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Purrosk. To explore the role of IL-36« in corneas infected by Aspergillus fumigatus.

MerHops. The experimental group was comprised of 15 corneas with fungal keratitis,
and 15 healthy donor corneas were included in the control group. IL-36a was detected
in normal and infected corneas of humans and C57BL/6 mice. Mice corneas were infected
with A. fumigatus with or without pretreatment of recombinant mouse (rm) IL-36«
and IL-36« neutralizing antibody (Ab). Primary macrophages were stimulated with 75%
ethanol-killed A. fumigatus with or without pretreatment of rmIL-36«. The severity of
the disease was documented by clinical score and photographs with a slit lamp. PCR,
western blot, and immunostaining were used to determine the expression of IL-36«, IL-
18, IL-6, and TNF-«. Polymorphonuclear neutrophilic leukocyte infiltration was assessed
by myeloperoxidase (MPO) assay and flow cytometry. Macrophage infiltration was tested
by immunofluorescent staining and flow cytometry.

Resurrs. IL-36¢ mRNA and protein were significantly elevated in human and mice corneas
after infection. The rmIL-36« treatment of C57BL/6 mice increased clinical score, MPO
levels, macrophage infiltration, and expression of the proinflammatory cytokines IL-15,
IL-6, and TNF-o compared with the infected controls, which showed a decrease due
to IL-36a Ab treatment. In primary macrophages, IL-36a expression was also signifi-
cantly increased by A. fumigatus. The rmIL-36« treatment upregulated IL-18, IL-6, and
phosphorylated nuclear factor (NF)-«B expression, which was significantly inhibited by
rmIL-36Ra.

Concrusions. IL-36a act as a proinflammatory cytokine in A. fumigatus keratitis by
promoting the infiltration of neutrophils and macrophages and increasing the secretion
of IL-18, IL-6, and TNF-¢, in addition to regulating expression of phosphorylated NF-«B.
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ungal Kkeratitis is a type of infectious keratopathy

with a high rate of blindness.!'> The incidence of
fungal keratitis is increasing yearly due to increased ocular
trauma, especially agricultural trauma and the excessive
use of antibiotics or corticosteroids. The primary pathogens
include Fusarium, Curvularia, Aspergillus, and Mycotoru-
loides. Aspergillus fumigatus features an armory of virulence
determinants that elicit a strong host immune response.’
Aspergillus is one of the most common pathogens associ-
ated with fungal keratitis. When A. fumigatus invades, the
host recognizes and attempts to eradicate the pathogenic
microorganism via the host’s immune system.

IL-36a, a newly discovered member of the IL-1 family,
has been regarded as a proinflammatory cytokine in various
infectious and immune diseases. It contributes to the local
inflammatory response by promoting the secretion of vari-
ous cytokines, such as chemokines, recruiting macrophages,
and neutrophils; activating dendritic cells; and promoting
the polarization of Th cells and other mechanisms.*~% IL-36«
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is now considered to be critical for the host defense against
bacteria, virus, and fungi. Previous studies have shown
that the increased expression of IL-36« in psoriatic lesions
can promote the secretion of proinflammatory factors, acti-
vate immune cells, and exacerbate skin inflammation.” The
enhanced expression of IL-36« in lung tissues infected with
bacteria or viruses upregulates IL-6 and CXCL8 expression
and promotes neutrophil infiltration.®® It is worth noting
that recent studies have shown that IL-36¢ is significantly
increased in Pseudomonas aeruginosa keratitis’; however,
it remains untested as to whether A. fumigates can elevate
IL-36c and then trigger inflammatory responses.

Thus, this current study investigated the expression
and function of IL-36a with regard to innate immu-
nity to A. fumigatus keratitis in mice. Our data provide
evidence that IL-36c mRNA and protein levels are upreg-
ulated in cornea after infection. Exogenous recombinant
mouse (rm) IL-36c resulted in worsened disease due to its
effect on the infiltration of neutrophils and macrophages,
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secretion of proinflammatory cytokines, and expression of
IL-36R.

