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Abstract

The IL-36 cytokines are known to play various roles in mediating the immune response to
infection in a tissue- and pathogen-dependent manner. The present study seeks to investigate the
role of IL-36R signaling in C57BL/6 mouse corneas in response to Pseudomonas aeruginosa
(PA) infection. IL-36a"", IL-36~/~, and I1L-36R~/~ mice had significantly more severe keratitis
than wild type mice. At 6-hour post-infection (hpi), IL-36a pretreatment augmented 2A-induced
expression of IL-1Ra, IL36y, LCN2, and S100A8/A9. At 1-day post-infection (dpi), exogenous
IL-36a suppressed, whereas IL-36a deficiency promoted the expression of IL-1p. At 3 dpi,
exogenous IL-36a suppressed Thl, but promoted Th2 immune response. IL-36a stimulated the
infiltration of IL-22-expressing immune cells and IL-22-neutralization resulted in more severe
keratitis. IL36a alone stimulated dendritic cell infiltration in B6 mouse corneas. Taken together,
our study suggests that IL-36R signaling plays a protective role in the pathogenesis of ~A keratitis
by promoting the innate immune defense, Th2 and/or Th22/1L-22 immune responses. Exogenous
IL-36a might be a potential therapy for improving the outcome of PA keratitis.
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Introduction

Microbial keratitis is a predominant cause of irreversible visual loss around the world

(1). Among all the pathogens in microbial keratitis, Pseudomonas aeruginosa (PA) is

the most aggressive and frequently isolated organism, especially in extended contact lens
wearers (2). Corneal hypoxia, micro-trauma, decreased tear production, and increased
corneal temperature caused by the contact lens allows pathogens to easily adhere to the
ocular surface (3, 4). PA keratitis is characterized by its rapid onset and progression, often
presenting with strong inflammation and ulceration. Severe complications include anterior
chamber hypopyon, descemetocele formation, corneal scarring and perforation (5).

Severe keratitis caused by PA results from both a high virulence of the pathogen and the
extreme inflammatory response of the host (6). Various bacterial exotoxins and enzymes
help PA digest and degrade the corneal matrix (7). In our experimental model, it takes
approximately 18-24 h for PA to cross the corneal epithelial basement membrane and reach
the stroma (8). Hence, early recognition and enhanced host defense is essential to suppress
bacterial invasion. The innate immunity also has profound effects on adaptive immunity,
leading to different responses of the tissues to infection in a tissue- and pathogen-dependent
manner. The adaptive immunity response can be activated by antigen presenting cells
(dendritic cells and macrophages), residential immune cells in avascular, naive corneas,
that activate Th1, Th2, Th17, and/or Th22 immune responses (9). Conversely, an extensive
immune response can also be destructive to the host tissue (10, 11). In the cornea, the TH2
immune response plays a protective role while Thl and Th17 are detrimental to PA keratitis
(12, 13).

IL-36 cytokines are the newest members of the IL-1 superfamily and have been shown

to play a role in tissue homeostasis and inflammation (14, 15). The 1L-36 family consists
of three agonists: IL-36a, IL-36p and IL-36+y. All three share a common heterodimeric
receptor IL-36R (16). Binding of IL-36 to IL36R recruits the accessory protein IL-1RACP,
leading to the activation of NF-kb and MAPK pathways, and initiates downstream gene
transcription (17). IL36/36R signaling is activated in bacterial, viral, and mycobacterium
pneumonia, resulting in the elevation of antimicrobial activity (18-20). As a potent immune
stimulator, 1L36 signaling has been shown to augment intestine and skin inflammation (21,
22). Like IL-1B, IL-36 cytokines also have a natural antagonist to their receptor, IL-36Ra.
IL-36Ra and IL-38 bind IL-36R without recruiting the secondary receptor IL-1RACP, thus
interfering with 1L36 signaling (23). Importantly, 1L-38 was found to attenuate sepsis by
decreasing inflammation and increasing bacterial clearance, suggesting that modulation of
IL-36/IL-36R activity might be utilized to control or treat bacterial infection (24). In mouse
models of tissue infection, 1L-36 agonists exhibited both beneficial and detrimental roles in
a tissue- and pathogen-specific manner (18, 20, 25). Using siRNA silencing, we recently
showed that IL-36Ra and IL-1Ra played opposing roles in the innate immune response to
PA infection, suggesting the potential antagonization of the I1L-36/I1L36R axis on the 1L-1/
IL-1R pathway (26). Conventionally, IL-36y was believed to be the main agonist of IL-36R
in mucosal epithelium (27). The knowledge of the role of IL-36a in corneal or mucosal
immunity is limited.
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In this study, we defined the role of IL-36a in mediating host defense following corneal
PA infection. Using a murine model of PA keratitis, we showed an increase in IL-36a
expression in response to PA infection. IL-36a protected the cornea by stimulating
anti-microbial peptide production, promoting tissue healing by upregulating IL-22 and
modulating immune cell infiltration.

Material and Methods

Animals

Specific-pathogen-free, age- and sex-matched C57BL/6 WT mice were purchased from The
Jackson Laboratory (Bar Harbor, ME). IL-36R—/— mice on the C57BL/6 genetic background
were provided by Amgen (Thousand Oaks, CA) (28). IL-36a—/- and IL-36y—/— mice bred
on a C57BL/6 background were established at the University of Michigan (29). All animal
procedures were performed in compliance with the Association for Research in Vision

and Ophthalmology Statement for the Use of Animals in Ophthalmic and Visual Research
and were approved by the Institutional Animal Care and Use Committee of Wayne State
University.

