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Purposk. To investigate the role of elastase in corneal epithelial barrier dysfunction caused
by the exoproteins secreted by Pseudomonas aeruginosa.

MerHops. Exoproteins obtained from Pseudomonas aeruginosa culture supernatant were
analyzed by shotgun proteomics approach. In vitro multilayered rabbit corneal epithelial
barrier model prepared by air-liquid interface technique (CECs-ALI) were treated with
2 pg/ml exoproteins and/or 8 mM elastase inhibitor. Then the epithelial barrier function
was evaluated by transepithelial electrical resistance (TEER) assay and tight junction
proteins immunofluorescence. Cell viability and the apoptosis rate were examined by
CCKS8 assay and flow cytometry. TNF-o, IL-6, IL-8, and IL-18 levels were measured by
ELISA. Mice cornea treated with exoproteins and/or elastase inhibitor were evaluated in
vivo and in vitro.

Resurrs. Elastase (24.2%) is one of the major components of exoproteins. After 2 ng/ml
exoproteins were applied to CECs-ALI for two hours, TEER decreased from 323.2 +
2.7 to 104 £+ 6.8Q/cm? (P < 0.001). The immunofluorescence results showed a distinct
separation in tight junction and significant degradation of ZO-1 and occludin (P < 0.05).
Elastase inhibitor (8 mM) alleviated the decrease in TEER value (234 + 6.8 Q cm?) induced
by exoproteins. Inhibition of elastase decreased the apoptosis rate of CECs treated with
exoproteins from 30.2 + 3.8% to 7.26 + 1.3% and the levels of inflammatory factors
(P < 0.05). Mice corneal epithelium defect could be induced by exoproteins and protected
by elastase inhibitor.

Concrusions. Elastase plays a critical role in corneal epithelial barrier dysfunction caused
by Pseudomonas aeruginosa exoproteins via damaging tight junctions. The inhibition of
elastase could protect the corneal epithelial barrier via reducing virulence and inflam-
mation.
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seudomonas aeruginosa (P. aeruginosa) is an oppor-

tunistic bacterial pathogen causing serious infections
of the airway, skin, or the cornea, particularly in patients
with defects in the epithelial barrier.! Previous studies have
shown that healthy cornea could resist P. aeruginosa infec-
tion because intact corneal epithelium provides a major
barrier to bacterial pathogens.>® The adhesion and pene-
tration of P. aeruginosa to corneal epithelium are earlier
steps in the process of P aeruginosa colonization. It is
commonly thought that injured corneal epithelium provided
a surface for P. aeruginosa to adhere and P aeruginosa
can penetrate the multilayered corneal epithelium or invade
the corneal stroma through the wounded corneal areas.*
However, recent studies showed that subtle injury to the
superficial epithelium could allow P. aeruginosa to adhere
to the cornea, but not penetrate beyond the epithelial
barrier, which implicates that defenses against these two
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steps in corneal infection are separable.’ The success of P.
aeruginosa invasion partly depends on the production of
exoproteins.® P aeruginosa exoproteins include proteases,
toxins, and pyocyanin that promote invasion by degrad-
ing host structural or immune proteins and enhancing the
mucosal permeability in the early stage of infection.” It indi-
cates exoproteins are the main contributing factors in the
early process of P. aeruginosa infection. Despite substan-
tial evidence of the role of P aeruginosa exoproteins in
airway disease, inflammatory bowel disease, and atopic
dermatitis,® the effects of P aeruginosa exoproteins on
the corneal epithelial barrier function and the interaction
between corneal epithelial cells and exoproteins remain
unknown.

The fundamental treatment of P aeruginosa Keratitis
is based on bactericidal antibiotic therapy to eliminate
the bacteria, which cannot reverse the damage caused by
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P, aeruginosa exoproteins. Even with aggressive antibiotic
therapy, the infections can rapidly progress to corneal perfo-
ration, an event attributed to the bacterial proteases, the acti-
vation of matrix metalloproteinase, and a damaging immune
response.’ Previous studies have confirmed the strong corre-
lation between corneal virulence and proteases production.
Adjunct therapies to limit the action of these proteases are
promising tools to be explored, which can slow down the
progression of P. aeruginosa keratitis and provide time for
subsequent therapy to save the vision. The protease-related
virulence of the P, aeruginosa exoproteins is mainly depen-
dent on elastase as previously reported.!® The combina-
tion of elastase inhibitor and antimicrobial agents could
effectively prevent bacteria colonization and reduce the
destructive effects of P aeruginosa exoproteins. Early stud-
ies have demonstrated that elastase inhibitors could effec-
tively reduce the extent of corneal melting in an exper-
imental rabbit model of Pseudomonas Keratitis, yet these
inhibitors were not sufficiently active to support their clin-
ical practice.!'’ However, the correlation between elastase
and corneal epithelial barrier in the early stage of infection
remains unknown.