MATERIALS AND METHODS
Clinical Specimens

In total, 15 healthy donor corneas were used for corneal
transplantation, and the remainder of the peripheral corneal
tissues were collected. Fifteen patients (15 eyes) with
A. fumigatus keratitis underwent penetrating keratoplasty,
and corneas with lesions were collected. The corneal epithe-
lium was scraped. Scrapings were collected in 500 pL of
RNAiso reagent (Takara Bio, Shiga, Japan) and used to test
IL-36c mRNA levels. Corneal specimens from patients with
fungal keratitis and from healthy donors were collected and
prepared according to experimental requirements. Hema-
toxylin and eosin (H&E) staining was used to observe
the pathological changes in corneas. Inmunohistochemistry
was performed to detect the protein expression of IL-36c
in human corneas. Research adhered to the tenets of the
Declaration of Helsinki. The human corneal tissue providers
all signed informed consent forms for specimen processing.
The experiment had the approval of the hospital’s ethics
committee.

Animals and Corneal Infection

Female 8-week-old C57BL/6 mice were purchased from
Changzhou Cavens Laboratory Animal Co., Ltd. (Jinan, Shan-
dong, China). All animals were treated in accordance with
the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research. Mice were anesthetized using 8% chlo-
ral hydrate and placed beneath a stereoscopic microscope.
The central corneal epithelium (2-mm diameter range) of
the left eye was removed. A 5-pL aliquot (1 x 10® CFU/mL)
of A. fumigatus, strain 3.0772 (China General Microbiolog-
ical Culture Collection Center, Beijing, China), was topi-
cally applied to the ocular surface. The ocular surface was
then covered with a soft contact lens, and the eyelids were
sutured. Mice corneas were collected for real-time RT-PCR
at 1, 3, and 5 days post-infection (PI), and for western blot
at 1, 3, and 5 days PI. Eyeballs were removed at 3 days PI
for immunofluorescence.

Corneal Response to Infection

A clinical score was recorded for each mouse at 1, 3,
and 5 days PI for statistical comparison of disease sever-
ity. Photography with a slit lamp was used to illustrate
disease.

Mouse Peritoneal Primary Macrophages Isolation

C57BL/6 mice were injected intraperitoneally (IP) with 1 mL
of 3% thioglycolate medium. Seven days after injection, the
mice were sacrificed. Then, 5 mL of RPMI 1640 medium
was injected into the abdominal cavity. The abdomen was
gently massaged to fully wash the abdominal cavity with the
medium. The liquid was sucked out and collected. Peritoneal
lavage was repeated once more.
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Primary Macrophage Culture and A. fumigatus
Stimulation

Primary macrophages were cultured in RPMI 1640 medium
with 10% fetal bovine serum (FBS; Gibco, Waltham, MA,
USA) at 37°C and 5% CO,. Cells were incubated with A. fumi-
gatus hyphae (to the final concentration of 5 x 10° CFU/mL)
for 0, 4, 8, 12, 16, 18, and 24 hours.

Recombinant Mouse IL-36a Treatment

The left eyes of C57BL/6 mice ( = 5 per group and
time) were injected subconjunctivally with rmIL-36« protein
(1 pg/5 pL; R&D Systems, Minneapolis, MN, USA) or control
(1 pg/5 pL 1gG) 1 day before infection. At 1 and 3 days
PI, each mouse was injected intraperitoneally with 1 pg of
rmIL-36a or IgG control diluted in 100 pL PBS. Primary
macrophages were pretreated with rmIL-36«a protein for
2 hours and then incubated with A. fumigatus. The cells
were then analyzed by RT-PCR and western blot.

IL-36a Neutralizing Antibody Treatment

IL-36« neutralizing antibody (1 pg/5 pL; R&D Systems) or
IgG control (1 ng/5 pL) was given subconjunctivally into the
left eyes of C57BL/6 mice (n = 5 per group and time) 1 day
before infection. At 1 and 3 days PI, each mouse was injected
IP with 1 pg of IL-36a Ab or IgG control diluted in 100 pL
PBS.

Real-Time RT-PCR

C57BL/6 mice corneas were collected at the indicated
times after treatment. Total corneal RNA was isolated by
using Takara Bio RNAiso Plus reagent and quantified by
spectrophotometry. RNA (2 pg) was used for first-strand
cDNA synthesis according to the protocol for a reverse-
transcription system. cDNA products were diluted 1:25 with
diethylpyrocarbonate-treated water, and a 2-uL cDNA aliquot
was used for real-time RT-PCR (20 pL total reaction volume)
according to the manufacturer’s instructions. Takara Real-
Time PCR Master Mix was used for the PCR reaction with
primer concentrations of 5 uM. All reactions were performed
with the following cycling parameters: 95°C for 30 seconds,
followed by 40 cycles of 95°C for 5 seconds, 60°C for 30
seconds, and a final stage of 95°C for 15 seconds, 60°C for
30 seconds, and 95°C for 15 seconds. Relative transcription
levels were calculated by using the relative standard curve
method, which compares the amount of target normalized
to the housekeeping gene B-actin. Data are shown as the
mean + SEM for relative mRNA levels.