Mouse model of PA Kkeratitis

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 and
were inoculated with 1.0 x 10* CFU of ATCC 19660 in 5pl of PBS.

Administration of neutralizing antibody or recombinant protein

To apply neutralizing antibodies or recombinant proteins, mice were subconjunctivally
injected with recombinant mouse IL-36a (100ng/5ul; R&D Systems, Minneapolis, MN),
anti-1L-22 antibody (400ng/5ul; R&D Systems, Minneapolis, MN), or 0.1% BSA control, 4
h before inoculation with PA.

Isolation of mouse corneal epithelial cells

Mice were euthanized by cervical dislocation. Under the microscope, mouse corneal
epithelial cells (CECs) were surgically scraped off from the basement membrane. Cells
were collected onto the razor blade. Liquid nitrogen was used to snap freeze the collected
cells on the blade, and then the frozen cells were immediately scraped off and transferred
into precooled 1.5-ml Eppendorf tubes placed on dry ice. Cells were processed immediately
for RNA isolation, protein extraction or were stored at —80°C for later use.

Clinical examination, quantification of PA CFU, and determination of myeloperoxidase

units

Corneas were photographed at 1 day or 3-day post-infection (dpi) for the assessment of
infection severity. Clinical scores were assigned to the infected corneas in a blinded fashion
according to a previously-reported scale (30). Whole corneas were excised and placed in 200
ul sterile PBS. Tissue was homogenized with a TissueLyser 11 (Qiagen, Valencia, CA). The
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homogenates were divided into two parts. The first fraction (50ul) was subjected to serial
log dilutions for the assessment of viable bacterial numbers. The remaining homogenates
were further lysed for myeloperoxidase (MPO) measurement. MPO units were determined
according to a previously reported method (31). One MPO unit corresponds to 2.0x 10°
PMNS.

Semiquantitative and quantitative PCR

Total RNA was extracted with a RNeasy mini kit (Qiagen) following the manufacturer’s
instructions. For semiquantitative PCR, cDNA was amplified with TagMan technology
(Promega, Madison, WI). PCR products were subjected to electrophoresis on 2% agarose
gels containing ethidium bromide. For quantitative PCR (qPCR), cDNA was amplified using
a StepOnePlus real-time PCR system (Applied Biosystems, University Park, IL) with SYBR
Green PCR master mix (Applied Biosystems). Data were analyzed by using the AA cycle
threshold method with p-actin as the internal control. The primers used in this study were
listed in Table 1.

Western blot and ELISA

Mouse corneal samples were lysed with RIPA buffer. The lysates were centrifuged to

obtain supernatant. Protein concentration was determined by BCA assay. For Western blot
analysis, the protein samples were separated by SDS-PAGE and electrically transferred

onto nitrocellulose membranes (Bio-Rad Laboratories, Hercules, CA). The membranes were
blocked with 5% milk and subsequently incubated with primary and secondary antibodies.
Signals were visualized using SuperSignal West Pico chemiluminescent substrate (Thermo
Scientific, Pittsburgh, PA). B-actin was used as the loading control. Quantification of

protein levels was based on the densitometry of blots by using the software Carestream

MI SE (Informer Technologies, Rochester, NY). The antibodies used included: anti-1L-36a.,
anti-LCN-2 (R&D), and anti-p-actin (Sigma-Aldrich). Enzyme-linked immunosorbent assay
(S100A8/9, IL-22; R&D) were performed following manufacturer’s protocols.

Immunohistochemistry

At the indicated time points, the corneas were enucleated, separated into epithelium and
stroma with EDTA,; the whole corneas as well as separated epithelial sheet were embedded
in Tissue-Tek OCT compound, and frozen in liquid nitrogen. 6-um thick sections were cut
and mounted to poly-L-lysine-coated glass slides, fixed in 4% paraformaldehyde, blocked
with PBS containing 2% BSA for 1 h at room temperature. Sections were then incubated
with primary Abs: anti-NIMP-R14 (1:50; BD), anti-F4/80 (1:50; BD), anti-I1L-22(1:200;
R&D) anti-1L-36a (1:50; abcam), followed by the secondary Ab, FITC-conjugated 1gG
(1:100; Jackson ImmunoResearch Laboratories). Slides were mounted with Vectashield
(\Vector Laboratories, Burlingame, CA) mounting media containing DAPI. Controls were
similarly treated with corresponding IgG from the same animal as the primary antibody.

Flow cytometry analysis

Whole corneas and cervical lymph nodes were digested in 20 ul Liberase TL (2.5
mg/ml; Sigma-Aldrich), followed by incubation at 37°C for 45 minutes. Cell suspensions
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were passed through a 70 um filter. Viable cells were then counted using trypan

blue dye exclusion. Cells were incubated at 4°C in PBS containing 2% FBS and Fc

block. Intracellular staining was performed using Foxp3 fixation/permeabilization Kit.

The cells were labeled with conjugated CD45(A20), CD4(GK1.5), T-bet(eBiol7B7),
GATA3(TWAJ), Ly6G(RB6-BC5), F/480(BMS8), IL-36a, FITC conjugated goat antirabbit
antibody (eBioscence, Thermofisher, Abcam). All samples were washed and reconstituted in
PBS. Flow cytometry was performed with FACS system (BD FACSCelesta & Accuri C6),
and the data were analyzed using FlowJo software.