The barrier dysfunction played a critical role in the patho-
genesis of P aeruginosa Keratitis in the early stage. This
study was to investigate the role of elastase in the process of
corneal epithelial barrier dysfunction caused by the P, aerug-
inosa exoproteins and investigate the molecular details of
how corneal epithelial barrier function is modulated. Mean-
while, we aimed at investigating the interaction between
corneal epithelial cells and exoproteins. These findings may
complement our understanding of the pathophysiology of P
aeruginosa corneal infections.

METHODS AND MATERIALS

Preparation and Analysis of P. aeruginosa
Exoproteins

P, aeruginosa PAO1 strain (ATCC8739) was used as the refer-
ence strain for all the experiments. The culture and identi-
fication of P. aeruginosa PAO1 strain and clinical isolates
(kindly donated by the clinical laboratory of the First Affili-
ated Hospital of Sun-Yat-sen University) were confirmed in
the Microbiological Laboratory of Food and Drug Adminis-
tration of Guangzhou. Standard practices for biosafety level
2 were followed.

The culture supernatant of all P. aeruginosa strains was
collected at the stationary phase according to the growth
curve, then sterilized using 0.22 pm filters and concentrated
to 0.5 ml using protein concentrator spin columns (3000
MWCO, GE Healthcare Life Sciences, Chicago, IL, USA). We
measured the concentration of exoproteins using the BCA
Protein Assay Kit (Thermo Fisher, Waltham, MA, USA). The
exoproteins were prepared as a batch and frozen in aliquots
(—20°C). The protein profiles of exoproteins were analyzed
by shotgun proteomics approach as previously described. 12

Preparation of Elastase Inhibitor

Synthetic elastase inhibitor was supplied by the pharmaceu-
tical laboratory of Sun-Yat-sen University according to the
procedure as described.’® The ability of elastase inhibitor to
inhibit the proteolytic activity of elastase was tested using
Elastin-Congo red (ECR; Sigma-Aldrich, St. Louis, MO, USA)
as the substrate. 100 pl elastase inhibitor was added to the
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900 pl mixture of 2 pg/ml exoproteins and ECR buffer (20 mg
ECR, 100mM Tris-HCL, pH 7.5), then incubated for 18 hours
at 37°C. The liquid supernatant was collected to measure the
absorbance value at 495 nm after centrifugation at 16 000 g
for 15 minutes. The elastase activity was expressed as the
ratio of the OD495 nm and ODG600 absorbance value.

Cell Culture

Primary rabbit corneal epithelial cells (CECs) were estab-
lished by the corneal limbal explant culture method as
described.!* Briefly, the cells were cultured in the Dulbecco’s
Modified Eagle Medium/Nutrient Mixture F-12 (DMEM-12),
supplemented with 5 pg/ml insulin and 10% fetal calf serum
(FCS). The CECs were tested at passage one and identified
to be of epithelial lineage via reactivity to K3 and K12 anti-
bodies (Abcam, Cambridge, MA, USA).

Air-Liquid Interface Culture

CECs were maintained at an air-liquid interface (ALD as
previously described.!> Briefly, 5 x 10° CECs were seeded
in 100 pL CECs-ALI growth medium into the apical chamber
of the Transwell plate (BD Biosciences, San Jose, California,
USA) and 900 pL of CECs-ALI growth medium was added
to the basal chamber in all wells containing the inserts.
After the cells covered the membrane surface, the CECs-
ALI growth medium from the apical chamber was removed
and the apical cell surface was exposed to the atmosphere
for seven days. The integrity of the cell layer was assessed
by measuring baseline transepithelial electrical resistance
(TEER).

Cell Viability Assay

Each well of the 24-well plate was inoculated with 8 x 10°
cells with a medium change after 24 hours. Before treatment,
0.5 pg/ml, 1 pg/ml, 2 pg/ml, and 4 pg/ml exoproteins were
diluted in PBS to a final volume of 100 ul and was added to
100 pl growth medium. Samples with 8 mM elastase inhibitor
were preincubated for five minutes. Cell viability was tested
using Cell Counting Kit-8 (CCK8, WST, China). Ten micro-
liters (10 pl) CCK8 was added to each well and incubated
for one hour. The optical density was measured at 490 nm
on a microplate reader (Biotech, Winooski, USA).

Cell Cytotoxicity Assay

The supernatant of each sample was collected after treat-
ment. The Cytotox-ONE Homogeneous Membrane Integrity
Assay (Promega, Australia). was used to measure the
amount of lactate dehydrogenase (LDH) in the medium as
described.'®

Transepithelial Electrical Resistance (TEER)
Analysis

TEER was measured to evaluate the integrity of the corneal
epithelial barrier using an EVOM voltammeter (World Preci-
sion Instruments, Stevenage, UK).!” Briefly, after adding 100
pl warmed PBS to the apical chamber to measure baseline
resistance, only wells with baseline TEER of greater than
350 Q/cm? were included in the experiments. Exoproteins
(2 pg/ml in CECs-ALI growth medium), elastase inhibitor
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(8 mM in CECs-ALI growth medium), and negative control
(CECs-ALI growth medium) were added to the apical cham-
ber. TEER was measured at time 0, 1, 2, 3, 4 hours after treat-
ment application. A heating platform was used to maintain
CECs-ALI cultures at 37°C during the measurement period.
TEER values were measured three times and normalized to
the average TEER before the treatment.

