inflammation and immunity,0-43
we focused on IRF1 in subsequent experiments.

IRF1 Deficiency Dramatically Reduced
Pseudomonas-Induced CXCL10 Expression in B6
Mouse Corneal Epithelium

Having shown the dramatic effects of flagellin pretreatment on
P aeruginosa PAO1l-induced IRF1 expression in HCECs, we
next investigated if flagellin pretreatment can also dampen IRF1
expression in vivo in mouse CECs in response to PAO1 (Fig. 2).
Surprisingly, in contrast to our observations in vitro cultured
HCECs, we observed augmented expression of IRF1 by flagellin
pretreatment in PAO1l-infected corneas (Fig. 2). To assess the
consequences of altered expression of Irf1, we evaluated the
expression of the Irf1 target gene Cxcl10** in comparison with
two known flagellin reprogrammed genes, Cxcl2 (Mip-2, a
homolog of human II-8) and mBD3 (a human homolog of
inducible hBD2), in WT and Irf1 knockout mice. The
expression patterns of Cxcl/10 in these mice were consistent
with IRF1 expression except for a faint band that could be
detected in IRF17/~ mice by RT-PCR, suggesting additional
pathways to induce CxclI0 expression in response to PAOL.
Flagellin-augmented Cxcl10 expression in PAOl-exposed WT
but not Irf1~/~ mouse CECs was verified with real-time PCR
showing 32- and 47-fold increases in Cxcl10 mRNA levels in
infected WT CECs without or with flagellin pretreatment,
respectively; flagellin-augmented Cxcl/10 protein expression is
mentioned below. There was no significant increase of Cxc/10 in
PAOl-infected corneas of Irfl1~/~ mice. As a control, the
expression pattern of mBD3 was the same in WT and Irf1~7/~
mice (Fig. 2B).

We next investigated CXCL10 expression and distribution in
the corneas in response to flagellin pretreatment and PAO1
infection using immunohistochemistry with epifluorescence
microscopy to show whole cornea and confocal microscopy in
order to focus on epithelia (Fig. 3). Consistent with mRNA
levels, no expression of CXCL10 was detected in uninfected
corneas of WT and Irf1~/~ mice (Figs. 3A-C, 3J-L). PAO1
infection of needle-scratched corneas at 6 hours induced
CXCL10 expression in WT (Figs. 3D-F) but not in IRF1~/~ (Figs.
3M-0O) mice. Flagellin pretreatment greatly increased CXCL10
immunoreactivity in corneal epithelia of WT mice (Figs. 3G-1
with inset i as the isotype control). The elevated CXCL10
expression can be seen in the entire cornea (inset, Fig. 3H). No
CXCL10 staining was observed in epithelium of IRF1 7/~ mice
(Figs. 3P, 3R). It should be noted that the isolated mouse CEC
lysates contain intraepithelial dendritic cells,** but the strong
epithelial staining of CXCL10 suggests that most, if not all,
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Ficure 3. Distribution of CXCL10 expression in corneal epithelia of WT and Irf7/~ mice. WT and Irf1~/~ B6 mice were topically pretreated with
500 ng flagellin in 5 pL PBS, a dosage we showed to induce protection in B6 mice, or 5 pL PBS for 24 hours, and then infected with PAO1 at 10> CFU
for 6 hours. Mouse eyes were enucleated in OCT, sectioned, stained with mouse anti-CXCL10 antibody, and examined with fluorescence
microscopy middle panels with DAPI used to stain the nuclei (A, B, D, G, J, K, M, N, P, Q) and X4 lens to view the entire mouse corneas (insert [i] in
[E, H) or confocal microscopy (C, E, E H, I, L, O, R). Scale bars are given in the figures.

CXCL10 mRNA detected in Figure 2 were from mouse CECs.
Hence, IRF1 is required for PAOl-induced and flagellin-
augmented CXCL10 expression in mouse CECs.