Statistical analysis

Results

IL-36/IL-36R
keratitis

PA infection

Data were presented as means + SD. Statistical differences among three or more groups
were identified using one-way analysis of variance (ANOVA), followed by a Bonferroni’s
post test to determine statistically significant differences. Analysis of clinical scores

was performed by a nonparametric Mann-Whitney U test. Differences were considered
statistically significant at p < 0.05.

signaling plays a critical role in B6 mouse corneal immune defense against PA

Our previous study showed that the 1L-36/1L-36R signaling opposes the role of IL-1p/IL-1R
in mediating corneal immune defense against PA infection (26). Our preliminary studies
revealed that among the three I1L-36R agonists, IL-36a and -y, but not B, were upregulated
in response to PA infection in B6 mouse corneas. To further elucidate the role of IL-36R
signaling in the pathogenesis of PA keratitis, we used IL-36a., IL-36 and IL-36R knockout
mice with wild type (WT) B6 mice as the controls. These mice were inoculated with 1 x10%
CFU PA in scratch-wounded corneas (Fig. 1). The pathology of PA keratitis was analyzed
using clinical scoring, bacterial plate counting, and MPO determination. The WT mice had
mild and moderate keratitis at 1 and 3 dpi, respectively. Deficiency of IL-36a and IL-36vy
increased the severity of PA keratitis, including higher opacification, significantly elevated
clinical scores (9.0£0 vs 10.2+0.4 vs 11.2+0.4), markedly increased bacterial burden (3.52
x 10° vs 5.68 x 108 vs 1.10 x 107 CFU), and patently augmented MPO activity (93.92 vs
141.12 vs 173.69 units), compared to WT mice. IL-367y~~ mice had more severe keratitis
than 1L-36a.~~ mice while 1L-36R~/~ mice had the most severe keratitis, with cornea
melting as early as 3dpi, suggesting a cumulative and nonoverlapping role of IL-36a and
IL-367 in the immune response to PA keratitis.

increases IL-36a expression in B6 mouse cornea

Our previous study revealed a protective role of IL-367 in PA Kkeratitis (26). Hence, we
focused on the role of IL-36a and investigated its expression in B6 mouse corneas in
response to PA infection (Fig. 2). The levels of IL-36 mRNA were increased 8.12-fold in
mouse corneas starting from 6 hpi and remaining high up to 18 hpi (16.82-fold) compared
to the naive, control corneas (Fig. 2A). At the protein level, Western-blot analysis showed
IL-36a expression in the scraped epithelial cells (Fig. 2B) and an increase in IL-36a protein
in the whole corneas starting at 6 hpi, a peak at 9 hpi, and remaining highly elevated up
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to 18 hpi (Fig. 2C). Immunohistochemistry revealed the corneal epithelium and numerous
infiltrating cells are 1L-36a positive at 1 dpi (Fig. 2D). The epithelium expression of

IL-36a at 1 dpi was further conformed by separating epithelial sheet with the stroma,
followed by Western blotting (suppl Fig. 2). Flow cytometry further showed both neutrophils
and macrophages produce IL-36a at 1dpi (Fig. 2E). Taken together, Figure 2 reveals that
both residential epithelial cells and infiltrated immune cells are the sources of 1L-36a in
PA-infected corneas at 1 dpi.

IL-36a plays a protective role in PA keratitis in B6 mice

Having identified the increased expression of IL-36a during PA infection in B6 mouse
corneas, we next investigated the role of IL-36a in PA keratitis using two complementary
approaches: application of recombinant mouse IL-36a (rmlIL-36a.) prior to 24 inoculation
or using IL-36a KO mice (Fig. 3). Mouse recombinant protein was subconjunctivally
injected 4h before PA inoculation. At 1 dpi and 3 dpi, rmIL-36a treatment resulted in a
significant decrease in the severity of PA keratitis, including greatly reduced clinical scores
(4.2+0.5 vs 2.0£0.0; 9.2+0.5 vs 6.4+0.9), significantly dampened bacterial burden (5.41 x
104 vs 2.33 x 108 CFU; 2.57 x 106 vs 2.43 x 10° CFU), and decreased MPO activity
(13.75 vs 3.30 units; 104.42 vs 44.25 units), compared to the control infected eyes. IL-36a
deficiency had opposing effects on PA keratitis outcome. To rule out direct effects of IL-36a
on PA, 100 ng recombinant IL-36a in 1 ml with live bacteria exhibited no effects on PA
surviving and growth (suppl Fig. 1).

IL-36a decreases neutrophil and macrophage infiltration in PA infected corneas

Having demonstrated the protective effect of IL-36a in PA Kkeratitis, we next assessed

its effect on the infiltration of innate immune cells in PA-infected corneas (Fig. 4).

While no neutrophil or macrophage staining was detected in the naive corneas, numerous
NIMPR-14- (neutrophil marker) and F4/80- (macrophage marker) positive cells were
observed in PA-infected corneal stroma at 1dpi. IL-36a treatment decreased the number

of infiltrating neutrophils and macrophages compared with control infected corneas (Fig.
4A). Quantification of neutrophil and macrophage infiltration was evaluated with flow
cytometry (Fig. 4B & C). IL-36a treatment significantly reduced the numbers of neutrophils
and macrophages cell infiltration compared with control group, which is consistent with
immunohistochemistry findings.