Dextran-FITC Permeability Assay

The flux of FITC dextran 4 kDa (Sigma, Saint Louis, USA)
was used to represent the paracellular permeability of the
corneal epithelial barrier as previously reported.’® Briefly,
after exposure to reagents for two hours, 3 mg/mL of
Dextran-FITC was added to the apical chamber and incu-
bated at 37°C for two hours. The supernatant was recov-
ered from the bottom chamber and the amount of Dextran-
FITC was determined with a microplate reader (Biotech,
Winooski, VT, USA).

Immunofluorescence Staining

After two hours of exposure to exoproteins and elastase
inhibitor of CECs-ALI, cells were rinsed with PBS three times
and fixed with 25% formalin for 10 minutes. The fixed cells
were applied with Triton X-100 (0.1%) and blocked with
goat serum for 60 minutes at room temperature. After rins-
ing in PBS, the cells were incubated with anti-ZO-1 anti-
bodies (Invitrogen, 1:100 dilution) and antioccludin anti-
bodies (Invitrogen, 1:100 dilution) overnight at 4°C. Alexa
Fluor 488-conjugated anti-rabbit IgG (1:200) was used as
secondary antibodies for one hour and DAPI was applied for
10 minutes. The specimens were examined using a confocal
laser scanning microscope (LSM880; Carl Zeiss, Oberkochen,
Germany).

Western Blot of Tight Junction Proteins

Cell extracts were prepared in cell lysis buffer as described.!®
Briefly, total protein concentrations were determined by
BCA protein assay (Pierce). Equal protein samples were elec-
trophoresed on 12% SDS-PAGE gels. After being blocked
with 5% milk, the membranes were incubated with anti-ZO-1
antibodies (Invitrogen, 1:500 dilution) and antioccludin anti-
bodies (Invitrogen, 1:500 dilution) overnight at 4°C. Goat
anti-rabbit IgG horseradish peroxidase (HRP, Abcam) were
used as secondary antibodies. Luminescence was detected
using the ECL western blotting system (Fujifilm, Tokyo,
Japan).

Enzyme-Linked Immunosorbent Assay (ELISA)

The conditional media was centrifuged at 16 000 g for
15 minutes and the supernatants were collected as described
previously.?’ The level of proinflammation factors was exam-
ined according to the instructions of the ELISA kit: IL-6, IL-
18, IL-8, and TNF-« (R& D Systems, Minneapolis, MN, USA).
Results are presented as mean level of cytokines in pg/ml
per mg cell lysate + SE (n = 3).

Animals and Experiment Groups

C57BL/6] mice (male, four weeks old) were bought from
the Experimental Animal Research Center of Sun-Yat-sen
University. All animals’ use and care strictly conformed to
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the ARVO statements for the Use of Animals in Ophthalmic
and Vision Research, and this study was formally reviewed
and approved by the first affiliated hospital of Sun-Yat-sen
University Animal Care and Ethics Committee (2021-051).
Mice were divided into four groups randomly and treated
separately by 40 ng/ml exoproteins, 16 mM elastase inhibitor
(10 pl/eye) or 10 pl PBS as controls three times each day for
two days. The ocular surface clinical signs were observed
through the slit lamp microscope. Animals were examined
clinically for signs of cornel epithelial defects 10 minutes
after last exoproteins topical challenge each day. Tissue
specimens including corneal tissues were fixed in acetone
for whole mount staining. Five mice per group were used
in each experiment. Some of the mice were killed follow-
ing these assessments, and the corneas of these mice were
collected and stored at —80°C for further analysis.

Fluorescein Sodium Staining

Two microliters (2 pl) of 0.1% sodium fluorescein solution
were dropped into the conjunctival sac of mouse (with-
out anesthesia). After three blinks, excess fluorescein was
wiped from the lateral tear meniscus. Then, corneal epithe-
lial damage was observed and imaged with a cobalt blue
filter under a slit lamp microscope (YZ5S, Six-six visual Inc.,
Suzhou, Jiangsu, China). Images were acquired by two inde-
pendent technicians and quantification of corneal defects
were carried out by Image] software (USA). The covering
area of corneal defects (%) = (fluorescein sodium positive
area/the whole cornea) x 100%.

Hematoxylin and Eosin Staining

After the animals were Killed, the eyes were dissected and
fixed in 4% paraformaldehyde overnight and embedded in
paraffin. The tissue sections (5 pm) were deparaffinized and
stained with hematoxylin for one minute and eosin for two
minutes. After that, the sections were mounted using mount-
ing medium and examined under a light microscope (Olym-
pus BH2, Tokyo, Japan).