Western Blot Analysis

Corneas and cells were ground and lysed in radioim-
munoprecipitation assay (Beijing Solarbio Science and Tech-
nology Co., Ltd., Beijing, China) lysis buffer containing
1-mM phenylmethanesulfonyl fluoride (Beijing Solarbio)
for 2 hours. They were then centrifuged at 4°C, 12,000
rpm, for 10 minutes. The supernatant was collected and
tested for protein concentration. After SDS sample buffer
was added, followed by boiling, total protein was sepa-
rated on 12% or 15% acrylamide SDS-PAGE and transferred
onto polyvinylidene difluoride membrane (Beijing Solar-
bio). The membranes were blocked with Western Blocking
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Buffer (Beyotime Biotechnology, Shanghai, China) at room
temperature for 2 hours and were then incubated with
primary antibody to IL-36« (1:1000; R&;D Systems), IL-18
(1:1000; Abcam, Cambridge, UK), IL-6 (1:1000; Abcam), TNF-
a (1:1000; Abcam), phosphorylated (p) NF-«B (1:1000; CST,
Wuhan, China), total NF-«B (1:1000; CST), glyceraldehyde
3-phosphate dehydrogenase (1:2000; Elabscience, Wuhan,
China), B-actin (1:2000; Elabscience), or B-tublin (1:2000;
Elabscience) at 4°C overnight. After washing in PBS contain-
ing 0.05% TWEEN 20 (Bio-Rad, Hercules, CA, USA) for three
times, the membranes were incubated with corresponding
peroxidase-conjugated secondary antibodies (1:5000; Elab-
science) at room temperature for 1 hour. The blots were then
developed by using chemiluminescence (Thermo Fisher
Scientific, Waltham, MA, USA).

Quantitation of Corneal Polymorphonuclear
Neutrophilic Leukocytes

A myeloperoxidase (MPO) assay was used to quantitate
the number of polymorphonuclear neutrophilic leukocytes.
Previous studies have reported that mice A. fumigatus
keratitis response is most obvious at 3 days PI'’; therefore,
corneas (n = 6 per group and time) were removed at 3 days
PI and processed according to the manufacturer’s instruc-
tions for the MPO test kit (Njjcbio, Nanjing, China).

Immunochemistry

After fixation and removal of endogenous peroxidase with
3% hydrogen peroxide, cells were incubated with goat-
blocking antibody at 37°C for 20 minutes. After that, the
cells were reacted with IL-36« antibody (Abcam) for 2 hours,
then with a biotin-conjugated anti-rabbit secondary antibody
at 37°C for 40 minutes, followed by peroxidase-conjugated
streptavidin for 15 minutes. Slices were developed with
diaminobenzidine. The immunostaining data were quanti-
fied by Image-Pro Plus 6.0 (Media Cybernetics, Rockville,
MD, USA).

Immunofluorescent Staining

Eyeballs were removed (z = 3 per group and time) at 3 days
PI from C57BL/6 mice, immersed in 0.01-M PBS, embedded
in OCT compound (Tissue-Tek; Sakura Finetek, Torrance,
CA, USA), and frozen in liquid nitrogen. Ten-micrometer
sections were cut, mounted to poly-i-lysine-coated glass
slides, and stored at 37°C overnight. After a 5-minute fixation
in acetone, slides were blocked with 0.01-M PBS contain-
ing 10% blocking serum for 30 minutes at room temper-
ature. The sections were incubated at a 1:100 dilution of
the rat anti-F4/80 antibodies (Abcam) at 4°C overnight. This
was followed by FITC-conjugated goat anti-rat secondary
antibody (1:500, 1 hour at room temperature without light;
Abcam). Isotype IgG was used as the negative control.
Finally, sections were visualized and digital images captured
with a Zeiss Axio Vert microscope (Carl Zeiss Microscopy,
Jena, Germany) at 40x magnification.