Exogenous IL-36a alters gene expression in response to PA infection in B6 mouse

corneas.

To explore the underlying mechanism of how IL-36a influences the outcome of PA keratitis,
we used qPCR to assess the effects of IL-36a on the expression of several innate immune
genes that we previously showed to be involved in corneal innate defense (Fig. 5). At 6

hpi, recombinant mouse (rm) IL-36a treatment increased infection-induced expression of
factors promoting innate defense such as IL-1Ra (15.00- vs 50.64-fold), IL-367 (4.04- vs
6.75-fold), and dampened the expression of factors suppressing corneal defense such as
IL-24 (319.80- vs 41.71-fold) in B6 mouse corneal epithelial cells (26, 32, 33). Notably,

the expression of antimicrobial genes S100A8 (22.73- vs 322.50- fold), S100A9 (3.90- vs
13.34-fold), and LCN2 (6.99- vs 19.29-fold), were also greatly enhanced by rmIL-36a at
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6hpi. rmIL-36a exhibited no effects on IL-1p (3.00- vs 3.54-fold) expression and the levels
of IL-22 (1.08- vs 1.07-fold) did not change in B6 mouse corneas at 6 hpi (Fig. 5A).

The expression of the aforementioned genes was also assessed in 1 dpi corneas. PA
infection-induced levels of IL-1p (811.58- vs 76.42-fold), IL-1Ra (1381.48- vs 214.85-fold),
IL-24 (64.83- vs 4.03-fold), Immume cellslL-22 (2.24- vs 1.35-fold), LCN-2 (83.87- vs
18.02-fold), S100A8 (637.45- vs 277.65-fold) were all decreased in rmIL-36a.-treated
corneas, consistent with the minimal inflammation in that group. In contrast, 1L-36a.-
deficiency augmented the expression of 1L-1f (811.58- vs 1577.10- fold), IL-1Ra (1381.48-
vs 2126.75-fold), 1L-22 (2.24- vs 3.61-fold), LCN-2 (83.87- vs 155.56-fold), S100A8
(637.45- vs 2498.96-fold) and S100A9 (100.02- vs 217.20- fold). The elevation may due

to the severe inflammation in IL-36a~~ mouse corneas (Fig. 5 B).

At the protein level, infection-induced expression of calprotectin (dimmer of S100A8/9) and
LCN2 were augmented by the addition of rmIL-36a and dampened in IL-36a/~ corneal
epithelia at 6 hpi (Fig. 5 C & D).

IL-36a promotes Th2 immune response in PA-infected B6 mouse corneas

At 1 dpi, corneal defense against PA infection is primarily carried out by the innate immune
defense apparatus while adaptive immunity is expected to be initiated, activated, and
ultimately participate in the corneal defense at 3 dpi. To determine how IL-36R signaling
affects adaptive immune responses, we assessed the expression of two selected cytokines
each from Thl and Th2 pathways (Fig. 6) in 3 dpi corneas. rmIL-36a suppressed Thl
(IFN-v, 5.65- vs 1.89-fold and IL-12, 3.54- vs 1.96-fold) and enhanced Th2 cytokine (IL-4,
2.47- vs 3.85-fold and IL-5, 1.06- vs 3.95-fold) expression while IL-36R depletion exhibited
no apparent effects on the mRNA expression of these genes.

Flow cytometry revealed that CD45 and CD4 positive T cells were abundant in mouse
cervical lymph nodes but barely detectable in the corneas. Further analysis revealed that
in 3 dpi mouse cervical lymph nodes, the percentage of Th2 cells was significantly higher
in rmIL-36 treated- mice, and lower in IL-36R —/— mice (Fig. 6 B &C). Gating strategy
was shown in Supplementary Figure 4. Immunohistochemistry showed that some IL-36a
positive cells were also GATA3 positive, suggesting that Th2 cell may also produce I1L36a
in the cornea at 3 dpi (suppl Fig. 3).

IL-36a induces the infiltration of IL-22 expressing cells and IL-22 neutralization worsens PA

keratitis

We recently reported that neutralization of 1L-23 regulated I1-17Ra signaling improved the
outcome of PA keratitis, suggesting a detrimental role of IL-23-1L-17 axis- in PA keratitis
(12). 1L-23 is also known to induce 1L-22 expression and the IL-23-1L-22 axis was shown to
regulate intestinal microbial homeostasis to protect from diet-Induced atherosclerosis (34).
To that end, we investigated the relationship of IL-22 expression with IL-36 signaling and
the role of 1L-22 signaling in immune defense against 2A keratitis (Fig. 7). Immunostaining
showed that a single dose of rmIL-36a injection to eyes without PA infection resulted in the
recruitment of IL-22 positive cells that migrated from the limbus towards the central cornea
1 day after IL-36a treatment, with more staining near the limbus compared to the central
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cornea. No IL-22 staining was observed in the control BSA-injected corneas. The stromal
IL-22 positive cells were co-stained with macrophage marker F4/80 (Fig. 7B).

The function of IL-22 in PA keratitis was also evaluated using subconjunctival injection

of IL-22-neutralizing antibody. Compared to the control corneas injected with IgG, IL-22
neutralization resulted in a marked increase in the severity of PA keratitis (Fig. 7B & C &
D) at 3 dpi. There were higher clinical scores (8.8+0.4 vs 10.4+0.8), bacterial burden (6.70
x 10°; 2.33 x 107 CFU), and MPO activity (77.17 vs 138.41 units) in anti-1L-22-treated
corneas compared to nonspecific IgG-treated corneas.

