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Abstract

The aim of this study was to elucidate the expression and functions of interleukin (IL)-24 in
C57BL/6 mouse corneas in response to Pseudomonas aeruginosa (PA) infection. Among IL-20R
cytokines, only 1L-24 was induced at both mRNA and protein levels by infection at early time
points. The upregulation of 1L-24 was dampened by flagellin pretreatment, which protects the
corneas from microbial infection. Time course studies revealed bimodal early and later peaks of
IL-24 expression, a pattern shared with SOCS3 but not IL-1p or IL-6. Silencing of I1L-24 enhanced
S100A8/A9 expression and suppressed SOCS3, IL-1p, IL-1RN, and MMP13 expression at 6 hpi.
Downregulation of 1L-24 signaling pathway significantly reduced the severity of keratitis; while
recombinant IL-24 exacerbated PA-mediated tissue destruction. /nn vitro, recombinant IL-1p
induced the expression of SOCS3, IL-24, IL-1, and IL-6 in primary cultured human corneal
epithelial cells. Recombinant IL-24, on the other hand, stimulated the expression of SOCS3, but
not the others. In conclusion, IL-24 promotes PA Kkeratitis through the suppression of early
protective mucosal immunity, culminating in increased severity of PA keratitis.
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Introduction

Microbial keratitis is a sight-threatening disease that poses a substantial burden to affected
individuals. It is reported that corneal infection is a major cause of unilateral blindness
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around the world (1). P aeruginosa (PA) is the predominant bacterium isolated in contact
lens-related corneal infections (2). The disease is usually manifested by severe
inflammation, formation of corneal ulcers, and hypopyon (3). Both the pathogen and the
host immune system contribute to the destruction of the cornea (4). Unrestrained
inflammation generated by the host immunity can cause scar tissue formation and
vascularization of the cornea. If not properly treated, patients eventually suffer from
permanent vision loss.

The corneal epithelial layer forms the first line of defense against pathogens. The discovery
of Toll-like receptors (TLRs) has elicited keen interest in the innate defensive functions of
mucosal epithelial cells (5, 6). Our previous studies showed that mouse corneas pretreated
with flagellin, which signals through TLR5, are protective against 2A infection (7-9).
Flagellin pretreatment has also been demonstrated to be protective in localized infections of
the lung (10, 11) and gut (12), radiation pneumonitis (13), and systematically against
biological or physical insults (14). We found that this flagellin-induced protection is due to
the reprograming of gene expression in epithelial cells to enhance the innate defense against
invasive pathogens. In order to better understand the underlying mechanism, we performed a
genome-wide complementary DNA (cDNA) microarray to assess the differentially
expressed genes in corneal epithelial cells after A challenge, with or without flagellin
pretreatment (15). Among the genes differentially regulated by flagellin pretreatment, the
expression of IL-24 and its downstream negative regulator, SOCS3, was notably upregulated
in response to infection and significantly suppressed by flagellin pretreatment.

IL-24, along with 1L-19, IL-20, IL-22, and IL-26, belongs to the IL-20 subfamily of the
IL-10 superfamily of cytokines (16). IL-19, IL-20, and IL-24 (hamed as “IL-20R cytokines”
here) share the IL-20R1 and IL-20R2 heterodimer receptor. IL-20 and IL-24 can also bind to
the IL-22R1 and IL-20R2 receptor complex (17). After binding to their receptors, IL-20R
cytokines signal through the Janus kinase-signal transducer and activator of transcription 3
(JAK/STAT3) pathway to regulate downstream gene expression (18, 19). The SOCS family
of proteins, including eight members, play an important role in the negative regulation of
cytokine-JAK-STAT signaling pathway (20). While SOCS1 inhibits STAT1 activation in the
IFN-vy signaling cascade (21), SOCS3 is a major negative regulator of the IL-6-STAT3
signaling pathway (22). SOCS3 binds to both JAK and cytokine receptors and targets them
for ubiquitination and proteasomal degradation (23). SOCS3 can also directly inhibit JAK
activity (24). Increased expression of 1L-24 and SOCS3 has been found within inflamed
tissues in various diseases, such as skin inflammation (e.g. psoriasis), inflammatory bowel
disease (IBD), and rheumatoid arthritis (25-27). IL-24 exerts protective effects against
intracellular pathogens, such as Salmonella typhimuriumand Mycobacterium tuberculosis
(28, 29). Studies in different mouse models have proven the critical importance of SOCS3 in
restraining inflammation and promoting optimal levels of protective immunity against the
infection (30). On the other hand, some pathogens have evolved to modify host SOCS3
expression to evade the immune response. For example, Epstein-Barrvirus and Herpes
simplex virus can stimulate SOCS3 expression to suppress type | interferon (IFN)
production, thereby subverting the host immune response (31, 32). To date, the functions and
mechanism of IL-24 in bacterial keratitis have not been explored.
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Given the reported importance of IL-24 in inflammation and host protection against
infection, we hypothesized that IL-24 would enhance the host defense against £A keratitis.
Surprisingly, we found that IL-24 increased the susceptibility of mouse cornea to PA
infection. Our results indicate that 2A induces the early expression of IL-24, resulting in a
suppression of early protective mucosal immune responses.