Immunostaining

Cryostat sections (6 pm) of mice eyes were fixed in 4%
paraformaldehyde for 20 minutes. The samples were washed
three times with PBS, followed by incubation in 0.2% Triton
X-100 for 10 minutes. After rinsing three times with PBS for
five minutes each and preincubation with 2% bovine serum
albumin (BSA) for one hour at room temperature, sections
were incubated with anti-ZO-1 (1:100, Invitrogen), occludin
(1:100, Invitrogen) primary antibodies at 4°C overnight.
After three washes with PBS for 10 minutes each, they were
incubated with Alexa Fluor 488-conjugated secondary anti-
body (donkey anti-rabbit, goat, rat, or mouse IgG, 1:300,
Life Technologies, Carlsbad, CA, USA) for one hour at room
temperature. After three additional PBS washes for five
minutes, the samples were counterstained with DAPI and
then mounted for analysis under the confocal laser scanning
microscope (LSM 780, Zeiss).

Scanning Electron Microscopy

One corneal epithelial sample was obtained from each eye.
Fixed materials were dehydrated through a series of ethanol.
Whole corneas were placed in amyl acetate after being
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TasLe. Identification of Supernant Proteins from P. aeruginosa PAO1 and Clinical Isolate Strain
PAO1 CI
Gene MW Unique Unique

Protein ID Protein Identification Name (kDa) Peptides IBAQ seq.cov (%) Peptides IBAQ seq.cov (%)
P14756 Elastase lasB 53.7 7 45941000 24.2 10 335240000 33.5
VGOAILO Flagellin fliC 49.2 3 7314400 22.4 1 7319800 35.8
AOAGG7LC28 lasA protease lasA 44.6 5 37567000 22.2 6 60375000 31.5
AOA1GIYY14 Serine protease SohB SohB 57.5 1 103640000 21.2 4 105060000 38.7
AOATHOBUC5  Type VI secretion system protein Vas]J Vas]J 51 1 3166600 25.7 1 1906600 20.3
AOAOASRLM1 Pilin pilA 61.2 1 5742600 28.8 1 104230000 29.1
PA1249 Alkaline protease AprA 50.4 3 50805000 16.4 2 86477000 28.1
AOAGHIQHQ9  PASP protease PASP 20.8 5 22289000 18.4 3 43224700 23.3
W6QV37 Lon protease lon1 33 3 3499200 15.2 5 4236500 18.4

Proteomic profiling of exoproteins from Pseudomonas aeruginosa PAO1 and clinical isolated strain (CI). Proteins were identified by
trypsin digest and shotgun proteomics approach. Protein gene name and molecular weight were from the Pseudomonas Genome Database.

(For detailed data, see supplementary material.)

treated in a critical point drying apparatus (Hitachi HCP2,
Hitachi, Japan) and then sputter coated with gold with an
auto fine coater (JEOL JFC-1600, JEOL, Japan) and exam-
ined using a scanning electron microscope (Stereoscan 250
Mk3, Cambridge, UK).

Statistical Analysis

Data are expressed as mean = standard error of mean (SEM).
The TEER, permeability assay, cell cytotoxicity assay exper-
iments were performed using three biological replicates.
Differences between groups were assessed by #-test. Statisti-
cal analysis of inhibition of elastase inhibitor was performed
using one-way ANOVA and significance was determined by
Tukey honest significance difference test (P < 0.05).

RESULTS

Comparative Analysis of Exoproteins From P.
aeruginosa PAO1 and Clinical Isolated Strain (CI)

To determine the composition of P. aeruginosa exopro-
teins and whether differences between P. aeruginosa PAO1
strain and clinical isolated (CI) strain exist, we investigated
extracellular protein profiles of exoproteins using a shotgun
proteomics approach. 294 proteins were identified including
elastase B (lasB), alkaline protease, the serine protease, and
some predicted secreted proteins (Table). 194 (66%) proteins
were identified in both PAO1 and clinical isolated strain,
while 29 (10%) proteins and 71 (24%) proteins were identi-
fied in PAO1 and clinical isolated strain alone, respectively.
Compared with laboratory-adapted strain PAO1 (24.2%),
the sequence coverage of elastase of P. aeruginosa clinical
isolate strain (33.5%) was higher, which goes in line with
previous studies that much higher levels of elastase have
been detected in the sputum of cystic fibrosis patients.?’ The
infection microenvironment can influence the expression of
virulence factors in P. aeruginosa. As shown in Supplemen-
tary Figure S4, the elastase activity of the P. aeruginosa clini-
cal isolated strain is higher than the laboratory adapted stan-
dard strain PAO1 (ATCC 8739). The high level of elastase may
explain why the clinical isolates are more virulent than the
laboratory adapted strain PAO1. These results supported that
elastase specifically contribute to the virulence of P aerug-
inosa, which play a critical role in the pathogenesis of P,
aeruginosa infection.