Exogenous IL-36a induces DC infiltration in B6 mouse corneas.

The aforementioned results indicate that IL-36R signaling induced infiltration of IL-22-
expressing cells (TH17 and TH22 cells). Since dendritic cells (DCs) are known to be more
sensitive to 1L-36 than IL-1f in inducing the production of proinflammatory cytokines
IL-12, IL-1pB, IL-6, and IL-23 (35), we next assessed whether IL-36a induces DC infiltration
in B6 mouse corneas (Fig. 8). At 1 dpi, IL-36a stimulated the migration of numerous
CD11c-positive cells from the limbal region towards the central cornea. Most of the
recruited CD11c-positive cells were round-shaped rather than dendriform DCs. There were
only a few dendriform DCs near the limbal region in control, infected corneas (Fig. 8A).
Statistical analysis showed that there were more CD11c positive cells in rm-36a-treated
corneas (Fig. 8B).

Discussion

In this study, we investigated the role of IL-36a and IL-36R signaling in P4 keratitis in

B6 mice. We demonstrated that IL-36R signaling is required for the proper response of

B6 mice to PA infection, and that IL-36a and 11-36y each contributes to the protective
effects of 1L-36R signaling. We demonstrated that 24 infection induces the upregulation of
IL-36a in the cornea and, in addition to the epithelia, certain infiltrated cells also express
IL-36a. Functionally, exogenous IL-36a decreases the severity of PA keratitis, promotes
bacterial clearance, and ameliorates infection-induced inflammation while IL-36a., IL-367,
or IL-36R deficiency impairs bacterial clearance and exacerbates P4-induced inflammation.
Exogenous IL-36a also dampens the expression of pro-inflammatory cytokines/chemokines
and stimulates anti-inflammatory and anti-microbial gene expression. We also found that
IL-36a suppressed the mRNA expression of Thl and promoted Th2 immune responses in
PA-infected mouse corneas. Flow cytometry revealed of that IL-36a promoted while IL-36R
deficiency suppressed Th2 immune response in mouse cervical lymph nodes. Moreover,
IL-36 induced IL-22 expression in mouse corneas and neutralizing I1L-22 exacerbated the
severity of PA keratitis. IL-36a alone recruited DCs to B6 mouse corneas. Taken together,
we conclude that IL-36R signaling mediates corneal immune defense against 24 infection
through its effects on both innate and adaptive immunity, by regulating inflammatory
response, inducing anti-microbial effectors, and modulating Th2 response and/or Th1/Th2
balance in B6 mice.

Our studies show that IL36a mRNA was detected in the naive corneas, suggesting a basal
level of expression. P4 infection induces IL-36a upregulation in corneal epithelium as early
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as 6 hpi. Compared to IL-14, the expression of which can be detected as early as 1 hpi and
increases with time post-~2A infection, the upregulation of 1L-36 cytokines are at a relatively
late stage, detectable in the cornea and more apparent in the corneal epithelia at 6 hpi (26).
While 1L36 is mostly detected in corneal epithelium at 6 hpi, it was observed in infiltrated
cells, neutrophils and macrophages, as well as epithelial cells at 1 dpi. The relatively late
upregulation of IL-36a may be related to the fact that, unlike the IL-1 isoforms, I1L-36
agonists have a basal expression in naive corneas. Alternatively, this may be related to the
suggested function of the IL-36 family to counteract or antagonize the IL-1 cytokine family
after IL-1R activation (26).

Emerging data suggests a significant role of IL-36 in mucosal tissues (36). IL-36y~/~

mice have higher mortality and morbidity in Streptococcus pneumoniae and Klebsiella
pneumoniae pulmonary infections, with insufficient type 1 cytokine production (20).
However, in the murine Legionella pneumonia model, both IL-36a and IL-36y were
upregulated at mRNA and protein levels in infected lung and only IL-36R~/~ (but not
IL-36a."~ or IL-36~/") mice exhibited increased mortality, suggesting that IL-36a. and
IL-36y have overlapping functions (37). In humans, IL-36a was shown to be highly
expressed in the serum and in the salivary glands of primary Sjogren’s syndrome patients
(38). Our data in the present study using 1L-36a /=, IL-36~/~ and 1L-36R~/~ mice revealed
that all three knockout mice have more severe keratitis than WT controls and the severity

of keratitis varies, with IL-36R™/~ > 11-36y™~ > IL-36a./~ in terms of decreasing severity.
Hence, both IL-36a and IL-36y contribute to IL-36R signaling-mediated anti-inflammatory
and antimicrobial responses and to the host defense against 24 keratitis in B6 mouse
corneas. We conclude that IL-36a and 1L-36+ each play a nonredundant role in mediating
corneal immune protection in response to 24 infection.