Flow Cytometry

Samples were analyzed by flow cytometry with a Beck-
man flow cytometer (Beckman Coulter, Brea, CA, USA)
and FlowJo software (Becton, Dickinson and Co., Franklin
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Lakes, NJ, USA). The primary antibodies used in this exper-
iment were CD11b-FITC, Ly6G-PE, CD45-FITC, and F4/80-
PC7 (BioLegend, San Diego, CA, USA). All the experiments
were repeated three times.

Enzyme-Linked Immunosorbent Assay

The cell supernatant was collected and centrifuged at
1000 g for 20 minutes, and 100 pL of each sample was then
assayed in duplicate for IL-18 and IL-6 protein according to
the manufacturer’s instructions (BioLegend).

Statistical Analysis

The difference in clinical scores between the two groups
at each time was tested by the Mann-Whitney U test. An
unpaired, two-tailed Student’s #-test was used to determine
the statistical significance of the real-time RT-PCR, western
blot, ELISA, MPO, and cell-sorting data. Data were consid-
ered significant at P < 0.05. All experiments were repeated
once to ensure reproducibility, and data from a representa-
tive experiment are shown as mean + SEM.

REsuLTs
IL-36« Expression in Human Corneal Epithelium

H&E staining showed stroma infiltration in Aspergillus-
infected cornea (Figs. 1A, 1B). The mRNA and protein
expression of IL-36« in normal uninfected and Aspergillus-
infected human corneas were tested by real-time RT-PCR
and immunostaining. Results indicated that relative IL-36c
mRNA levels were significantly higher in the epithelium of
Aspergillus-infected cornea than in normal corneal epithe-
lium (P < 0.001) (Fig. 1C). To confirm these data, the pres-
ence of IL-36a protein was determined by immunostaining.
IL-36c protein levels were elevated in infected corneas (P
< 0.01) (Figs. 1D-1F). IL-36c was mainly expressed in the
epithelium of fungal keratitis and especially in the cyto-
plasm.

Expression of IL-36« in C57BL/6 Mouse Corneas

In order to observe the disease response of control and
infected corneas, we used a slit-lamp microscope to take
photographs at 1, 3, and 5 days PI (Figs. 2A-2D). Compared
with the control group, the clinical score gradually increased
and reached a peak at 3 days PI in the infected group (P
< 0.01) (Fig. 2E). To further explore whether IL-36a was
involved in A. fumigatus Keratitis, we tested the mRNA and
protein expression of IL-36a in control and Aspergillus-
infected C57BL/6 mouse corneas using real-time RT-PCR,
western blot, and immunofluorescence. Data showed that,
in infected mice corneas at 1, 3, and 5 days PI, the levels
of IL-36a¢ mRNA (P < 0.001, P < 0.001, and P < 0.001,
respectively) (Fig. 2F) and protein (P < 0.001, P < 0.001,
and P < 0.001, respectively) (Figs. 2G, 2H) were upregu-
lated compared to control mice corneas. The photographs
showed that IL-36« protein expression (green) was signifi-
cantly elevated in infected mice corneas compared to control
corneas (Fig. 21). IL-36« was mainly expressed in the epithe-
lium of infected corneas and especially in the cytoplasm.
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Figure 1. IL-36a expression in human corneal epithelium. The H&E staining showed normal (A) and Aspergillus-infected (B) corneas. Rela-
tive IL-36c0 mRNA levels (C) were higher in the epithelium of Aspergillus-infected corneas than in normal corneal epithelium. Immunostaining
and the quantitative estimation (F) demonstrated that IL-36« protein expression markedly increased in the infected corneal epithelium (E)
versus controls (D). All data are mean + SEM; *P < 0.05; **P < 0.01; **P < 0.001. Magnification, 200x (A, B, D, E). FK, fungal keratitis.
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Ficure 2. Expression of IL-36x in C57BL/6 mouse corneas. (A-D) Photographs taken with a slit lamp at 1, 3, and 5 days PI show the
changes of disease severity. (E) Clinical scores seen at 1, 3, and 5 days PI. (F) IL-36c mRNA and (G, H) protein levels were upregulated in
infected mice corneas at 1, 3, and 5 days PI compared to control mice corneas. (I) Immunofluorescent staining demonstrated that IL-36«
protein expression (green) was significantly elevated in infected mice corneas compared to control corneas. (J-L) Disease severity and
(M) clinical scores were increased in the rmIL-36a-treated group compared with the IgG-treated group and decreased in the IL-36cx Ab-
treated group. All data are mean + SEM. *P < 0.05; **P < 0.01; **P < 0.001. Magnification, 25x (A-D), 400x (I), and 25x (J-L). AF, A.
Sfumigatus.
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Effect of IL-36a on Neutrophils and Macrophages
Infiltration