The Effects of P. aeruginosa Exoproteins on
Bioactivities of CECs Under Different
Concentrations and Times

In the growth curve assay, the inhibition effect of 0.5 ng/ml,
1 pg/ml, 2 pg/ml, and 4 pg/ml on cell proliferation was
observed. The P. aeruginosa exoproteins showed suppres-
sion on proliferation of CECs compared to the control at
0.5 pg/ml and caused a strong and concentration-dependent
decrease in proliferation of CECs (P < 0.05). The prolifer-
ation of CECs remains slow at 2 pg/ml. Significant inhibi-
tion of proliferation of CECs occurred at 4 ng/ml (Fig. 1A).
After the CECs were treated with 2 pg/ml exoproteins for
24 hours, exoproteins exert a time-dependent damage effect
on the viability of CECs. Compared with the control group,
in the presence of 2 pg/ml exoproteins, the relative viability
of the CECs began to decrease significantly at two hours
and reduces to approximately 50% at eight hours, while
an almost loss of viability occurred at 24 hours (Fig. 1B).
As shown in Supplementary Figure S3, the cell detachment
process began with small gaps in the monolayers, which
enlarged until all cells were detached completely and formed
suspended aggregates (black arrows). The CECs at the edges
appear to curl up and the cell-free areas enlarged in a time-
dependent manner in treated cells after the application of 2
pg/ml exoproteins for two hours. We observed half of the
CECs showed cell detachment within eight hours (Fig. 1C).

Exoproteins Disrupted the Barrier Structure and
Function of CECs-ALI Cultures and the
Destructive Effect Was Relieved by Elastase
Inhibitor

We measured the transepithelial electrical resistance (TEER)
and the flux of Dextran-FITC tracers across CECs-ALI
cultures to assess the corneal epithelial barrier function.
Our study showed that 2 pug/ml exoproteins disrupted the
barrier function in a time-dependent manner evidenced by
increased permeability of FITC-dextran (P < 0.05). After
2 pg/ml exoproteins applied to CECs-ALI cultures for two
hours, there was a 2.18 fold increased permeability of FITC-
dextrans, and TEER value decreased from 323.2 £+ 2.7 to 124
+ 6.8Q cm? compared with that of the control group, indi-
cating that exoproteins had a destructive effect on the barrier
function of the CECs-ALI cultures (Fig. 2A). Additionally, the
TEER value was increased to 227 + 3.4Q cm? by 8 mM
elastase inhibitor treatment compared with the exoproteins
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Ficure 1. The damage effects of Pseudomonas aeruginosa exoproteins on rabbit corneal epithelial cells. (A) CCK8 was used to analyze the
effect of exoproteins on rabbit corneal epithelial cell proliferation at different concentrations. (B) Changes in the viability of rabbit corneal
epithelial cells after treatment with 2 pg/ml exoproteins at different times using WST assay. (C) Morphological changes of rabbit corneal
epithelial cells were observed by light microscope after treatment with 2 pg/ml of exoproteins for two hours and eight hours. Scale bar = 10
Opm. The values are shown as mean + SD, analyzed by one-way ANONA. *P < 0.05 versus control group, **P < 0.01 versus control group,
#P < 0.01 versus one hour group (1 = 3).
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Ficure 2. Effect of elastase inhibitor on the barrier function of corneal epithelial cell air-liquid interface cultures exposed to exoproteins.
(A) After application of exoproteins for different times, infiltration of Dextran-FITC fluorescence intensity at the basal chamber was detected
to evaluate paracellular permeability of CECs air-liquid interface cultures; (B) After application of exoproteins and elastase inhibitor, the
transepithelial electrical resistance (TEER) was detected to evaluate the barrier function of the CECs air-liquid interface cultures. (1) Control
group: PBS; (2) Exo group: 2 pg/ml exoproteins; (3) Inhibitor group: 8 mM Inhibitor; (4) Exo + Inhibitor group: 2 pg/ml exoproteins +
8 mM inhibitor. The values are shown as mean £ SD for n = 3. *P < 0.05 versus control group,**P < 0.01 versus control group, ANONA,
followed by Tukey HSD post hoc test.

group, suggesting that the elastase inhibitor could relieve the CECs-ALI cultures, However, the TEER did not restore to the
destructive impact of exoproteins on the barrier function of normal level compared with the control group (Fig. 2B).



Investigative Ophthalmology & Visual Science

Elastase and Corneal Epithelial Barrier

Control Inhibitor

IOVS | July 2021 | Vol.62 | No.9 | Article 7 | 6

Exo+Inhibitor

Exo

z 3
o1 o
Z0-1 | S e — — % 3
805 % .
) 8
Occludin | aip s === == v
Exoproteins - -4 + - -+ o+
GAPDH | e case e o o
Inhibitor - + - + - + - +

Ficure 3. Effect of elastase inhibitor on the tight junction of corneal epithelial cells after treatment with exoproteins. (A) Immunofluorescent
staining of rabbit corneal epithelial cells ZO-1 (green), occludin (green), and nuclei (blue) after different treatments of both exoproteins and
inhibitor for two hours. (B) Western blot analysis and quantitative analysis of ZO-1 and occludin expression in rabbit corneal epithelial cells
two hours after different treatments. Scale bar = 20 pm. The values are shown as mean + SD, analyzed by one-way ANONA. ns P > 0.05

versus control group, *P < 0.05, *P < 0.01 (n = 3).