How does IL-36a enhance host defense and protect the cornea from PA infection? Our

data show that IL-36a or IL-36R signaling is involved in the innate immunity against 24
infection. The epithelium is the first barrier encountered and is the major site for innate
immune defense at early stages of infection (39). We showed in this study that activation

of IL-36R signaling improved PA keratitis outcomes, and decreased both bacterial load

and MPO, indicative of neutrophil infiltration. Neutrophils, which are the first immune

cells to respond to PA keratitis, promote bacterial clearance and the production of pro-
inflammatory cytokines. As such, one would expect that MPO activity is elevated in

IL-36a treated corneas and is attenuated in 1L-36R™~ corneas. Our results showed opposing
effects. Our previous studies showed that in our model most bacteria were detected within
the epithelium, up to 24 h post-PA inoculation. In the present study, we observed that

the expression of antimicrobial peptides LCN2 and calprotectin was augmented, while
expression of factors exacerbating keratitis, 1L-24 and MMP13 (data not shown), was
attenuated by IL-36a treatment at 6 hpi. As expected, IL-36R~/~ corneas have the opposite
effects, providing a molecular mechanism for the protective effects of IL-36 signing at

early stages of infection. More importantly, we showed that at the protein level, IL-36a
significantly augments, while IL-36R knockout downregulates the expression of calprotectin
(S100A8/S100A9 dimer) and LCN-2 at 6 hpi in corneal epithelial cells. Calprotectin can
potently kill bacteria and fungi by chelating zinc and manganese (40, 41). LCN2 sequesters
bacterial siderophores and interferes with their iron metabolism (42). LCN2 was shown to
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be required for pulmonary host defense against Klebsiella, an opportunistic extracellular
pathogen, and the epithelium-produced LCN2 is important for resistance to dissemination of
K pneumoniae (43, 44). Hence, we propose that epithelium-produced LCNZ2, calprotectin,
and potentially other AMPs such as CXCL10 and CRAMP (45, 46), work together to
eliminate invading 24 within the epithelium at the early stages of infection (6 hpi) resulting
in a decrease in the overall inflammatory response. At 1 dpi, the expressions of these

factors appeared to be more likely associated with the severity of keratitis. Hence, the

innate immune response at 6 hpi, when the number of invading pathogens starts to increase
in our model of PA keratitis, is a critical time point for determining the outcome of PA
keratitis. Taken together, the epithelium-expressed IL-36a enhances innate host defense

by upregulating multiple antimicrobial genes and controls inflammation by inhibiting pro-
inflammatory, promoting anti-inflammatory cytokine expression, and suppressing neutrophil
and macrophage infiltration.

Our study also suggests a role of IL-36a and IL-36R signaling in mediating the adaptive
immune response to PA infection in B6 mouse corneas. Th1l and Th2 are well-characterized
adaptive immune responses to pathogens (47). Thl cells produce IFN-y to promote cellular
immune responses against intracellular microorganisms while Th2 cells produce IL-4, IL-5
and IL-13 to promote humoral immune responses against parasites, extracellular bacteria,
and allergens. Consistent with the protective role of IL-36R signaling, our data shows that
at the mRNA levels, exogenous IL-36a suppresses Th1l and promotes Th2 response in
PA-infected corneas while IL-36R exhibited opposing effects. Early studies have shown that
PA infection results in CD4+ T cell infiltration in the cornea and becomes readily apparent
as early as 3 dpi with subsequent migration of activated CD4+ T cells by 5 dpi (10, 13,
48-50). To determine if Thl and/or Th2 cells play a role in keratitis, we performed flow
cytometry analysis of infected corneas and local draining lymph nodes. Our data showed
only a barely detectable population of CD4 positive T-cells in the infected corneas at 3 dpi.
In the cervical lymph nodes, Th2 (GATA3 positive) cell percentage was significantly higher
in the exogenous IL-36a treated group, and lower in IL-36R~/~ lymph nodes compared
with the control infection group. Hence, 1L-36R signaling appears to promote Th2 immune
responses, consistent with reports that Th2 is protective while Th1 is detrimental for PA
keratitis (13). In this case, IL-36 modulates the Th response by decreasing the Th1 to Th2
ratio and thus protecting of the cornea from PA keratitis.

IL-22 is a cytokine in the IL-10 family that is expressed by cells of the innate and adaptive
immune system, including Th17 as well as Th22 cells. IL-22 is known to promote host
defense, epithelial barrier function, and tissue repair at mucosal surfaces (25, 51, 52).

Our results show that at an early stage of corneal infection, 6 hpi, there was no 1L-22
induction and at 1 dpi its expression appeared to be correlated to the severity of PA keratitis,
consistent with immune cells as the source of 1L-22. Indeed, we showed that rmIL-36a
alone is sufficient to induce the infiltration of immune cells expressing 1L-22 from the limbal
region into the corneas assessed at 24 hours after application of the recombinant protein.
Neutralization of 1L-22 resulted in greatly increased severity of PA keratitis. We propose that
IL-36/1L-36R signaling functions as an upstream inducer of Th22 immune response in the
cornea, hence promoting bacterial clearance and tissue healing in response to PA-infected
corneas. 1L-22 is known to induce the production of AMPs, such as S100A8, S100A9,
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B-defensin 3 and Reg (51, 53, 54), and a recent study identified IL-36/IL-36R signaling as a
central upstream driver of the IL-23/IL-22/ AMP pathway during intestinal injury (25). Our
study is the first to show the infection-induced and IL-36a-mediated 1L-22 expression and
potential involvement of Th22 cells in protecting corneas from PA keratitis.