Materials and methods

Animals

Wild-type C57BL/6 mice (8 weeks; female) were purchased from the Jackson Laboratory
(Bar Harbor, ME, USA). All animal procedures were performed in compliance with the
ARVO Statement for the use of animals in Ophthalmic and Vision Research and were
approved by the Institutional Animal Care and Use Committee of Wayne State University.

Mouse model of P. aeruginosa Keratitis

Mice were anesthetized with an intraperitoneal injection of Ketamine (90 mg/kg) and
Xylazine (10 mg/kg) before surgical procedures. Mouse corneas were scratched gently with
a sterile 26-gauge needle to create three 1-mm incisions to break the epithelial barrier.
Purified flagellin (500ng in 5ul PBS) was applied topically to the injured cornea as an eye
drop. PBS was used as control. Twenty-four hours later, the corneas were scratched again
and inoculated with 1.0x10% CFUs of ATCC 19660 in 5l PBS.

Administration of siRNA, recombinant protein, or neutralizing antibody

All the siRNAs used in this study were SMARTpool (a mixture of 4 siRNAs) ON-
TARGETDplus siRNAs designed by GE Dharmacon Company (Lafayette, CO, USA). Mice
were subconjunctivally injected twice with siRNA targeting to a specific gene (50 picomoles
in 5l RNase-free water) over 2 days. Six hours after the second siRNA injection, mouse
corneas were inoculated with 2A. To administer recombinant protein or neutralizing
antibody, mice were subconjunctivally injected with recombinant mouse I1L-24 (200ng/5pl,
7807-ML-010; R&D systems, Minneapolis, MN, USA), or anti-IL-20R2 (200ng/5u 1,
14-1206; eBioscience, San Diego, CA, USA) 4 hours before the inoculation with 24 on the
corneas.

Isolation of mouse corneal epithelial cells

Razor blade was tailored to approximately 5 mm wide in the edge and placed in a
Castroviejo razor blade breaker and holder. Mice were euthanized by cervical dislocation.
Under the microscope, corneal epithelial cells were surgically scraped off from the basement
membrane. Cells were collected to the razor blade from the basement membrane. Liquid
nitrogen was used to snap-frozen the cells and cool off the tip of a sharp surgical scalper at
the same time. Cells were immediately transferred into a pre-cool, 1.5 ml Eppendorf tubes
placed on dry ice by scraping the razor blade with the scalper. Cells were processed for RNA
isolation, protein extraction or stored at —80°C freezer for later use.
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Clinical examination, quantification of PA colony forming units (CFUs) and determination
of myeloperoxidase (MPO) units

Cell culture

Corneas were photographed daily up to 3dpi for the assessment of infection severity.

Clinical scores were assigned to the infected corneas in a blinded fashion according to the
scale previously reported (33). Whole corneas were excised and placed in 200ul sterile PBS.
Tissue was homogenized with TissueLyser 11 (Qiagen, Valencia, CA, USA). The
homogenates were divided into two parts. The first fraction (50ul) was subjected to serial log
dilutions for the assessment of viable bacterial number. The remaining homogenates were
further lysed for MPO measurement. MPO units were determined according to a previous
reported method (34). One MPO unit corresponds to 2.0x10° polymorphonuclear leucocytes
(PMNs)

Primary human corneal epithelial cells (HCECs) were obtained from diseased human
corneal samples. Corneal epithelial cells were dislodged from underlying basement
membrane by dispase and then digested by trypsin. Cells were pelleted, re-suspended and
grown in defined keratinocyte serum-free medium (DK-SFM) (Gibco, Waltham, MA, USA)
with supplements and antibiotics.

Passage (P) 3 or P4 of the primary HCECs were used for the experiments. Before treatment,
cells were starved overnight in growth factor-free and antibiotic-free keratinocyte basic
medium (KBM-2, Lonza, Basel, Switzerland). Subsequently, cells were treated with
recombinant human IL-1f (50ng/ml, 201-LB; R&D systems, Minneapolis, MN, USA), or
recombinant human IL-24 (100ng/ml, 1965-1L-025; R&D systems). At the end of the
incubation period, cells were harvested to assess gene expression.

Semi-quantitative and quantitative PCR

ELISA

The primers used in this study are listed in Table 1. Total RNA was extracted with RNeasy
Mini Kit (Qiagen, Valencia, CA, USA) following the manufacturer’s instructions. For semi-
quantitative PCR, cDNA was amplified with TagMan technology (Promega, Madison, WI,
USA). PCR products were subjected to electrophoresis on 2% agarose gels containing
ethidium bromide. For quantitative PCR, cDNA was amplified using StepOnePlus Real-
Time PCR system (Applied Biosystems, University Park, IL, USA) with the SYBR® Green
PCR Master Mix (Applied Biosystems). Data were analyzed by using AACT method with -
actin or GAPDH as the internal control.