To investigate the role of IL-36« in vivo, we next treated
mice with rmIL-36a and IL-36a Ab. First, we observed the
disease response of corneas treated with rmIL-36«¢ or IL-
36a Ab and the control corneas treated with IgG. Results
showed that treatment with rmIL-36« significantly aggra-
vated the inflammatory response (Figs. 2], 2K) and increased
clinical scores (P < 0.001) (Fig. 2M) compared with the IgG-
treated controls. IL-36a Ab treatment reduced the inflam-
matory response (Figs. 2], 2L) and decreased clinical scores
(P < 0.001) (Fig. 2M).

Next, we tested MPO levels and used flow cytome-
try to assess the number of neutrophils in corneas. Data
showed that rmIL-36a treatment significantly upregulated
MPO levels and the number of neutrophils in corneas
compared with the IgG-treated controls (P < 0.001 and P
< 0.001, respectively) (Figs. 3A-3C). IL-36a Ab pretreatment
led to the downregulation of MPO levels and the number
of neutrophils (P < 0.001 and P < 0.001, respectively)
(Figs. 3A-30).

We also used immunofluorescence and flow cytome-
try to determine the number of macrophages in corneas.
Immunostaining results showed that the number of
macrophages (green) was increased after rmIL-36« treat-
ment when compare to the IgG-infected controls (Fig. 3D).
IL-36a Ab treatment decreased the number of macrophages
(green) in corneas (Fig. 3D). Flow cytometry results showed
similar results (P < 0.001) (Figs. 3E, 3F).

Effect of IL-36a on Cytokines (IL-18, IL-6, and
TNF-o) in Corneas Infected by A. fumigatus

We used real-time RT-PCR and western blot to test IL-18,
IL-6, and TNF-«o expression. Results showed that rmIL-36
significantly increased the mRNA and protein levels of IL-
18 (P < 0.001 (mRNA levels of IL-18, Fig. 4A), P < 0.001
(protein levels of IL-18 P31, Fig. 4E), and P < 0.01 (protein
levels of IL-18 P17, Fig. 4F), respectively) (Figs. 4A, 4D—-4F);
IL-6 (P < 0.01 (mRNA levels of IL-6, Fig. 4B) and P < 0.001
(protein levels of IL-6, Fig. 4G), respectively) (Figs. 4B, 4D,
4G); and TNF-« (P < 0.001 (mRNA levels of TNF-¢, Fig. 4C)
and P < 0.01 (protein levels of TNF-«, Fig. 4H), respectively)
(Figs. 4C, 4D, 4H) compared with the IgG infected group.
The expression of IL-18 (P < 0.001 (mRNA levels of IL-18,
Fig. 41), P < 0.001 protein levels of IL-18 P31, Fig. 4M), and
P < 0.001 (protein levels of IL-18 P17, Fig. 4N), respectively)
(Figs. 41, 41-4N); IL-6 (P < 0.001 (mRNA levels of IL-6, Fig.
4]) and P < 0.001 (protein levels of IL-6, Fig. 40), respec-
tively) (Figs. 4], 4L, 40); and TNF-« (P < 0.001 (mRNA levels
of TNF-«, Fig. 4K) and P < 0.001 (protein levels of TNF-
«a, Fig. 4P), respectively) (Figs. 4K, 4L, 4P) was downregu-
lated in IL-36a Ab-treated corneas compared to IgG-treated
corneas.

Role of IL-36« in Primary Macrophages

IL-36¢ mRNA levels were upregulated in the stimulated
primary macrophages at 4, 8, 12, and 16 hours (P < 0.001,
P < 0.001, P < 0.001, and P < 0.001, respectively) compared
with the untreated cells, and they peaked at 12 hours
(Fig. 5A). IL-36a protein levels also increased after stim-
ulation by A. fumigatus hyphae for 6, 12, and 18 hours
(P < 0.01, P < 0.001, and P < 0.001, respectively)
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and peaked at 18 hours compared with untreated cells
(Figs. 5B, 50).