Flagellin-Induced Corneal Protection Against
Pseudomonas Is Diminished in IrfI~/~ Mice

To examine the role of IRF1 in P aeruginosa Keratitis, we
employed a well-accepted P aeruginosa Xkeratitis scratch
model using a cytotoxic strain (ATCC 19660) that causes
severe corneal keratitis and perforation, allowing better
assessment of the protective effects of flagellin. As we showed
previously,?> 10 CFU ATCC 19660/cornea inoculated onto
epithelial scratched corneas caused severe inflammation in WT
B6 mice with high bacterial burden, and pretreatment with
500 ng flagellin for 24 hours resulted in total protection with
no sign of inflammation and no viable bacteria at 3 dpi (Fig. 4).
The corneas of Irfl™/~ mice at 3 dpi exhibited signs of
perforation, which usually occurs in WT B6 mice at 5 dpi or
later?2-23 (Figs. 4A, 4B), albeit bacterial burden was comparable
to that in B6 mice (Fig. 4C). Flagellin pretreatment ameliorated
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B E Cc
E

IOVS | November 2013 | Vol. 54 | No. 12 | 7515

CXCL10
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the sensitivity phenotype in the Irf71~/~ mice and protected the
cornea from perforation (Fig. 4A). Compared to the WT, the
protection was much reduced and incomplete as Irf1~/~ mice
displayed significant, albeit much lower, corneal clinical score
and bacterial burden compared to the controls at 3 dpi (Figs.
4A-C). The severe keratitis observed in Irf1~/~ mice appeared
to be correlated to PMN infiltration while expression of CXCL2
was correlated to bacterial burden in these mice (Figs. 4D, 4E).
As the severity continued to increase (Fig. 4B) during the first 3
days, the flagellin-induced protective mechanisms in the
absence of Irf1~/~ may not be sufficient to halt P aeruginosa
infection but rather may delay the disease progress. Thus,
Irf1~/~ mice are susceptible to P aeruginosa infection with
diminished flagellin-induced protection.

Neutralization of CXCL10 Activity Impedes the
Protective Properties of Flagellin Pretreatment
Against P. aeruginosa Infection

How might IRF1 influence corneal innate immunity and
flagellin-induced protection? As Cxcl10 was a target gene of
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Ficure 4. IRF1 deficiency increased the severity of Pseudomonas keratitis at 3 dpi and attenuated flagellin-induced protection in B6 mice. WT or
IRF1~/~ B6 mice were topically pretreated with 500 ng flagellin or PBS for 24 hours, and then infected with ATCC 19660 at 104 CFU for 3 days.
Keratitis progression was photographed (A), and clinical scores were assigned at 1, 2, and 3 dpi (B). The whole cornea was then collected for viable
bacterial count (C), MPO activity assay (D), and CXCL2 ELISA (E). P values were generated using unpaired Student’s #-test (P < 0.05; **P < 0.01).

The figure is a representative of three independent experiments.

Irf1 and upregulated more apparently in protected corneas, we
reasoned that it could play a role as an effector of IRF1 in
bacterial keratitis. To test this hypothesis, we injected into the
mouse subconjunctival space an anti-CXCL10 neutralizing
antibody or isotype rabbit IgG 4 hours prior to flagellin/PBS
pretreatment, followed by P aeruginosa infection for 3 days
(Figs. 5A, 5B). At 3 dpi, we assayed the corneas for viable
bacterial count, MPO activity, and CXCL2 expression (Figs. 5C-
E). CXCL10 neutralization did not significantly increase
bacterial burden, PMN infiltration, and CXCL2 expression in
infected corneas at 3 dpi in PBS pretreated WT B6 mice.
However, in flagellin-pretreated corneas, CXCL10 neutraliza-
tion resulted in visible infection and inflammation (Figs. 5A,
5B), significant increases in bacterial count (Fig. 5C), MPO
activity (Fig. 5D), and CXCL2 expression (Fig. 5E) compared to
anti-rabbit IgG-injected controls. However, compared to the
control, PBS-pretreated corneas, flagellin-induced protection
remained apparent. These results support the role of CXCL10
in mediating flagellin-induced corneal protection in the mouse
model of P aeruginosa Keratitis.