For cytokine measurement, homogenates from mouse cornea samples were sonicated and
centrifuged to obtain supernatant. Protein concentration was determined by BCA assay with
Thermo Scientific Pierce BCA Protein Assay Kit (Micro BCA, Pierce, Rockford, IL, USA).
The amount of cytokines was determined by ELISA assay according to manufacturer’s
instructions (mouse IL-1p: DY401; mouse IL-1RA: MRAOO; mouse IL-6: DY406; mouse
S100A8/9: DY8596-05; mouse CXCL10: MCX100; R&D Systems, Minneapolis, MN,
USA).
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Western Blot

Mouse corneal samples were lysed with RIPA buffer. The lysates were centrifuged to obtain
supernatant. Protein concentration was determined by BCA assay. The protein samples were
separated by SDS-PAGE and electrically transferred onto nitrocellulose membranes (Bio-
Rad; Hercules, CA, USA). The membranes were blocked with 3% BSA and subsequently
incubated with primary and secondary antibodies. Signals were visualized using
SuperSignal® West Pico Chemiluminescent Substrate (Thermo Scientific, Pittsburgh, PA,
USA). p-actin was used as the loading control. Quantification of protein levels was based on
the densitometry of blots by using the software Carestream M1 SE (Informer Technologies,
Inc. Rochester, NY, USA). Antibodies: anti-1L-24 (ab182567; Abcam, Cambridge, MA,
USA); anti-SOCS3 (#516919; R&D Systems, Minneapolis, MN, USA); anti-STAT3 (#4904;
Cell signaling); anti-phospho-STAT3 (Tyr705) (#9145; Cell signaling); and anti-p-actin
(A1978; Sigma).

Statistical analysis

Results

PA infection

A nonparametric Mann-Whitney U test was used to compare the clinical scores. Student t-
test or one-way ANOVA was used to compare quantitative means. P-value < 0.05 was
considered to be significant.

induces IL-24 and SOCS3 expression in mouse corneal epithelial cells (CECs)

To verify our previously reported cDNA microarray results (15), we infected mouse corneas
with 1.0x10* colony forming units (CFUs) of PA stain ATCC 19660. Corneal epithelial cells
were collected at 6 hpi and subjected to PCR analysis. As shown in Figure 1A, flagellin
challenge alone minimally induced IL-24 expression relative to the naive cornea. PA
infection increased the expression of I1L-24, and this elevation of 1L-24 expression was
dampened by flagellin pretreatment in B6 mouse CECs. As IL-24 shares receptors with
IL-19 and IL-20, we explored the induction of these cytokines in response to infection.
While low levels of IL-19 were detected in all samples, no IL-20 mRNA was detected. The
infection-induced expression of SOCS3 was also dampened by the flagellin-pretreatment
(Fig. 1B). The expression of IL-1B, an innate immune and major inflammatory mediator,
significantly increased after PA infection, and was attenuated by pretreatment with flagellin
(Fig. 1B).

IL-24, SOCS3, and IL-1p are early responsive genes during PA infection

Having shown the effects of infection and flagellin-pretreatment on cytokine expression, we
then performed a time course study to compare the expression of IL-24 with IL-1p, SOCS3
and IL-6 in response to PA infection. Two peaks of 1L-24 up-regulation were observed: a
rapid and marked increase at 3 hpi, decreasing by 6 hpi, and then a gradual increase to a
higher level at 18hpi. In contrast, IL-1p expression was induced at 3 hpi, and continued to
increase as the infection progressed. (Fig. 2A). The expression of SOCS3 followed the
observed bimodal expression kinetics of IL-24. IL-6 has been shown to be critical to the host
defense of the cornea, including neutrophil infiltration and bacterial clearance, during PA

J Immunol. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ross et al.

Page 6

infection (35) as well as in other systems (36). IL-6 expression was first observed at 9 hpi,
and reached a significantly higher level at 18 hpi, as compared to the naive cornea (Fig. 2A).
Hence, the infection-induced expression of SOCS3 at 3 hpi is correlated with that of IL-24,
but not I1L-6, which is also known to activate the JAK/STAT3 pathway.

The expression of some of these cytokines and the activation of STAT3 were also assessed
by using Western blotting or ELISA in whole corneal extracts (Fig. 2B, C, and D). IL-24
expression at the protein level was markedly increased at 3 hpi, reduced at 6 hpi and
thereafter. The activation of STAT3 detected by the phospho-STAT3 level followed a similar
expression pattern with that of I1L-24. SOCS3 protein expression increased at 3 hpi and 6
hpi, down by 9 hpi, followed by an increase at 18 hpi (Fig. 2B and C). The protein levels of
IL-1B and IL-6 increased in a time dependent fashion, with peak levels observed at 18 hpi
(Fig. 2D).

Silencing of IL-24 improves the outcome of PA keratitis in mouse cornea

To determine whether IL-24 influences the host defense against PA keratitis, we
subconjunctivally injected B6 mice with IL-24 siRNA or control siRNA. Western blotting
analysis of the whole corneas at 1 dpi revealed an effective knockdown of IL-24 by siRNA,
as well as the downregulation of STAT3 activation (Fig. 3A and B).

The progression of PA keratitis in the control siRNA and 1L-24 siRNA treated corneas was
monitored for up to 3 days post infection. Micrographs taken daily showed that knockdown
of 1L-24 revealed reduction in the severity of keratitis, as compared to the control group
(Fig. 3C). At 3 dpi, the control corneas developed severe keratitis, thick opacity covering the
entire corneal surface, and surface irregularity; whereas the corneas injected with IL-24
SiRNA had less severe keratitis with lighter opacity located at the center of the cornea. The
severity of keratitis was quantitated using a 12-scale clinical score system by evaluating the
area and density of opacity and surface irregularity (33). The clinical scores assigned to
IL-24 silenced mice were significantly lower than those of their control counterparts at all 3
days examined (Fig. 3D). Mice were euthanized at 3dpi, and whole corneas were subjected
to bacterial counting and MPO measurement to evaluate neutrophil infiltration. Silencing of
IL-24 resulted in lower bacterial burden and reduced influx of neutrophils compared to the
control corneas (Fig. 3E and F).