In addition to IL-22 expressing immune cells, we also showed that IL-36a alone stimulated
the infiltration of dendritic cells (DCs). Both myeloid and monocyte-derived DCs express
IL-36R and respond to 1L-36, whereas human T cells or neutrophils do not (55). Myeloid
and monocyte-derived DCs may induce both Thl and Th2 cytokines in naive allogeneic T
lymphocytes (56). Our data suggests that 1L-36a. stimulate DC infiltration and may be a
contributing factor for DCs to drive Th2 immune responses in PA-infected corneas.

Taken together, our study demonstrates a vital role of IL-36/IL-36R in the corneal innate
immunity against PA infection. IL-36a enhances host defenses by upregulating AMPs,
IL-22, and modulates immune cell gene expression and infiltration, suggesting a critical role
of 1L-36 in the interplay between corneal epithelial cells and immune cells. IL-36a might be
used as an adjunctive therapeutic reagent to antibiotics for treating 24 and/or other forms of
microbial keratitis.
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2.
3.

Key Points:
IL36 signaling is upregulated and protects mouse corneas from PA infection.
IL-36a modulates inflammation and enhances anti-microbial effectors.

IL-36 promotes IL-22 and Th2 response. IL-22 blocking worsens PA keratitis.
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Figure 1. IL-36 signaling pathway protects B6 mouse corneas from PA infection.
WT, IL-36a.~/, IL-367y /-, and IL-36R~/~ mouse corneas were gently scratched with a

needle to create three 1mm epithelium incisions and inoculated with 1.0x10* CFU PA. (A

& B) Eyes were photographed (original magnification x 10) and clinically scored from 1 to
3 dpi. The 1-12 scale clinical scores were graded by an independent blinded observer. All
mice were euthanized at 3 dpi. The corneas were excised and subjected to (C) bacterial plate
counting presented in log scale and (D) Myeloperoxidase (MPO) determination. The data

in (B-D) were presented as median of clinical score (median * interquartile range), average
of CFU or MPO units per cornea (mean + SD) in dot plots. P values were analyzed with
one-way ANOVA, followed by a Bonferroni test. N=5, *P < 0.05, ** P < 0.01, ***P<0.001.
The results were representative of three independent experiments.
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Figure 2. PA-infection increases | L-36a. expression in B6 mouse cornea.
Mouse corneas were gently scratched with a needle to create three Imm epithelium incisions

and inoculated with 1.0x10% CFU PA at Oh. (A) Whole corneas were collected at 3hi, 6hpi,
9hpi 18hpi for g-PCR. P values were analyzed with one-way ANOVA. N=5, *P < 0.05, ** P
< 0.01, ***P<0.001. (B) Mouse corneal epithelial cells were collected at 6 hpi for Western-
blot analysis of IL-36a. B-actin serves as loading control. (C) Cornea samples representing
5 time points were also collected for Western-blot analysis of 1L-36a with B-actin as loading
control. Three samples of each time point were used in gPCR and two samples in Western
blot. (D) Corneas at 1 dpi were excised and processed for immunohistochemistry analysis.
The 6 um cryostat sections were stained with anti-1L-36a (red), and DAPI (blue) for nuclei.
E, epithelium; S, stroma. (E) Flow cytometric analyses of IL-36a, CD45, Ly6G, F4/80
positive immune cells in 1dpi infected corneas. 6 corneas were pooled for each sample.
IL36a, CD45+Ly6G+, CD45+F4/80+ cells are shown in the flow cytometric plots. The
results were representative of three independent experiments.
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Figure 3. IL-36a playsa protectiverolein PA keratitisin B6 mice.
At 4h before PA inoculation, WT mice were subconjunctivally injected with recombinant

mouse (rm) IL-36a (100ng/5pl), or 0.1% BSA as control. 1L-36a ™/~ mice were
subconjunctivally injected with 0.1% BSA. At Oh, the corneas were gently scratched with a
needle to create three 1mm epithelium incisions and inoculated with 1.0x10% CFU PA. (A &
E) Mouse corneas were monitored and photographed at 1, 3 dpi, (B & F) and clinical scores
were assigned as described in Figure 1. The corneas were excised and subjected to (C &

G) bacterial plate counting, the results were presented at log scale; and (D & H) MPO unit
determination. The data in (B-D, F-H) were presented as a median of clinical score (median
* interquartile range), average of CFU or MPO units per cornea (mean = SD). P values were
generated by one-way ANOVA, followed by a Bonferroni test. N=5, *P < 0.05, ** P < 0.01,
***pP<(0.001. The results were representative of three independent experiments.
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Figure 4. IL-36a ameliorates PA-induced inflammation in the B6 mouse corneas.
WT mouse corneas were treated with rmIL-36a or 0.1% BSA and inoculated with PA as in

figure 3. Naive corneas were used as negative control. The corneas were collected at 1dpi
(A) The corneas were processed for immunohistochemistry analysis. 6um cryostat sections
were stained with NIMP-R14 antibody for neutrophils or F4/80 antibody for macrophages.
The images of neutrophils (green), macrophages(green) were merged with DAPI (blue
nuclei) staining. E, epithelium; S, stroma. Three independent experiments were performed;
1 representative image for each condition is presented. (B) The corneas were processed for
flow cytometry analysis and stained with CD45, Ly6G, F4/80 antibodies. Six corneas were
pooled for each sample. (C) Three samples of each groups were used for neutrophil and
macrophage cell percentage statistical analysis (mean + SD). P values were generated by
one-way ANOVA, *P < 0.05, ** P < 0.01, ***P<0.001. Three independent experiments
were performed; 1 representative image for each condition is presented. E, epithelium; S,
stroma.
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Figure5. IL-36a alters gene expression in B6 mouse corneasin response to PA-infection.
WT, IL-36a.~/~ mouse corneas were treated with rmIL-36a., or 0.1% BSA and inoculated