Flagellin-Augmented CXCL10 Expression and
Protection Involve Ifny and NK Cells in the Cornea
There was a major disparity between in vitro and in vivo results

regarding IRF1 expression in flagellin-pretreated CECs in
response to P aeruginosa: Flagellin pretreatment dampened

Inf1 expression in cultured HCECs, whereas in vivo infection-
induced Irf1 expression was further augmented. This disparity
could be due to human versus mouse CECs and/or to the
pathogen used, PAO1 versus ATCC 19660. We would argue
that the disparity is primarily due to the response of other cells
such as infiltrated innate immune cells that are lacking in the
cell culture setting. We hypothesized that [fny, the strongest
inducer of Irfl and Cxcll0, secreted from infiltrating NK
cells,*> is the missing link in cultured HCECs. To test this
hypothesis, we first blocked Ifny function by injecting anti-
IFNYR2 neutralizing antibodies (2.5 ng/cornea) subconjuncti-
vally 4 hours prior to flagellin pretreatment, followed by ATCC
19660 inoculation. As shown in Figure 6, IFNYR2 neutraliza-
tion increased the severity of keratitis and reduced flagellin-
induced protection (Fig. 6A). Immunohistological staining and
RT-PCR of IFNYR2-neutralized and infected corneas revealed
that while isotype IgG had no effects on CXCL10 expression
(compared to what is shown in Fig. 3), IFNYR2 neutralization
attenuated infection-induced and flagellin-augmented expres-
sion of CXCL10 (Figs. 6B, 6C) in epithelia. Moreover, IFNYR2
neutralization resulted in significantly reduced bacterial
clearance (Fig. 6D), increased neutrophil infiltration (Fig. GE),
and elevated CXCL2 (Fig. 6F) expression compared to isotype
IgG-injected controls. Note that at this stage of infection (20
hpi), the parameters used to measure the severity of keratitis
shown in Figures 6 and 7 were at much lower scales than
shown in Figures 4 and 5 (3 dpi).
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Ficure 5. Neutralization of CXCL10 activity in the cornea attenuated flagellin-induced protection in B6 mice at 3 dpi. WT mice were injected with
neutralizing anti-CXCL10 antibody (3 pg in 5 pL) or isotype rabbit IgG 24 hours prior to topical PBS or flagellin pretreatment, and then infected with
ATCC 19660 at 10* CFU. Keratitis progression was photographed (A), and clinical scores were assigned at 1, 2, and 3 dpi (B). The corneas were then
excised and homogenized for viable bacterial count (C), MPO activity assay (D), and CXCL2 ELISA (E). P values were generated using unpaired
Student’s #test (""P < 0.01). The figure is a representative of three independent experiments.

Using the same approach, we depleted NK cells with
antibody against NK1.1 (Fig. 7). Similarly, the isotype-matched
antibody had no detectable effects on P aeruginosa keratitis
and on flagellin-induced protection. Depletion of NK cells
resulted in an increase in the severity of PA keratitis and
impaired flagellin-induced protection, including increased
opacity (Fig. 7A), bacterial burden (Fig. 7B), PMN infiltration
(Fig. 70), and CXCL2 expression (Fig. 7D). As expected, the
infection-induced and flagellin-augmented expressions of IFNY,
IRF1, and CXCL10 were greatly suppressed by NK cell
depletion as detected by real-time PCR (Fig. 7E) and by ELISA
for CXCL10 (Fig. 7F). These results support the importance of
IFNy and NK cells in the enhanced expression of CXCL10 and
corneal innate immunity against P aeruginosa.