We next treated the corneas with 1L-24 siRNA and assessed its effects on the expression of
several innate immune responsive genes at 6 hpi in mouse CECs /n vivo. SLO0A8/A9 and
CXCL10 are antimicrobial peptides and chemotactic proteins. The heterodimer of SI00A8
and A9, (also referred to as calprotectin), has been shown to prevent the growth of bacteria,
fungi, and protozoa by chelating Mn*2 and Zn*2 ions (37-40). CXCL10, also known as
interferon-y-inducible protein 10 (IP-10), can act as a chemoattractant for natural killer cells
and an important anti-microbial peptide (AMP) capable of directly killing 2Aand C.
albicans (8, 41, 42). As shown in Fig. 4A, the expression of the AMP S100A8 increased 3-
fold (P<0.05, ANOVA) after IL-24 knockdown in uninfected CECs. PA infection induced
the expression of both SI00A8 and S100A9, and silencing of IL-24 further elevated their
expression in the infected corneas. The expression of CXCL10 was also induced by PA
infection, and further increased post silencing of IL-24. The expression of SOCS3 was
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upregulated after £A infection. I1L-24 knockdown resulted in the downregulation of SOCS3
expression. IL-1 receptor antagonist (Gene: IL1rn), the natural inhibitor of IL-1 type
cytokines, has been demonstrated to ameliorate symptoms in several autoimmune diseases
(43, 44). MMP13 (Matrix Metalloproteinase-13) is reported to contribute to basement
membrane damage and facilitate 24 invasion into the stroma (45). The expression of I1L-1p,
IL-1RN, and MMP13 was also induced by PA infection. I1L-24 knockdown dampened their
expression to a level similar to the control siRNA without infection in mouse CECs. The
expression of calprotectin and CXCL10 was further confirmed in protein level (Fig. 4B).
Basal expression of both calprotectin and CXCL10 was detected in the uninfected corneas.
Consistent with the mRNA expression, the protein expression of calprotectin and CXCL10
was induced by PA infection, and further enhanced when knocking down of 1L-24.

As an early responsive cytokine, IL-24 may induce the expression of other cytokines and/or
AMPs in infected corneas. To that end, we used real-time PCR to assess the expression of
eight different genes at 1dpi in the whole corneas (Fig. 5A). While most genes were
unaffected by the downregulation of 1L-24, the expression of IL-1RN (7.2-fold increase,
p<0.05), S100A9 (3.3-fold increase, p<0.05), and I1L-17A (0.6-fold decrease p>0.05) were
altered by IL-24 silencing in non-infected corneas. IL-17A is reported to be secreted by
innate y& T cells to recruit neutrophils (46). Activated neutrophils further produce IL-17A in
an autocrine fashion, contributing to bacterial and fungal clearance (47, 48). Infection
induced marked upregulation of SOCS3, IL-6, MMP13, IL-17A, CXCL10, IL-1p/IL-1RN,
AMP S100A8, and A9. Knocking down of IL-24 resulted in the downregulation of the
SOCS3 (1.47 fold), IL-6 (4), MMP13 (1.73), IL-17A (3.3), CXCL10 (5.27), IL-1B (3.0),
IL-1RN (5.72), S100A8 (1.98) and A9 (1.45) in infected corneas (Fig. 5A). The expression
of IL-6, IL-1p, IL-1Ra (protein encoded by gene IL-1RN), and calprotectin was confirmed
at the protein level by ELISA analysis (Fig. 5B). While the basal levels of IL-6 and IL-1p
were undetected, basal expression of IL-1RA and S100A8/9 was observed in the control
SiRNA or IL-24 siRNA treated, non-infected corneas. Similar to the mRNA level, IL-6,
IL-1B, IL-1RA, and S100A8/9 were elevated at the protein level by P4 infection and
significantly attenuated by IL-24 silencing. The downregulation of the cytokines and AMPs
after IL-24 silencing at 1dpi in the cornea may be related to the diminished host response to
much reduced bacterial burden in the silencing group.

Blockage of IL-20R2 decreases the severity of PA keratitis in mouse cornea

Previous reports based on PCR studies demonstrated that the receptors for IL-20R cytokines
are mainly expressed in epithelial cells, but not in immune cells (49, 50). We showed that
while equal levels of IL-22R1 were detected in both the naive and infected CECs at around
95 kDa, the abundance of IL-20R2 proteins was decreased in the infected CECs, comparing
with the naive control (Supplemental figure). We next assessed the effect of blocking
IL-20R2, the common receptor chain for IL-19, 1L-20, and IL-24, to further verify the effect
of the 1L-24 signaling pathway on PA Keratitis (Fig. 6). While the 1gG control corneas
developed keratitis gradually within 3 days, the anti-1L-20R2 antibody-treated corneas had
slight corneal opacification at 1 dpi, which progressed to cloudy corneas at day 2, and
resolved to cloudiness with the outline of the iris and pupil discernable at day 3 (Fig. 6A).
Clinical scoring revealed that the anti-I1L-20R2 group started with a lower score at day 1 and
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a slope similar to that observed in the IgG control group at day 2, with scores slightly
declining at day 3 (Fig. 6B). The blockage of IL-20R2 reduced the bacterial burden and
MPO units in the corneas at 3 dpi as well (Fig. 6C and D).

