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Purrose. Uncontrolled coagulation reactions contribute to pathological fibroproliferation
in several organs, and yet their role in proliferative vitreoretinopathy (PVR) remains to
be elucidated. In this study, we evaluated the profibrotic effects of FXa in RPE cells and
in a mouse model of PVR.

MerHops. FXa levels in the eyes of traumatic PVR patients and rabbit models of mechani-
cal ocular trauma was measured by ELISA and immunohistochemistry. FXa-induced RPE
EMT was assessed by examining cell proliferation, migration, tight junction changes, and
expression of fibrotic markers. For in vivo study, FXa was injected into dispase-injured
eyes, then intraocular fibrosis was evaluated by histological analysis and Western blotting.
The therapeutic effect of FXa inhibitor was also examined in PVR mouse models.

Resurrs. Vitreous FXa were higher in patients with traumatic PVR compared to patients
with macular hole. Moreover, expressions of FXa and PAR1 were found in the epiretinal
membranes from traumatic PVR patients. Vitreous FXa were markedly increased after
mechanical ocular trauma in rabbits. In vitro, FXa stimulated RPE EMT characterized
as ZO-1 disruption, compromised cell polarity, and increased fibronectin expressions.
Co-injection of FXa and dispase in mice induced more severely damaged retinal struc-
tures, and increased a-SMA expressions than FXa or dispase treatment alone. Oral FXa or
thrombin inhibitors significantly blocked intraocular fibrosis in PVR mouse models. FXa
promoted phospho-activation of p38 in ARPE19 cells, which was dependent on PAR1.
Moreover, TGF-AR inhibitor also significantly alleviated FXa-induced intraocular fibrosis
in mice.

Concrusions. FXa promotes intraocular fibrosis in mice via mechanisms involving RPE
activation.

Keywords: proliferative vitreoretinopathy, activated coagulation factor X, retinal pigment
epithelial, epithelial-mesenchymal transition

roliferative vitreoretinopathy (PVR) is

threatening complication of mechanical ocular trauma
that occurs in 40% to 60% of patients with open-globe
injury.! The key cellular events underling PVR development
is the migration and proliferation of retinal cells following
a retinal break, which further participate in epiretinal
membrane (ERM) formation in the periretinal area, and
vision loss occurs when ERM contracts and causes a tear of
the retina. Current treatment options for PVR are vitreous
surgery to remove fibrous tissue and to repair retinal
detachment.>"* Despite recent improvements in surgical
techniques, 58.9% patients with PVR have poor visual prog-
nosis because of recurrent retinal detachment.’> Therefore
new strategies for prevention and treatment of PVR are

urgently needed.
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a vision- The precise mechanisms underlying ERM formation in
PVR are not well understood, and retinal pigment epithelial
(RPE) cells are the principal cell type found in ERM.® During
retinal injuries, RPE monolayer is disrupted, and dislodged
RPE cells are released into the vitreous cavity or subretinal
space where they undergo epithelial-to-mesenchymal tran-
sition (EMT) into myofibroblast-like cells.”® RPE EMT can
be initialed by exposure of RPE cells to several cytokines
and growth factors, for example, TGF-8 plays a remarkable
role in inducing the mesenchymal transition of RPE cells.”'1°
Besides, activation of coagulation factors occurs in retinal
injures, in addition to their role in blood coagulation, they
also possess an pro-inflammatory and pro-fibrotic effect.!!-12