DISCUSSION

Our study of screening for transcription factors differentially
expressed in PAO1l-infected primary HCECs revealed that IRF1
expression was increased in response to bacterial challenge
but that pre-exposure of cells to a low dosage of flagellin for 24
hours prior to PAO1 challenge caused a dramatic decrease in
IRF1 expression. While our in vitro study of cultured human
primary CECs revealed suppressive effects of flagellin on IRF1
expression, our in vivo study using B6 mice indicates an
enhanced expression of IRF1 as well as its target gene CXCL10
in flagellin-pretreated CECs exposed to PAO1 for 6 hours. The
expression of CXCL10 was primarily in epithelia. To under-
stand the role of IRF1 in infectious keratitis, we used the

mouse model of P aeruginosa keratitis with ATCC 19660 as
pathogen. Our results indicated that IRF1 deficiency increased
cornea susceptibility to P aeruginosa infection and abolished
flagellin-induced protection against this common Kkeratitis-
causing pathogen in B6 mice. To assess if CXCL10 is an
effector gene of IRF1, we neutralized CXCL10 and found
indeed that CXCLI10 is required for optimal flagellin-induced
protection. To understand how the IRF1-CXCL10 axis is
regulated, we blocked IFNy signaling by neutralizing its
receptor and found that the infection-induced and flagellin-
augmented epithelial expression of CXCL10 was dampened in
anti-IFNYR2- but not the control antibody-treated corneas.
IFNYR2 neutralization also increased the severity of P
aeruginosa keratitis and significantly reduced flagellin-induced
protection. Moreover, as NK cells are known to be a major
source of IFNy in the cornea,®47 depletion of NK cells had
effects similar to those of IFNYR2 neutralization on the severity
of P aeruginosa keratitis and on flagellin-induced protection.
The upregulated expressions of IFNy, IRF1, and CXCL10 in NK-
depleted corneas were significantly reduced. Taken together,
our data showed that infection-induced and flagellin-augment-
ed expression of CXCL10 in CECs is IRF1 dependent and plays
a major role in the elimination of inoculated P aeruginosa—
and that NK cells, similar to neutrophils,2®-22 are critical for
flagellin-induced protection and innate defense against P
aeruginosa in the cornea.

Irfl is a member of the IRF family of transcription factors
consisting of nine members, Irf1 through 9.48-5° [rfs were first
characterized as IFN-inducible transcription factors. Recent
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Ficure 6. Neutralization of IFNYR2 activity in the cornea attenuated epithelial CXCL10 production and flagellin-induced protection in B6 mice. WT
mice were injected with IFNy receptor neutralizing anti-IFNYR2 antibody (3 pg in 5 pL) or isotype rabbit IgG 24 hours prior to topical PBS or
flagellin pretreatment, and then infected with ATCC 19660 at 10% CFU. At 20 hours postinfection the corneas were photographed (A) and then
harvested for immunohistochemistry (B), RT-PCR (C) analysis of CXCL10 expression, bacterial count (D), MPO activity assay (E), and CXCL2 ELISA
(F). P values were generated using unpaired Student’s #test (P < 0.05; **P < 0.01). The figure is a representative of six corneas (nz = 3 mice) per

condition.