Recombinant IL-24 increases the susceptibility of mouse cornea to PA infection

As a complimentary approach, we assessed the effects of recombinant IL-24 on the severity
of PA keratitis. Subconjunctival injection of recombinant mouse 1L-24 four hours prior to PA
inoculation resulted in more severe Keratitis than that of the control with 0.1% BSA injection
(Fig. 7A). Recombinant mouse IL-24 was reconstituted with 0.1% BSA in PBS according to
manufacturer’s recommendation. BSA, 0.1% in PBS, was used as a vehicle control. The
control corneas were covered with opacity by ~30% at day 1, ~80% at day 2, and fully
covered at day 3. Surface irregularity was also apparent at day 3. In recombinant IL-24-
treated corneas, there was a sign of central melting at day 1, central ring with heavy opacity
at day 2, and heavy opacity covered the entire cornea with corneal ulceration and
neovascularization present at day 3, pathologies usually seen in the control corneas at day 5
(Fig 7A). The clinical scores revealed significantly higher disease severity in the
recombinant I1L-24-treated group than that observed in the BSA control group (Fig. 7B). A
single dose of recombinant IL-24 resulted in significantly higher bacterial burden and
neutrophil infiltration as compared to the BSA control group at 3 dpi (Fig. 7C and D).

The expression of innate immune response genes was also assessed in recombinant I1L-24-
treated corneas (Fig. 8). In non-infected corneas, recombinant 1L-24 stimulated significant
upregulation of IL-17A (4.8-fold increase, p<0.01); whereas the expression of IL-1RN (2.5-
fold decrease, p<0.01) and S100A8 (0.5-fold decrease, p>0.05) was downregulated,
contrasting to those of 1L-24 siRNA-treated corneas. The presence of recombinant IL-24
significantly augmented the infection-induced expression of these genes.

IL-24 specifically induces SOCS3 expression in human corneal epithelial cells

Our /n vivo data imply that both IL-1p and IL-24 are the downstream products of toll-like
receptor signaling, and that these two cytokines may regulate the expression of each other, as
well as other genes involved in the innate defense of the corneas. To that end, we first treated
primary HCECs with recombinant human IL-1p and found enhanced expression of SOCS3,
IL-24, IL-1pB, and IL-6 mRNA (Fig. 9A). The level of SOCS3 mRNA was increased 2.2 fold
at hour 1 and further elevated (6.1 fold) at 2 hours post IL-1p stimulation. IL-1p
significantly induced the mRNA expression of IL-24, IL-1pB, and IL-6 at both hour 1 and
hour 2. Conversely, recombinant IL-24 stimulated robust upregulation of SOCS3, peaking at
1 hour post infection, but had no effect on the expression of IL-1f, IL-24, or IL-6 (Fig. 9B).

Discussion

The present study demonstrated that among the three mouse IL-20R cytokines, only IL-24
was markedly induced by PA infection. Interestingly, SOCS3 shared a similar expression
pattern with 1L-24 while the expression of another STAT3 activator, 1L-6, was not increased
until 9 hpi. Functional analysis revealed that while exogenous IL-24 increased the severity of
PA keratitis, the downregulation of 1L-24 signaling pathway resulted in reduced clinical
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scores, less opacity, lower bacterial burden, and reduced infiltration of neutrophils during 24
infection. During the initial hours of infection (6 hpi) when most invading pathogens remain
at the epithelial layer, the inhibition of IL-24 markedly increased the infection-induced
expression of AMPs S100A8 and A9 and CXCL10. At 1 dpi, the expression of the infection
response genes (SOCS3, IL-1B, IL-6, IL-17A, MMP13, CXCL10, and S100A8/A9) was all
markedly elevated in infected corneas. Induction of these mediators was dampened to
different extents by IL-24 knockdown at 1 dpi, correlating with the reduced number of
pathogens. Targeting IL-20R2, the common receptor chain in the 1L-24 signaling pathway,
improved the outcome of PA keratitis. Application of recombinant IL-24, on the other hand,
markedly increased the severity of PA keratitis and reversed the expression pattern of
infection response genes seen in 1L-24 downregulated corneas at 1 dpi. /n vitro, while IL-1p
induced the expression of IL-1p (self-amplification), IL-24, IL-6, and SOCS3, treatment
with IL-24 induced only the expression of SOCS3. Taken together, our data suggest that the
anti-inflammatory IL-20R cytokines have immunosuppressive properties and contribute to
corneal susceptibility to PA infection.

The host responds to tissue infection by eliciting acute inflammation in an attempt to control
invading pathogens (51). These early events are coordinated by several families of pro-
inflammatory mediators including cytokines, chemokines, and lipid mediators. The major
pro-inflammatory cytokines/chemokines elicited by microbial infection include IL-1f, IL-6,
IL-8, and IL-17A, which orchestrate leukocyte recruitment to the sites of infection (52, 53).
It is now clear that during the acute inflammatory response, an array of molecules, such as
IL-10 and resolvins (51) that function in the resolution of inflammation, are also induced.
Among the IL-10 superfamily of cytokines, I1L-20 subfamily cytokines, including IL-19,
IL-20, and IL-24 (referred as IL-20R cytokines), are known to be produced mainly by
myeloid cells and epithelial cells, and to target epithelial cells (54). In this study, we reported
that the expression of IL-24, but not 1L-19 or IL-20, was induced in mouse corneas by PA
infection, a pattern similar to that described for such induction by inflammatory cytokines
such as IL-1p and CXCL2 (mouse homolog of human IL-8), but not IL-6. It is reported that
the expression of IL-19 and IL-24, but not of 1L-20, was induced by infection with
methicillin-resistant Staphylococcus aureus (MRSA) in mouse skin (48). Thus, we conclude
that 1L-24, similar to IL-1p, is an early response gene in response to PA infection in the
cornea.