Next, we sought to explore whether IL-36« regulates the
expression of cytokines in macrophages. Data showed that,
after treatment with rmIL-36a for 4, 8, and 12 hours, the
mRNA levels of IL-18 (P < 0.001, P < 0.001, and P < 0.001,
respectively) (Fig. 5D) and IL-6 (P < 0.001, P < 0.001, and P
< 0.001, respectively) (Fig. 5E) were significantly increased
compared with IgG control cells. After rmIL-36¢ treatment
for 6, 12, and 18 hours, the protein levels of IL-18 (P < 0.001,
P < 0.001, and P < 0.001, respectively) (Fig. 5F) and IL-6 (P
< 0.001, P < 0.001, and P < 0.001, respectively) (Fig. 5G)
were also significantly increased. A. fumigatus hyphae stim-
ulation upregulated IL-18 and IL-6 mRNA and protein levels.
The rmIL-36¢ treatment further increased the mRNA and
protein levels of IL-18 (P < 0.001 and P < 0.001, respec-
tively) (Figs. 5H, 5J) and IL-6 (P < 0.00 and P < 0.01, respec-
tively) (Figs. 51, 5K) compared with IgG-stimulated control
cells.

IL-36« Regulates Cytokines by IL-36R/NF-«B in
Primary Macrophages

Primary macrophages were treated with rmIL-36Ra to test
whether IL-36c increased the expression of proinflamma-
tory cytokines by IL-36R. Macrophages were stimulated with
A. fumigatus hyphae or rmIL-36a¢ with or without rmIL-
36Ra. Data showed that rmIL-36Ra treatment decreased the
mRNA levels of IL-18 (P < 0.001 and P < 0.001, respec-
tively) (Fig. 6A) and IL-6 (P < 0.001 and P < 0.001, respec-
tively) (Fig. 6B) when compared to control infected cells
or rmIL-36a-treated cells. After rmIL-36Ra treatment, the
protein levels of IL-18 (P < 0.001 and P < 0.001) (Fig. 6C),
IL-6 (P < 0.001 and P < 0.001) (Fig. 6D), and p-NF-«B (P <
0.001) (Figs. GE, 6F) were also downregulated.

DiscussION

IL-36a is emerging as a key player in immune responses.!!
IL-36« is a proinflammatory cytokine that recruits and acti-
vates immune cells such as neutrophils and macrophages
through increased secretion of adhesion molecules,
chemokines, and cytokines.'!''? Results presented in
this study indicate that IL-36¢ mRNA expression was low
in the normal human corneal epithelium, and that its
expression was significantly upregulated in the corneal
epithelium of patients with fungal keratitis. Immunohis-
tochemical staining results showed that, compared with
the normal control group, IL-36a protein staining was
significantly enhanced in the corneal tissue of patients
with fungal keratitis, and it was mainly localized in the
corneal epithelium. Corneal epithelial tissue is the first line
of defense against fungal invasion.'> After being invaded
by fungi, the corneal epithelium recognizes fungus and
toxins, initiates immune responses, and secretes cytokines
to mediate inflammatory cells to the site of the infection. A
large number of immune cells, cytokines, and chemokines
are involved in the removal of fungus and repairing the
cornea.'®15

As a type of proinflammatory factor, IL-36a can acti-
vate immune cells and promote the secretion of cytokines.?
The high expression of IL-36« in fungal infected corneal
tissues suggests that it may be involved in the innate
immune response process of fungal keratitis. Such findings
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Ficure 3. Effect of IL-36« on neutrophils and macrophages infiltration. (A, B) The number of neutrophils in corneas and (C) MPO levels
were upregulated in the rmIL-36a-treated group compared with the IgG-treated control and were downregulated in the IL-36c Ab-treated
group. (D) Immunostaining (macrophages, green) and (E, F) flow cytometry results showed that the number of macrophages was increased
after rmIL-36c treatment when compared to the IgG-infected controls and was decreased after IL-36« neutralization. All data are mean +
SEM. *P < 0.05; *P < 0.01; **P < 0.001. Magnification, 400x (D).
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Ficure 4. Effect of IL-36a on cytokines (IL-18, IL-6, and TNF-«) in corneas infected by A. fumigatus. IL-18 (A, D-F), IL-6 (B, D, G), and
TNF-« (C, D, H) mRNA and protein levels were significantly increased in the rmIL-36a-treated group compared with the IgG-treated control
group. IL-36« neutralization decreased the expression of IL-18 (I, L-N), IL-6 (J, L, O), and TNF-« (K, L, P). All data are mean + SEM.