Inhibition of Elastase Could Relieve the
Disruption and Degradation of Tight Junction
Proteins Caused by P. aeruginosa Exoproteins

We examined the expression and location of tight junction
protein after treatment of 2 pg/ml exoproteins. The location
of tight junction protein ZO-1 and occludin were examined
by immunostaining assay. Our results showed that exopro-
teins produced a discontinuous and less intense localiza-
tion of ZO-1 and occludin at the cell periphery compared
to the control (Fig. 3). Compared with the control group,
application of exoproteins caused significant degradation of
tight junction protein ZO-1 (P = 0.0124) and reduction in
occludin protein levels (P = 0.0253); the expression levels
of ZO-1 and occludin were increased after treatment with
elastase inhibitor compared with the exoproteins group (P
< 0.05).

Damage Effects of Exoproteins on CECs Involves
the Induction of Cell Detachment and Apoptosis

We examined the apoptosis rate and morphological change
of CECs two hours after treatment with exoproteins to assess
the effects of exoproteins on the corneal epithelial mono-

layers with or without elastase inhibitor. The rabbit corneal
epithelial cells showed polygonal morphology in normal
condition. After the application of exoproteins for two hours,
the CECs at the edge began to curl up and formed the
suspended aggregates, similar to the phenomenon known
as anoikis (Fig. 4A). To determine whether apoptosis was
involved in the process, we used flow cytometry to assess the
apoptosis rate of CECs. Compared with the control group,
the percentage of cell apoptosis increased from 3.16 £+ 1.3%
to 30.2 £ 3.8% after treated with exoproteins, indicating that
cell apoptosis plays a critical role in the early stage of corneal
injury caused by exoproteins. Meanwhile, the apoptosis rate
decreased to 7.26+1.3% after treatment with the elastase
inhibitor (Fig. 4B).

Inhibition of the Elastase Decreased the Release
of Proinflammatory Cytokines of CECs After
Application of Exoproteins

To investigate the effect of P aeruginosa exoproteins on the
expression of proinflammatory factors with or without elas-
tase inhibitor, we measured the expression of IL-1, IL-6, IL-
8, and TNF-« by enzyme-linked immunosorbent assay. Our
results showed that exoproteins induced a clear and strong
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Ficure 4. Effect of elastase inhibitor on corneal epithelial cell morphology and apoptosis rate after treatment with exoproteins. (A) Morpho-
logical changes of rabbit corneal epithelial cells under the light microscope after two hours treatment. (B) Flow cytometry was used to detect
the apoptosis rate of corneal epithelial cells after different treatments with exoproteins and elastase inhibitor for two hours. (1) Control
group: PBS. (2) Exo group: 2 pg/ml exoproteins. (3) Inhibitor group: 8 mM inhibitor. (4) Exo + Inhibitor group: 2 pg/ml exoproteins + 8
mM inhibitor. Scale bar = 100 pm. The values are shown as mean + SD, analyzed by one-way ANONA. ns P > 0.05 versus control group,

=P < 0.01 (n = 3).

inflammatory response. Compared with the control group
(201.35 + 21.06 pg/ml), the level of IL-18 increased signifi-
cantly to 724.29 + 23.15 pg/ml after application of exopro-
teins for two hours, while it significantly decreased to 423.29
+ 17.34 pg/ml with elastase inhibitor (Fig. 5). Besides, IL-
6, TNF-«, and IL-8 levels decreased after application of the
elastase inhibitor compared with the exoproteins group (P
< 0.05).

Inhibition of the Elastase Ameliorated Corneal
Epithelial Defects Induced by Exoproteins in
Murine Model In Vivo

To investigate the virulence contribution of elastase in
exoproteins-induced corneal damage in vivo, we examined
the effects of exoproteins in the presence or absence of elas-
tase inhibitor on the corneal epithelium in a murine model.
Slit lamp examination, histopathological analysis, and the
staining of tight junction proteins ZO-1 were performed in
these animal studies. As shown in Supplementary Figure S1,
compared with PBS treated controls, the topical administra-
tion of exoproteins for 24 hours resulted in mild corneal
epithelial defects. There were many widespread punctuate
and confluent staining on the corneas treated with exopro-
teins for 48 hours. The result of H&E staining showed jagged

epithelial surface and thinner corneal epithelial layer in
the corneas with exoproteins exposure compared with the
control group.