We observed that I1L-24 knockdown decreased the expression of IL-1p, IL-6, and MMP13,
but increased the expression of SI00A8/9 and CXCL10 during the initial hours of infection
(6 hpi). In addition, IL-24 alone increased the expression of IL-17A and decreased the
expression of IL-1RN, a natural IL-1R antagonist in non-infected corneas (Fig. 8),
suggesting a pro-inflammatory role of IL-24 in B6 mouse corneas. It is unlikely that IL-24
directly induces the expression of these cytokines from epithelial cells, since the treatment of
recombinant 1L-24 alone to B6 mouse corneas (Fig. 8) or cultured human corneal epithelial
cells (Fig. 9) did not alter the expression of IL-1p and MMP-13. Importantly, IL-24 was
found to inhibit the expression of the antimicrobial peptides SI00A8/A9 and CXCL10 in
moue corneal epithelial cells (Fig, 4), resulting in impaired mucosal immunity and reduced
bacterial clearance at the corneal surface. We postulate that it is the corresponding increase
in bacterial burden that drives the enhanced inflammatory responses at the mucosal surface,
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including increased /n vivo expression of inflammatory cytokines (IL-1, IL-6, and
MMP13). Hence, the effects of IL-24 on corneal inflammatory response is likely through an
indirect action, such as the induction of SOCS3.

Given well-accepted anti-inflammatory and protective properties of the IL-10 family
cytokines (28, 55, 56), we thought that IL-24 would enhance the host innate defense against
PA in the corneas. Our data, however, showed that while downregulation of IL-24 or the
antibody blockade of the IL-20R2 protected the corneas from PA infection, exogenous IL-24
worsened PA keratitis, suggesting a detrimental role of IL-24 during PA infection of the
corneas. While most studies to date in the literature suggest a protective role of I1L-20
subfamily cytokines, particularly IL-22 (28, 55-57), a more recent study of MRSA infection
of mouse skin revealed that IL-19 and/or 24 play an immunosuppressive role by
downregulating IL-1p- and IL-17A-dependent pathways, which mediate host innate immune
defense against the infectious agent (48). Our results of IL-24 as a negative mediator in PA
keratitis are in line with the MRSA skin infection study, yet by entirely different
mechanisms. In MRSA skin infection model, IL-19/IL-24 target IL-1p and IL-17A
expression; in our PA keratitis model, IL-24 hampers the expression of innate immune
defense molecules, resulting in an increase in bacterial burden which in turn stimulated
stronger inflammatory response. Hence, the early induced IL-24 acts as innate immune
suppressor in the corneas in response to 24 infection.

In IL-24 manipulated B6 mouse corneas, the inflammatory response, measured by the
clinical scoring, the levels of pro-inflammatory cytokines, and the intensity of PMIN
infiltration, is directly correlated to the numbers of recoverable bacteria. This seems
paradoxical, given that acute inflammation is known to be required for controlling invading
pathogens. This paradox can perhaps be resolved by the locations where bacterial clearance
may occur at different times of infection. In our mouse model of microbial keratitis,
epithelium-scratched wounds are made with minimal injury of the basement membrane,
which serves as a barrier for PA invasion of the stroma (45). During the initial hours of
infection (6 hpi), fewer than 1,000 CFUs of PA were detected (1 x 10 inoculated), and most
of them were detected within the epithelium. By 24 hpi, the basement membrane was
dissolved, and the epithelium was partially disappeared with a large number of 24 in the
stroma (45). We observed robust expression of potent antimicrobial peptides and bactericidal
chemokines, including calprotectin and CXCL10, by PA infection and further enhanced by
downregulation of 1L-24 signaling in corneal epithelium at 6 hpi. These potent bactericidal
peptides participate in innate killing of pathogens within the epithelium (58) and greatly
reduced pathogen invasion to the stroma at the initial hours of infection, 3-6 hpi when most
invading pathogens remain in the epithelial layer (8, 15, 41). Consistent with the notion that
epithelium is the major site of innate defense, we observed that IL-24 receptors were mostly
expressed by epithelium in B6 mouse corneas (Supplemental figure), suggesting the effects
of IL-20R cytokines on innate defense mechanisms are likely limited to the epithelial layer.
It is plausible that the reduction of pathogen burden results in less innate inflammatory
response, yet the activated innate immune defense apparatus further eliminates remaining
pathogens. Downregulation of 1L-24, similar to flagellin administration (9), also greatly
reduced the intensity of inflammatory response in the corneas, including marked decrease in

J Immunol. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ross et al. Page 11

the number of PMNs at 1 dpi, giving a marked decrease in the corneal content of
calprotectin (60% of total cytosolic proteins in PMN (59)) seen in Figure 5B.