Activated factor X (FXa) is a key proteinase of the coag-
ulation cascade that lie upstream of thrombin generation.!?
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Recent studies showed a critical role of FXa in pathologi-
cal fibrosis in different organs systems including the lung,
liver and kidneys.!3"'> The profibrotic activity of coagu-
lation proteinases like FXa and thrombin was mediated
through activation of the protease-activated receptor (PAR)
1-4, which thrombin mainly acts on PAR 1, 3, and 4, and
FXa activates either PAR 1 or 2. Previous studies reported
mRNA expression of PAR1 and PAR3 in RPE cells, and
FXa and thrombin exerted proinflammatory and profibrotic
effect in cultured RPE cells mainly through PAR1.!! More-
over, increased thrombin activity was observed in the vitre-
ous of patients with rhegmatogenous retinal detachment
(RRD) or PVR,16 and such vitreous samples could stimulate
the proinflammatory and profibrotic responses in ARPE-19
cells, suggesting a role of coagulation factors in PVR. As
mentioned earlier, FXa occupies a central position of the
intrinsic and extrinsic coagulation pathways that catalyzes
the conversion of prothrombin to thrombin. Therefore, inhi-
bition of coagulation with FXa inhibitor may offer addi-
tional efficacy for antifibrotic treatment by blocking the
subsequent amplification cascade of thrombin production.
Indeed, previous studies reported that FXa inhibition had a
stronger effect than thrombin inhibition in reducing the rate
of hepatic fibrosis in mouse,!” suggesting that earlier inhibi-
tion of coagulation cascade as a promising therapeutic target
for fibrotic disease.

To date, no study has investigated the in vivo effects of
FXa on the development of PVR, and the clinical relevance
of FXa in ERM formation after ocular trauma is unknown. In
this study, we examined the expression of FXa in the eyes of
human patients with traumatic PVR and in rabbits eyes after
mechanical ocular trauma. We identified the effect and the
mechanisms of FXa on RPE EMT in ARPE-19 cells. By injec-
tion of FXa with dispase, an agent known to induce PVR-like
conditions in mice,'® we further examined the profibrotic
effect of FXa in vivo and investigated therapeutic potential
of FXa signaling inhibition.

MATERIALS AND METHODS
Collection of PVR Membranes and Vitreous

Human PVR membranes and vitreous were obtained during
vitreoretinal surgeries from patients with traumatic PVR
at Tianjin Medical University General Hospital. All proce-
dures were followed in accordance with institutional
guidelines, and all patients have provided their written
informed consent form. The membranes were fixed in 4%
paraformaldehyde for 30 minutes, then dehydrate with 30%
sucrose overnight at 4°C. After snap frozen and embed-
ding in OCT compound, the membranes were sectioned at
the thickness of 20 um and stored at —8°C until analysis.
Vitreous samples contaminated with blood were excluded.
Concentration of FXa and TGF-8 were measured with human
FXa ELISA kits (ml026291; mlbio, Shanghai, China) and TGF-
B ELISA kits (D710586, AMEKO, Shanghai, China), respec-
tively.

Rabbit Models of Ocular Trauma

The rabbits were handled as the Association for Research in
Vision and Ophthalmology animal statement and kept in the
Experimental Animal Laboratory of Tianjin Orthopedic Insti-
tute. For making rabbit open-globe injury (OGI) model, a 5
mm parallel horizontal incision was made 6.0 mm behind the
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corneoscleral limbus, 0.5 hour later, the wound was sutured
with aseptic technique. The rabbit closed-globe injury model
was made using fluid percussion injury device (FPID), briefly,
the hammer was set to an angle of 65°, then the center of
the cornea in the right eye of the rabbit was hit once. After
injury induction, approximately 0.1 ml of vitreous fluid was
withdrawn for designated time point, and vitreous fluid was
withdrawn only once for each rabbit. Concentrations of FXa
were measured by an ELISA kit (DEIA-BJ2660; Creative Diag-
nostics, Shirley, NC, USA).