with PA as in Figure 3. (A) Corneal epithelial cells were collected at 6 hpi and (B) whole
cornea samples were collected at 1dpi (immune cell infiltration occurs after 6 hpi) and
analyzed by real-time PCR. The results were presented as a relative increase (fold) to those
of naive corneas, which were set as a value of 1. Corneal epithelial cells were collected at 6
hpi for (C) ELISA analysis of S100A8/9 dimmer, (D) Western-blot analysis of LCN2. Data
were representative of three independent experiments with three corneas per group (mean £
SD). *P<0.05, **P<0.01, ***P<0.001 (One-way ANOVA).
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Figure 6. IL-36 signaling regulates adaptive immune gene expression in B6 mouse corneasin

response to PA-infection.

rmlL-36a, or 0.1% BSA treated WT mice, IL-36R~/~ mice were scratched and inoculated
with PA. (A) At 3 dpi, whole cornea samples were collected and analyzed by real-time
PCR. The results were presented as a relative increase (fold) to those of naive corneas,
which were set as a value of 1. Three corneas per group (mean + SD). (B) Six mouse
corneas and two cervical lymph nodes were pooled for each sample for flow cytometric
analysis. The samples were stained with CD45, CD4, T-bet, GATA3 antibody. Th1 and

Th2 cell percentage of mouse lymph nodes were shown in FACS plots. (C)Th1 and Th2
cell percentage out of the total CD4+T cell population, as well as total cell number were
analyzed. Data were representative of three independent experiments with three samples per
group. *P<0.05, **P<0.01, ***P<0.001 (One-way ANOVA). LN, lymph node.
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Figure 7. IL-22 as a downstream cytokine of 1L-36a improvesthe outcome of PA ker atitis.
WT mice were subconjunctivally injected with rmIL-36a., or 0.1% BSA as control

given 4h prior to 24 inoculation. At 1 dpi, corneas were excised and processed for
immunohistochemistry analysis. The 6um cryostat sections were stained with (A) anti-1L22
(green) and DAPI (blue) for nuclei, arrowheads: 1L-22 positive cells, or with anti-1L22

(red) and F4/80 (green) antibodies (B), arrowheads: IL-22 and F4/80 positive cells. (C-E)
Infected corneas were photographed and scored at 1 and 3 dpi and collected at 3dpi

for CFU and MPO determination. (C) The numbers within each eye micrograph are the
clinical scores assigned and presented as median plus interquartile range. Data in (D) and
(E) were presented as an average of CFU or MPO units per cornea (mean + SD). N=5,
*P<0.05, **P<0.01, ***P<0.001 (paired t-test). Data are representative of three independent
experiments. E, epithelium; S, stroma; L, limbus.
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Figure 8. IL-36a regulates dendritic cell infiltration in B6 mouse corneas.
rmiL-36a or 0.1%BSA was subconjunctivally injected into WT mouse corneas. (A) At 1

day post injection, Mouse corneas were collected for whole mount staining with CD11c
(green) antibody. (B) The number of CD11c positive cells was quantified and analyzed.

Data were representative of three independent experiments with three corneas per group.
***pP<(0.001 (paired t-test).
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Primer sequences used for PCR

Table 1.

Primers Forward (5"—3") Reverse (5'—3)

mp-actin GACGGCCAGGTCATCACTATTG AGGAAGGCTGGAAAAGAGCC
miL-36aa  CCAAGAACTGGGGGAAATCT GGAGGGCTCAGCTTTCTTTT
mlL-36y CCCATGCAAGTACCCAGAGT GGGAAAGCCACTGATTCAAA
miL-1B TGCCACCTTTTGACAGTGATG AAGGTCCACGGGAAAGACAC
miL-1Ra GGGACCCTACAGTCACCTAA GGTCCTTGTAAGTACCCAGCA
miL-22 CAGGAGGTGGTGCCTTTCCT TGGTCGTCACCGCTGATGT

miL-23 AGAAGAAGAGGATGAAGAGAC GGTGTGAAGTTGGTCCAT

miL-24 GCTTTCACCAAAGCGACTTC GCCCAGTAAGGACAATTCCA
miL-17A  TTTAACTCCCTTGGCGCAAAA CTTTCCCTCCGCATTGACAC
miL-17F GAGGATAACACTGTGAGAGTTGAC GAGTTCATGGTGCTGTCTTCC
miL12 GGTCACACTGGACCAAAGGGACTATG ATTCTGCTGCCGTGCTTCCAAC
mIFN-y GTTACTGCCACGGCACAGTCATTG ACCATCCTTTTGCCAGTTCCTCCAG
miL-4 TAGTTGTCATCCTGCTCTT CCAGTACTACGAGTAATCCA

miL-5 AAAGAGAAGTGTGGCGAGGAGAGAC CCTTCCATTGCCCACTCTGTACTCATC
mLCN2 CTGAATGGGTGGTGACTGTG GCTCTCTGGCAACAGGAAAG
mS100A8 TTCGTGACAATGCCGTCTGA AGGGCATGGTGATTTCCTTGT
mS100A9 TGGGCTTACACTGCTCTTACC GGTTATGCTGCGCTCCATCT

m, mouse.
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