*P < 0.05; *P < 0.01; **P < 0.001.

are consistent with results from a previous study by another
laboratory showing that IL-36a was significantly upregu-
lated in skin tissues infected with Staphylococcus aureus,
and it was then involved in tissue inflammation.'® To further
verify this report, animal models of A. fumigatus keratitis
were established. Results showed that A. fumigatus upreg-
ulated IL-36¢ expression in the mice cornea and that the
increased levels of IL-36« were consistent with the severity
of corneal inflammation. These data, suggesting that IL-36c
plays a potential role in the development of A. fumigatus
keratitis, are consistent with results in a previous study from
another laboratory indicating that IL-36« was induced after
infection and correlated with the development of Legionella
pneumopbila pneumonia.'” This was further confirmed by
an in vitro study that reported that the expression of IL-
36a was significantly increased in the primary macrophages
stimulated with A. fumigatus hyphae.

Macrophages, as immunomodulators, play an important
role in the phagocytosis of fungal spores, hyphae, and anti-
gen presentation.!®!° The upregulation of IL-36a induced
by A. fumigatus suggests that IL-36a may act through
macrophages and then participate in the immune regulation
process of fungal keratitis. These findings are also consistent

with those of a previous study, which reported that IL-36«
was produced by pulmonary macrophages upon exposure
to Pseudomonas aeruginosa.*® Our in vivo and in vitro data
suggest that IL-36c may play an important role in the early
stage of fungal keratitis.

In order to fully determine the role of IL-36« in corneal
A. fumigatus infection, rmIL-36« protein and IL-36« neutral-
izing antibody were given to C57BL/6 mice. Clinical score
and slit-lamp data indicate that the injection of C57BL/6
mice with rmIL-36¢ protein significantly aggravated disease
outcome. The rmIL-36a protein significantly increased the
corneal ulcer area, degree of corneal edema, and turbid-
ity; there was much corneal neovascularization in the
limbus, and the clinical inflammation score was significantly
increased. IL-36« neutralizing antibody reduced disease
response and clinical score. These findings suggest that
IL-36a acts as a proinflammatory factor in the immune
response of fungal keratitis to aggravate the corneal inflam-
mation.

IL-1 is a powerful innate immunity inducer and a proin-
flammatory mediator in acute and chronic inflammatory
responses.?! IL-36c, as a member of the IL-1 family, plays
an important proinflammatory role in the inflammatory
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A. fumigatus hyphae for 6, 12, and 18 hours, and they also peaked at 18 hours compared with untreated cells. (D, F) IL-18 and (E, G) IL-6
mRNA and protein levels were significantly increased after rmIL-36« treatment compared with IgG control cells. rmIL-36c treatment further
increased the mRNA and protein levels of IL-18 (H, J) and IL-6 (I, K) compared with stimulated control cells. All data are mean + SEM.

*P < 0.05; *P < 0.01; **P < 0.001.

response. IL-36a can regulate the activity of immune cells
such as dendritic cells, Thl cells, and CD4+ T lympho-
cytes, and it is widely involved in innate and adaptive
immune processes.”? We found that rmIL-36c¢ treatment
significantly upregulated MPO levels and the number of
neutrophils in corneas compared with the IgG control.
Immunostaining and flow cytometry results showed that
the number of macrophages was significantly increased
after rmIL-36« treatment. IL-36a neutralizing antibody
treatment decreased the number of neutrophils and
macrophages in corneas. Neutrophils and macrophages
are important innate immune cells that can phagocytose
pathogens and kill pathogenic microorganisms, present anti-
gens, trigger specific immune responses, and promote the
secretion of inflammatory factors.!®:1%2> They are essential
in the inflammatory response to corneal A. fumigatus infec-
tion; however, excessive immune cell infiltration can lead to
severe damage to corneal tissue. These findings are consis-
tent with those of a study reporting that intratracheal instilla-
tion of recombinant mouse IL-36« induced neutrophil influx
in the lungs of wild-type C57BL/6 mice in vivo.® Our findings
are also consistent with those of another study on inflamma-
tory bowel disease that observed that IL-36« can increase
the infiltration of neutrophils and macrophages in the small

intestine tissue and then aggravate intestinal damage.?* Our
results provide evidence that IL-36a plays an essential role
in the pathogenesis of corneal A. fumigatus infection in
C57BL/6 mice by inducing infiltration of neutrophils and
macrophages.