Mouse PVR Model

All the animals were approved by Tianjin Medical University
Animal Ethics Committee, and adherence to Association for
Research in Vision and Ophthalmology Animal Statement.
Male C57Bl/6] mice received Oxybuprocaine Hydrochlo-
ride for local anesthesia and Tropicamide for iris dilatation,
then were anesthetized with 10% chloral hydrate (3.5 uL/g).
Intravitreal injections were performed under stereomicro-
scope, using a 10 pL Hamilton syringe and 33G needle.
Control mice received 1 pL 2% BSA, while experimental
mice received a single injection of dispase or FXa for desig-
nated dosage. Rivaroxaban (Bayer, Germany, 1 mg/g diet)
and dabigatran (Boehringer Ingelheim, Germany, 10 mg/g
diet) supplemented diet were given to the mouse for consec-
utive 14 days started immediately after dispase and FXa
injection. For TGF-f inhibitor treatment, mice received daily
intraperitoneal injection of 10 mg/kg LY2109761(HY12075;
MedChemExpress, Monmouth Junction, NJ, USA) for consec-
utive 14 days started immediately after dispase and FXa
treatment. Fourteen days later, fundus images and optical
coherence tomography (OCT) were conducted using a Reti-
nal Microscopic Imaging System (Phoenix Research Labs,
Pleasanton, CA, USA). Eyes were enucleated for histologic
analysis. The severity of PVR was graded based on a previ-
ous study,'® and grading criteria are detailed in Supplemen-
tary Table S1.

Cell Culture

Human RPE cell line ARPE-19 cells were cultured in
DMEM/F-12 medium containing 10% fetal bovine serum
(both from Gibco, Thermo Fisher Scientific, Waltham, MA,
USA) and 1% penicillin-streptomycin (Solarbio Life Science,
Beijing, China) at 37°C and 5% CO,, with culture media
changed every other day. For in vitro studies, cells were
starved in serum-free medium (SFM) overnight before indi-
cated treatment.

Cell Viability

ARPE-19 cells were seeded on 96-well plates at a density of
1 x 10% cells per well. After exposed to FXa for 24 hours,
cell viability was determined by Cell Counting Kit-8 assay
(CCK-8; Dojindo Molecular Technologies, Inc., Kumamoto,
Japan) according to the manufacturer’s instructions. Briefly,
10 pL CCKS8 solution was added to each well and incubated
at 37°C for two hours, then absorbance was measured at 450
nm using a spectrophotometer (Thermo Fisher Scientific).
Each experiment was performed in quintuplicate wells, and
three independent experiments were undertaken.
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Small Interfering RNA

The small interfering RNAs (siRNAs) of human PAR1 (GAAC-
CCUGCUCGAAGGCUACUATT) for knockdown experiments
were obtained from Genepharma (Shanghai, China). The
experiments were performed according to the manufac-
turer’s protocol. ARPE-19 cells were cultured to 70% conflu-
ence and then were transfected using 160 nM PAR1 siRNA.
Cells were incubated with siRNA for 12 hours, then returned
to normal culture medium. Experiments were performed at
48 hours after transfection.

Western Blot

ARPE-19 cells or mouse retinas were lysed in RIPA buffer for
30 minutes on ice. Then lysates were centrifuged at 12,000
rpm for 20 minutes at 4°C. Total protein concentration
was quantified by BCA assay (Solarbio, Life Science). Equal
amounts of protein were loaded and separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to PVDF membranes. The membranes
were incubated with primary antibodies overnight at 4°C,
then were incubated with secondary antibodies for 1 h. Blots
were detected with an automatic chemiluminescence analy-
sis system (Millipore, Burlington, MA, USA). Quantification
of blots was performed using Image]J software.

Immunohistochemistry

ARPE-19 cells were seeded on coverslips in 12-well plates.
After treatment, cells were fixed in 4% PFA for 15 minutes
and blocked in 0.3% TritonX-100, 2% BSA in PBS for one
hour. After wash, cells were incubated with primary anti-
body overnight in humid chamber at 4°C, followed by incu-
bation with secondary antibodies for one hour. Coverslips
were examined under confocal microscope (Zeiss LSM 510;
Zeiss, Oberkochen, Germany).