studies revealed their involvement in the regulation of gene
expression in responses triggered by TLRs, including upregu-
lation of IRF3 and 7 by TLR3 and 4 through the Toll-receptor-
associated activator of interferon-mediated pathway, and of
Irf5, 7, and 1 by intracellular TLRs (7, 8, and 9), the latter only
in myeloid dendritic cells.>®>! Our study is the first to show
elevated expression of Irf1 in response to Gram-negative
bacterial challenge in nonprofessional immune cells. In the
mouse model of P aeruginosa infection, we showed that P
aeruginosa infection resulted in the upregulation of Irf1 and
that this upregulation, in contrast to in vitro data, was further
augmented by flagellin pretreatment. This upregulation is
important for controlling P aeruginosa Keratitis. While it is
mostly studied in viral infection, Irf1 has been shown to be a
master regulator of mycobacteria-induced immunopathology,
involved in the development of centrally necrotizing granulo-
matous lesions in the lung.>>>3 Interestingly, our results
showed that IRF1-mediated gene expression plays a protective
role in P aeruginosa keratitis. Irf1 deficiency resulted in much
more severe Keratitis, and corneas of IrfI~/~ mice were
perforated within 3 days; in contrast, in WT B6 mice, the
pathology will need 5 days to develop. It is also interesting that
while PMN infiltration is significantly higher than in the WT
mice, the bacterial burden and the levels of CXCL2 are similar
between Irf1~/~ and WT B6 mice, suggesting that excessive
infiltration of PMNSs is a major pathogenic factor for cornea
tissue destruction. Importantly, although it is significantly
compromised in IrfI/~ mice, flagellin-induced protection
remains strong in Irf1~/~ mice, as the severity of keratitis—
evidenced by increased corneal opacity, bacterial burden, PMN
infiltration, and the expression of Cxcl10 in flagellin-pretreated
IrfI~/~ mice—was significantly milder than that of the control,
PBS-pretreated corneas. Our study further revealed that the
epithelial-expressed Cxcl10 is a major effector of IrfI-mediated
protection in the corneas.

Cxcl10 is a member of the interferon-inducible tripeptide
motif Glu-Leu-Arg-negative (ELR") CXC chemokines.>* It, along
with CXCL9 and CXCL11, signals through a G-protein-coupled
receptor, CXCR3, and functions primarily in the recruitment of
activated CD4" and CD8 T cells, NK cells, and plasmacytoid
dendritic cells to sites of infection and inflammation.>>5¢ In
addition to their roles in leukocyte recruitment, CXCL9,
CXCL10, and CXCL11 exert direct antimicrobial effects that
are comparable to the effects mediated by cationic antimicro-
bial peptides, including defensins.>” Our study showed that
flagellin pretreatment greatly augmented infection-induced
upregulation of Cxc/10 in CECs in an Irf1-dependent manner.

We recently observed CXCL10 possessing bactericidal and
fungicidal activities in vitro (Dong C, et al. IOVS 2013;54:ARVO
E-Abstract 2064). Hence, the epithelium-expressed CXCL10
may play a key role in bacterial clearance at the early stage of
infection. In our epithelial scratch model, pathogens were
inoculated on epithelial injury sites with intact or minimally
injured basement membrane. It has been reported that the
basement membrane possesses physical barrier effects, result-
ing in the trapping of pathogens in epithelium for several
hours,>®5? allowing the elevated CXCL10, along with other
antimicrobial peptides such as B-defensins®® and LL-37 (or
cathelicidin-related antimicrobial peptide, CRAMP),?2°! to kill
these invading pathogens before they reach the stromal layer.
Indeed, neutralizing CXCL10 resulted in much increased
bacterial clearance, PMN infiltration, and CXCL2 expression
and mild Keratitis in flagellin-pretreated corneas, but exhibited
no detectable effects on naive mice; this suggests either that
the efficiency of anti-CXCL10 antibody neutralization is low or
that other effectors, antimicrobial peptides and/or infiltrated
innate immune cells, also contribute significantly in flagellin-
induced protection. Moreover, the fact that phenotypes of
Irf17/~ and flagellin-treated Irf1~/~ mice seem to be more
severe than those of the anti-CXCL10-treated mice can also be
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mice) per condition.