Further detection of proinflammatory factors in mice
cornea infected with A. fumigatus after rmIL-36« pretreat-
ment showed that rmIL-36« significantly upregulated IL-
18, IL-6, and TNF-a expression. Previous studies showed
that IL-36«a regulated the immune response of A. fumi-
gatus Keratitis in mice by promoting the recruitment of
macrophages; however, A. fumigatus significantly increased
IL-36« expression in primary macrophages. Therefore, we
studied the mechanism of IL-36« in A. fumigatus infection
in primary macrophages and found that rmIL-36« further
increased IL-18 and IL-6 expression induced by A. fumigatus
in macrophages. As is well known, IL-18 and IL-6 are impor-
tant proinflammatory factors that can activate and recruit
immune cells, regulate T-cell and B-cell proliferation and
differentiation, and play a key role in the body’s immune
response. These findings suggest that IL-36a can amplify
the inflammatory response by inducing the production of
proinflammatory factors and that it plays a proinflammatory
role in fungal keratitis. Again, our findings are consistent
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IL-36« regulates cytokines by IL-36R and NF-«B in primary macrophages. rmIL-36Ra treatment decreased the mRNA and protein

levels of IL-18 (A, C) and IL-6 (B, D) compared with control infected cells or rmIL-36a-treated cells. rmIL-36« treatment markedly increased
p-NF-«B protein levels (E, F), which were lower after rmIL-36Ra pretreatment. All data are mean + SEM. *P < 0.05; **P < 0.01; **P < 0.001.

with those of another study investigating a murine model of
psoriasis which showed that IL-36« is highly expressed in
psoriatic lesions and that intradermal injection of IL-36« in
mice increased proinflammatory factor IL-1 secretion.”> IL-1
elevated IL-36a expression, and they promoted each other
to produce a cascading amplification reaction that enhanced
the proinflammatory effect of IL-36a and promoted the
development of skin inflammation. There was a feedback
loop between IL-36« and the cytokines induced by IL-36«
that continuously aggravated the inflammatory response.

IL-36R is a specific receptor for IL-36«. IL-36a binds
to IL-36R and activates downstream signaling pathways to
produce a proinflammatory effect, whereas IL-36Ra can
compete with IL-36« to bind IL-30R, thus exerting an antiin-
flammatory effect. In this study, we used exogenous recom-
binant protein IL-36Ra to block IL-36R and then stimulated
primary macrophages with rmIL-36a or A. fumigatus to
detect the expression of IL-18 and IL-6. Results showed
that IL-306Ra significantly inhibited IL-18 and IL-6 expres-
sion induced by rmIL-36x or A. fumigatus. These findings
are consistent with those of a study investigating experi-
mental colitis in which IL-36R ligands induced expression
of IL-6 via IL-36R.2® Moreover, rmIL-36« treatment markedly
increased p-NF-kB protein levels, which were lower after
rmIL-36Ra pretreatment. The data provided evidence that
IL-36a plays a proinflammatory role through IL-36R and
NF-«B.

In summary, the data presented here indicate that IL-
36a is highly expressed in patients with fungal keratitis
and in mice corneas infected with A. fumigatus. 1L-36«
can promote the recruitment of corneal neutrophils and
macrophages and induce the production of the inflammatory
factors IL-18, IL-6, and TNF-« to aggravate the inflammatory
response of fungal keratitis in mice. Our in vitro data suggest
that A. fumigatus increased IL-36a expression in primary
macrophages. IL-36a upregulated IL-18 and IL-6 through IL-

36R and NF-«B. Therefore, IL-36a plays a proinflammatory
role in A. fumigatus keratitis infection, such that it aggra-
vates corneal inflammation and tissue damage. IL-36c may
be a new target for the diagnosis and treatment of fungal
keratitis.
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