As shown in Figure 6, compared with the control group,
scabrous corneal surface and diffused punctuate stain-
ing were observed on the mouse corneas treated with
exoproteins compared with the control group. The fluores-
cein sodium staining used to measure the corneal surface
disrupted areas showed that the average corneal epithelial
defected area in the mouse cornea exposed to exoproteins
was 23.5 £+ 5.8%, significantly higher than the PBS control
group (1.2 £ 0.16%). The defected area decreases to 13.2
+ 2.4% (P < 0.05) after application of elastase inhibitor.
H&E staining of exoproteins-treated corneas revealed disor-
ganized apical epithelial layers and thinner corneal epithelial
multiple layers compared with the smooth epithelial surface
in the control group (P < 0.05). The application of elastase
inhibitor partly restores structural integrity of the corneas.
To further evaluate the integrity of ocular surface epithe-
lial barrier, immunofluorescence staining was performed
to evaluate the integrity of major tight junction proteins.
Compared with the control group, the IF staining of tight
junction proteins ZO-1 and occludin displayed discontigu-
ous staining at the epithelial cell borders in exoproteins-
treated corneas, suggesting compromised corneal epithe-
lial barrier, while the abundance and integrity of these
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Ficure 5. The effect of P. aeruginosa exoproteins on the expression of proinflammatory factors with or without elastase inhibitor. The
expression of IL-18 (A), TNF-« (B), IL-6 (C), and IL-8 (D) were measured by enzyme-linked immunosorbent assay. The values are shown as
mean =+ SD, analyzed by one-way ANONA. #P < 0.01 versus control group, ns P > 0.01 versus control group, *P < 0.05 versus Exo group

(n = 3).

tight junction proteins was increased after application of
elastase inhibitor (Supplementary Fig. S2). Scanning elec-
tron microscopy (SEM) has been used to evaluate ultra-
structural changes of corneal epithelial cells. Compared with
the corneas with a high density of microvilli in the control
group, scarce and incomplete microvilli were observed in
the corneas treated with exoproteins, while some surface
cells retract from their cell contacts leaving retraction fibrils.
As shown in Fig. 7, white arrows indicate some cell edges
are peeling up. The results further confirmed that elastase
plays a critical role in the disruptive effects of exoproteins
on the corneal epithelial barrier.

DISCUSSION

P. aeruginosa keratitis is one of the most aggressive and
destructive diseases of the cornea. The infection is hard
to control because the corneal ulcer develops rapidly, and
corneal perforation may occur in 24 hours even when treated
with strong antibiotics.?! New therapies to control the
corneal damage are urgently needed. Intact corneal structure
and barrier function are critical to maintain corneal epithe-
lial homeostasis and defense against microbial attack.??
Targeting corneal epithelial barrier protection and antivir-
ulence approaches are promising strategies to control the
progress of P. aeruginosa infection.”> However, much less
is known about the factors that compromise that resis-
tance and render the cornea susceptible to infection. Previ-
ous studies on the mechanism of corneal ulceration indi-
cated that severe corneal ulceration and extensive disso-
lution of the stroma were associated with the production
of P aeruginosa exoproteins during infection.?*? In this

study, we established the multilayered CECs barrier model
in vitro successfully to assess the effect of exoproteins on
the corneal epithelial barrier. Our findings showed P, aerug-
inosa exoproteins induced a severe degradation of tight
junction proteins and disrupted corneal epithelial barrier
structure.

The concerted action of exoproteins plays a critical role
in the pathogenicity of P. aeruginosa.*® Exoproteins that are
associated with invasion are commonly proteases. Micro-
biome studies showed that P. aeruginosa elastase is a major
elastolytic enzyme and has highly proteolytic activity. Other
proteases such as alkaline protease, the serine protease,
and P aeruginosa aminopeptidase (PAAP) are thought to
have little proteolytic activity.?”?® Previous study showed
that P. aeruginosa elastase was elevated in AES (Australian
epidemic strain) culture compared with laboratory-adapted
strain PAO1.® In our study, the secretome analysis of
P. aeruginosa showed Two hundred ninety-four proteins
could be identified, including elastase B (lasB), the serine
protease, and some predicted secreted proteins. One
hundred ninety-four proteins were identified in both PAO1
and clinical isolated strain. Compared with laboratory-
adapted strain PAO1, P. aeruginosa clinical isolated strain
showed an elevated level of elastase consistent with previ-
ous research.?® It indicates that elastase plays a critical role
in the pathogenesis of P, aeruginosa infection and is a poten-
tial target to be explored. However, the exact role and contri-
bution of elastase in this process remain unknown and the
mechanism of elastase on the epithelial barrier has not been
fully elucidated. In our study, we have prepared synthetic
inhibitors for the elastase based on the previous research.
To investigate the role of elastase in the process of corneal
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Ficure 6. The inhibition of elastase improved the corneal epithelial defects induced by exoproteins. (A) Representative images of fluorescein
sodium staining showing corneal epithelial defects in mice treated with 40 pg/ml exoproteins and/or 16 mM elastase inhibitor for 48 hours
(n = 3 mice/group). (B) The images of HE staining of cornea epithelium treated after different treatment. (C) The quantitative analysis of
corneal epithelial defect area and (D) epithelial thickness after different treatment using ImageJ software. Scale bar = 100 ym; *P < 0.05

versus Control group, #P < 0.05 versus Exo group (1 = 3).