explained by either low efficiency of CXCL10 neutralization or
involvement of other effectors. Hence, future studies using
CXCL10 and/or CXCR3 (receptor of CXCL10) knockout mice
to define the role of CXCL10 as a chemokine and/or
antimicrobial peptides (AMP) are warranted. Nevertheless,
based on the results presented, we conclude that flagellin-
induced expression of CXCL10 contributes to innate defense
activated by topical flagellin and that epithelium-expressed
CXCL10 is involved in pathogen clearance in the corneas.
Surprisingly, in contrast to in vitro results, flagellin
pretreatment in B6 mice further enhanced the expression of
Irf1 and its target gene Cxcl10. We suspected that this disparity
is due to the molecular and/or cellular component(s) present
in the mouse cornea and/or tears in vivo but not in cultured
HCECs. One such factor is IFNy, which is known not to be
expressed in ECs. Our recent study of genome-wide cDNA
array revealed a large number of interferon-induced genes in
the ECs of flagellin-pretreated and PAOl-infected B6 mouse
corneas.®?> Using IFNy receptor neutralizing antibody, we
showed that inactivation of Ifny signaling increased the
severity of P aeruginosa keratitis in the control corneas and
significantly reduced flagellin-induced protection to a level
similar to that in nontreated corneas. As expected, infection-
induced and flagellin-augmented expressions of IRF1 and
CXCL10 were dampened in IFNY receptor-neutralized corneas.
Then, what are the cellular sources of IFNy in infected
corneas? We speculated that IFN-y secreted from NK cells,
which are absent in the in vitro system, enables flagellin-
augmented IRF1 and CXCL10 expression in mouse cornea.
Although NK cells and CD8+ T cells are both known to
produce a large amount of IFNY,°3-°5 we focused on NK cells at
an early stage of infection (as early as 6 hpi, or 30 hours after
flagellin pretreatment when augmented expression of IRF1 and

CXCL10 was detected; Figs. 2, 3) in the cornea because CD8+
T cells were observed only at 3 dpi or thereafter in response to
P aeruginosa infection in the cornea.®® In a parallel study, we
demonstrated that epithelial-expressed CXCL10 may recruit
CXCR3-positive NK cells, which are present underneath
CXCL10-expressing epithelia in flagellin-pretreated corneas
without infection (Xiaowei L, Nan G, Chen D, et al.,
manuscript in preparation). Hence, we used neutralizing
antibody to deplete NK cells by subconjunctival injection
and assess its effects on P aeruginosa and on the expression of
IFNYy, IRF1, and CXCL10, an axis of IFNy signaling pathway.
While depletion of NK cells had effects on the severity of P
aeruginosa Kkeratitis similar to those of IFNy receptor
neutralization, NK depletion indeed significantly affected the
expression of all three genes. Intriguingly, the most affected is
CXCL10, the effector of the axis, suggesting that NKI1.1-
positive cells may release additional factor(s) required to
sustain elevated expression of CXCL10 in flagellin-pretreated
and P aeruginosa-infected corneas. The suppression of
CXCL10 expression in flagellin-pretreated and P aeruginosa-
infected corneas by IFNy neutralization and NK cell depletion
may provide an explanation for diminished protection from
microbial keratitis in these corneas. In vitro, IRF1 is induced by
NF-xB, which was blunted by prolonged exposure to flagellin.
We suggest that the lack of IFNYy in cell culture resulted in IRF1
being reprogrammed in vitro, but not in vivo.

Taken together, our data suggest that I7f7 is an important
responsive transcription factor in corneal innate immunity and
in flagellin-induced protection mediated by CXCL10 expres-
sion. We propose that flagellin pretreatment elicits CXCL10
expression in the corneal epithelia, resulting in the recruit-
ment of a small yet significant number of CXCR3-positive NK
cells to the stroma, along with PMNs.2244 Challenge of
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flagellin-treated corneas with pathogens resulted in rapid
activation of NK cells to produce IFNvy, which in turn augments
the expression CXCL10 in ECs, resulting in the eradication of
invading pathogens by the coordinated action of massively
produced AMPs including CXCL10, B-defensins, and cathelici-
din peptides and infiltrated NK cells and PMNs.?>%4 Early
elimination of pathogens results in greatly reduced inflamma-
tory response and profound protection observed in flagellin-
pretreated corneas, and potentially in the lung.®” Hence, Irf1
and its target gene Cxcl10 play an important role in corneal
innate defense and more apparently in flagellin-induced
mucosal protection against P aeruginosa infection.
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