The presence of recombinant IL-24, similar to downregulation of CXCL10 (8), calprotectin
(60), or cathelicidin (9), on the other hand, significantly increased bacterial burden due to a
decrease in pathogen killing, resulting in much severe keratitis with greatly increased
infiltration of PMNs. Hence, the pathogen burden appears to be a determinant factor of the
inflammatory response during microbial infection in the cornea. This phenomenon may not
be unique for the cornea as the inflammatory response in the mouse ceca was shown to be
related to the numbers of Salmonellawith or without flagellin administration (61).
Moreover, our study using a lethal murine 24 model also showed a decrease in 24 burden as
well as in PMN infiltration in flagellin-pretreated B6 mouse lung at 24 hpi (10).

How might IL-24 suppress innate immune response during tissue infection? We observed
that in cultured human primary CECs, while IL-1p stimulated the expression of IL-24, IL-1p
(self-amplification), 1L-6, as well as SOCS3, IL-24 was only able to induce SOCS3
expression in a robust fashion at 1 h post treatment, with SOCS3 rapidly declined to a lower
level at 2 h post treatment (Fig. 9). This early and robust expression of SOCS3 during initial
hour of infection may be one of underlying mechanisms for IL-24 to possess
immunosuppressive activity in the cornea. Consistent with this notion, cell-specific loss of
SOCS3 in keratinocytes has been shown to up-regulate SI00A8/A9 expression and to cause
skin inflammation and epidermal hyperplasia in an IL-20R cytokine-related manner (27).

In summary, our data demonstrate that 1L-24 expression is enhanced at an early time point in
mouse corneas after PA infection. IL-24 dampens inflammatory response necessary for
mounting an effective defense against microbial infection during the initial hours of
infection. This observation highlights the concern for the use of IL-24 as an anticancer
agent, as it may render patients more susceptible to opportunistic infection at a time when
their immune systems are already comprised. In addition, the IL-20R2 signaling pathway
could be therapeutically targeted to alter the susceptibility of the corneas to 2A infection.
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Figure 1. P. aeruginosa
(PA) infection induces IL-24 and SOCS3 expression in B6 mouse corneal epithelial cells;

Flagellin pretreatment attenuates their expression. Mouse corneas were scratched with a
needle and topically pretreated with 500ng flagellin for 24 hours. PBS was used as control.
Then the corneas were scratched again and inoculated with 2A (ATCC 19660, CFUs:
1.0x10%). Cornea epithelia were collected at 6 hpi for semi-quantitative RT-PCR (A) or
quantitative real-time PCR (B) analysis of IL-24, IL-19, and 1L-20 (A), SOCS3 and IL-1B
(B). Results are presented relative to those of naive corneas, set as 1. P values were
generated by one-way ANOVA. ***P < 0.001. Data are representative of three independent
experiments (B: mean + s.e.m.). Flag: flagellin.
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Figure 2.
IL-24, SOCS3, and IL-1p are early responsive genes after 24 infection in B6 mouse cornea.

Mouse corneas were scratched with a needle and inoculated with 2A. Whole corneas were
collected at 3 hpi, 6 hpi, 9 hpi, and 18 hpi for gPCR analysis of 1L-24, IL-1, SOCS3, and
IL-6 (A). Results are presented relative to those of naive corneas, set as 1. (B) Immunoblot
analysis of IL-24, SOCS3, p-STAT3, and STAT3 in cell lysates of whole corneas infected
with PA for 3h, 6h, 9 h and 18 h. B-actin serves as the loading control. (C) Quantification of
protein levels based on the densitometry of the Western blots in B. (D) ELISA assays of

J Immunol. Author manuscript; available in PMC 2018 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Ross et al.

Page 18

IL-1B and IL-6 in cell lysates of whole corneas infected with 24 for 9 h or 18 h. Stars on top
of columns are P value results comparing with the control. *£< 0.05, **P< 0.01, and ***P
< 0.001 (ANOVA). Data are representative of three independent experiments (A, C and D:
mean + s.e.m.). ND: not detected.
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Figure 3.
Silencing of IL-24 attenuates the severity of 2A infection in mouse cornea. Mice were

subconjunctivally injected with IL-24 siRNA (50 picomoles in 5ul RNase free water) twice
in two days. Corneas were inoculated with 2A 6h after the second injection. Non-specific
SiRNA serves as control. (A) Immunoblot analysis of 1L-24, p-STAT3, and STAT3 in cell
lysates of IL-24 siRNA- or control siRNA-treated corneas at 1 dpi. p-actin serves as the
loading control. (B) Quantification of protein levels based on the densitometry of the
Western blots in A. (C) Mice were monitored and photographed daily up to 3 dpi. (D)
Clinical scores were assigned to each cornea daily and plotted as median + interquartile
range. At 3 dpi, the corneas were excised and subjected to bacterial plate counting (E) and
MPO assay (F). P values were generated by Man-Whitney test (D) or unpaired student t test
(B, Eand F). *P<0.05, **P< 0.01 and ***P < 0.001. Data are representative of three
independent experiments with five mice per group (B, E and F: mean + s.e.m.).
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Figure 4.
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Silencing of IL-24 upregulates the expression of calprotectin and CXCL10 in mouse corneal
epithelial cells in response to PA infection. Mouse corneas were treated with IL-24 siRNA or

control siRNA and inoculated with PA as in figure 3. Corneal epithelial samples were