damage, we examined the effects of the elastase inhibitor
on the barrier structure and function after the application of
P, aeruginosa exoproteins. Our findings indicated that 8 mM
elastase inhibitor could protect the CECs-ALI culture barrier
function compromised by 2 pg/ml exoproteins. Although the
CECs-ALI culture barrier function could not restore to the
normal level compared to the untreated controls because

of the multifactorial virulence of P. aeruginosa exoproteins,
the elastase inhibitor offers a new therapeutic strategy in the
early stage of P. aeruginosa infections.

Next, we examined the effects of elastase inhibitor on
exoproteins-induced damage on the corneal epithelium in
a murine model. In agreement with our previous studies
in vitro, compared with the control group, the addition of
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FiGure 7. Scaning electron microscopy of the corneas exposed to exoproteins with or without elastase inhibitor for 48 hours. (A) Normal
superficial cells of corneal epithelium. After application of exoproteins for 48 hours, some surface cells retract from their cell contacts,
leaving retraction fibrils. White arrows indicate some cell edges are peeling up. Scale bar = 20 ym. (B) A high density of microvilli and
microplicae is observed in the control group. In the exoproteins-treated group. Microvilli are scarce and degenerated. Surface cells have lost
their microvilli and show membrane wrinkling (white arrow). Scale bar = 3 um.

40 pg/ml exoproteins induced mild epithelial defects and
thinner epithelial layer, while inhibition of elastase partly
restored structural integrity and increased the abundance of
tight junction proteins of the corneas. The observed effects
may be ascribed to the degradation of collagen, elastin, and
tight junction proteins by elastase resulting in tissue disin-
tegration and the loss of cytoskeletal structures. The results
further confirmed that elastase plays a critical role in the
disruptive effects of exoproteins on the corneal epithelial
barrier.

Previous studies have shown that cultured corneal epithe-
lial cells are vulnerable to P aeruginosa infection.’® The
interaction between corneal epithelial cells and exoproteins
remains unclear. In our study, we examined the effects of P
aeruginosa exoproteins on corneal epithelial cells and eluci-
date explore the exact role and contribution of elastase in the
process by using a synthetic elastase inhibitor. Loss of cell
viability and changes in the cytoskeletal morphology were
observed in response to exoproteins in a time-dependent
manner. We noticed the total loss of cells following a
24 hour incubation with 2 pg/ml exoproteins. Eight millimo-
lar (8mM) elastase inhibitor could prevent the total loss
of cell viability triggered by exoproteins and increased the
relative survival rate of corneal epithelial cells. The elas-
tase inhibitor showed no toxicity toward corneal epithelial
cells. However, the full recovery of corneal epithelial cell
viability could not be observed because of the multifacto-
rial virulence of P aeruginosa exoproteins. Only 68.32%
of the cells remained viable in the presence of sufficient
elastase inhibitors. Meanwhile, we noticed that exoproteins
induced a clear and strong inflammatory response, while
inhibition of elastase partly reduced the expression of proin-
flammatory cytokines. Different mechanisms of cell death
may occur during P aeruginosa infection. Pyroptosis is
a type of proinflammatory programmed cell death, which
may be involved in the early process of corneal resis-
tance to infection and removal of P aeruginosa as previ-
ous reported.’! Exoproteins (including superantigens and

cytolysins) induced proinflammatory signals from epithe-
lial cells have been well characterized in Staphylococcus
aureus infection.>* The pathogenesis of P. aeruginosa at the
corneal epithelial surface remains unclear. Exoproteins may
enhance the transport of superantigens across the epithe-
lial barrier by either direct toxicity or inflammatory acti-
vation of epithelial cells.>* Future studies are planned to
elucidate the mechanism of exoproteins on the corneal
epithelial surface. There are some limitations in this study;
purified elastase is required to elucidate the exact role
of elastase in the process of P aeruginosa corneal infec-
tion. While our result confirmed that elastase contributed
to the corneal epithelial barrier disruption, the details of
mechanistic effects remained to be explored. Future stud-
ies are planned to elucidate the mechanism behind elastase
in the pathogenesis of P aeruginosa infection using lasB
mutants.

In conclusion, our study showed P. aeruginosa exopro-
teins directly contribute to the disruption of the corneal
epithelial barrier in a manner correlated with the elastase
activity. Inhibition of elastase could protect the corneal
epithelial barrier function by reducing degradation and reor-
ganization of tight junction proteins, decreasing the expres-
sion of proinflammatory cytokines, and improving viability
of CECs. Antielastase treatment and targeted corneal epithe-
lial barrier protection could be avenues of novel therapies
in the treatment of P, aeruginosa corneal infection.
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