collected at 6hpi for g°PCR (A) or ELISA (B) analysis. For q-PCR, results are presented
relative to those of control siRNA treated, uninfected corneas, set as 1. *P < 0.05, **P <
0.01, and ***P < 0.001 (ANOVA). Data are representative of three independent experiments

with at least four corneas per group (mean + s.e.m.).
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Figure5.
Silencing of IL-24 dampens the expression of cytokines and antimicrobial peptides in mouse

cornea in response to 24 infection. Mouse corneas were treated with I1L-24 siRNA or control
SiRNA and inoculated with PA as in figure 3. (A) Whole cornea samples were collected at
1dpi for gPCR analysis. Results are presented relative to those of control siRNA treated,
uninfected corneas, set as 1. (B) Cell lysates from whole corneal samples at 1dpi were
subjected to ELISA analysis. *P < 0.05, **P < 0.01, and ***P < 0.001 (ANOVA or unpaired
student T test). Data are representative of three independent experiments with at least four
corneas per group (mean + s.e.m.). ND: not detected.
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Figure®6.
IL-20R2 neutralizing antibody decreases the severity of PA keratitis in mouse cornea. Mice

were subconjunctivally injected with IL-20R2 neutralizing antibody (200ng/5ul) 4h before
the inoculation with PA. Mouse 1gG serves as the control. (A) Mice were monitored and
photographed daily up to 3 dpi. (B) Clinical scores were assigned to each cornea daily and
plotted as median + interquartile range. At 3 dpi, the corneas were excised and subjected to
bacterial plate counting (C) and MPO assay (D). P values were generated by Man-Whitney
test (B) or unpaired student t test (C and D). *£< 0.05, **£< 0.01 and ***P< 0.001. Data
are representative of three independent experiments with five mice per group (C and D:
mean + s.e.m.).
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Figure7.
Recombinant IL-24 increases the susceptibility of the mouse cornea to PA infection. Mice

were subconjunctivally injected with either recombinant mouse I1L-24 (200ng in 5ul 0.1%
BSA) or 0.1% BSA as control. Mouse corneas were inoculated with 24 4 h after the
injection of recombinant IL-24. (A) The infected corneas were photographed daily. (B) The
severity of keratitis was assessed with clinical scores. At 3 dpi, the corneas were excised and
subjected to bacterial load (C) and MPO unit determination (D). P values were generated by
Man-Whitney test (B) or unpaired student t test (C and D). *P < 0.05 and **P < 0.01. Data
are representative of three independent experiments with five mice per group (B: median +
interquartile range; C and D: mean + s.e.m.).
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Figure 8.
Recombinant IL-24 enhances cytokine expression in mouse cornea in response to 2A

infection. Mouse corneas were treated with recombinant mouse IL-24 or 0.1%BSA and
inoculated with PA as in figure 7. Whole cornea samples were collected at 1dpi for g°PCR
analysis. Results are presented relative to those of 0.1% BSA treated, uninfected corneas, set
as 1. *P < 0.05, **P < 0.01, and ***P < 0.001 (ANOVA). Data are representative of three
independent experiments with at least four corneas per group (mean + s.e.m.).
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Figure9.
Effects of recombinant human IL-1p or IL-24 on primary human corneal epithelial cells

(HCECs). (A) HCECs were treated with recombinant human IL-1p (50ng/ml). Cells were
collected at 1h and 2h for gPCR analysis of SOCS3, IL-24, IL-1pB, and IL-6. (B) HCECs
were treated with recombinant human IL-24 (100ng/ml). Cells were collected at 1h and 2h
for gPCR analysis of SOCS3, IL-1B, IL-24, and IL-6. Results are presented relative to those
of untreated control cells, set as 1 (mean+s.e.m.). **P < 0.01, and ***P < 0.001 (ANOVA).
Data are representative of three independent experiments.
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PCR primer sequences used in this study.

Primers Forward Reverse

miL-19 aacaacctgctgacattcta attggtggcttcctgact
miL-20 tctcagtctgtcattctcac tatagcatctcctccatcca
mlL-24 gctttcaccaaagcgacttc gcccagtaaggacaattcca
mSOCS3 attcacccaggtggctacag gccaatgtcttcccagtgtt
mIL-1B tgccaccttttgacagtgatg aaggtccacgggaaagacac
mIL-1RN gggaccctacagtcacctaa  ggtccttgtaagtacccagca
miL-6 gtggctaaggaccaagacca  taacgcactaggtttgccga
mCXCL10 ttaaggagcccttttagaccttt — atgaacccaagtgctgccgtc
mMMP13  tgatgaaacctggacaagc ctggaccataaagaaactgaa
miL-17A tttaactcccttggcgcaaaa  ctttcectecgeattgacac
mS100A8  ttcgtgacaatgccgtctga agggcatggtgatttccttgt
mS100A9  tgggcttacactgctcttacc ggttatgctgcgctecatct
mp-actin gtgggccgecctaggeacca  ggttggecttagggttcagg
hiL-24 gtctttcacagcccagaagg agggccaagaattccacttt
hSOCS3 ggtaccccacatcctctcct caaatgttgcttcccectta
hIL-6 tttcaccaggcaagtctcct gaaagcagcaaagaggcact
hiL-1p accaaacctcttcgaggcac  agccatcatttcactggcga
hGAPDH aggggtctacatggcaacty  ggcctccaaggagtaagacc

1
m: mouse; h: human.
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