Mouse eyes were collected and fixed in 4% PFA for one
hour. Cornea and lens were removed, then RPE-choroid-
sclera complex was peeled off from neural retina. RPE
wholemounts were permeabilized with 1% Triton X-100/PBS
and blocked with 5% goat serum at 4°C with rocking.
Then wholemounts were incubated with primary antibod-
ies for two days on a shaker at 4°C. After washing, RPE
wholemounts were incubated with secondary antibodies
and propidium iodide (PI, 1:100; Sigma-Aldrich Corp., St.
Louis, MO, USA) for two hours. RPE wholemounts were
examined under a confocal microscope.

Transwell Assay

ARPE-19 cells were seeded in the upper chamber of 24-well
Transwell plates (Corning, Inc., Corning, NY, USA) in 100 pL
DMEM/F12 media containing 0.5% FBS. The lower compart-
ment was filled with 600 uL DMEM/F12 media containing
10% FBS. Cells were treated with FXa or TGF-82 for eight
hours, then cells on the upper surface of the filter were
removed and the migrated cells on the lower surface of the
filter were fixed with 4% PFA and stained with 0.1% crystal
violet for 30 minutes. Images were taken under a fluores-
cent microscope (Olympus Corporation, Tokyo, Japan), and
migrating cells were counted using Image J software. The
number of migrated cells in five random fields (magnifica-
tion x10) of each chamber was counted.
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Scratch Assay

To analyze cell migration, ARPE-19 cells were seeded on six-
well plates at a density of 1 x 10° cells per well. A wound
was made by scraping RPE monolayer with a 20 pL pipette
tip, then cells were treated and images were taken under
a light microscope (Olympus Corporation) at zero hour and
24 hours after scratch. The percentage of RPE migration was
analyzed with Image J software. At least three fields (magni-
fication x 10) of view per treatment of three independent
experiments were quantified.

To analyze cell polarity, ARPE-19 cells were seeded on 12-
well plates with glass coverslips. Cells were scratched and
treated with different agents for 24 hours. Then cells were
fixed in 4% PFA for 15 minutes and incubated with anti-
GM130 overnight at 4°C, followed by incubation with FITC-
conjugated secondary antibodies for one hour. After wash-
ing, coverslips were counterstained with DAPI and visual-
ized under confocal microscope (Zeiss LSM 800; Zeiss).

BrdU Assay

ARPE-19 cells were seeded on 12-well plates with cover-
slips. After cells were treated, BrdU (10 pM, B5002; Sigma-
Aldrich) was added and incubated for four hours at 37°C.
Then cells were fixed in 4% PFA/PBS for 20 minutes and
blocked in 2% BSA 0.3% Triton X-100/PBS for 30 minutes.
Antigen unmasking was performed by adding ice-cold 0.1
M HCI for 20 minutes and then 2M HCI for 30 minutes,
followed by neutralization with sodium borate buffer for 15
minutes. After washing, coverslips were incubated with anti-
BrdU (ab6326; Abcam, Cambridge, MA, USA) overnight at
4°C, and incubated with secondary antibody for one hour.
Coverslips were counterstained with DAPI and visualized
under confocal microscope (Zeiss LSM 800; Zeiss). At least
three fields (magnification x40) of view per treatment of
three independent experiments were quantified.

Statistical Analysis

All studies were presented as the mean £+ SEM from at least
three independent experiments. Data were analyzed using ¢
test or one-way ANOVA. Significant differences were consid-
ered at P < 0.05. All statistical analyses were performed
using Prism software (GraphPad, San Diego, CA, USA).

RESULTS

Vitreous Levels of FXa Were Increased in Patients
With Traumatic PVR and in Rabbit Eyes After
Mechanical Ocular Trauma

To explore the involvement of FXa in traumatic PVR, we
detected the expression of FXa in ERMs collected from PVR
patients induced by trauma and nontrauma (RD patients
complicated with PVR) by immunostaining. We found the
expressions of FXa were co-localized with «-SMA positive
cells (Supplementary Fig. S1), and expressions of FXa were
more pronounced in the ERMs collected from PVR patients
induced by trauma (TPVR) than non-trauma (Figs. 1A, 1B).
To explore whether FXa localizes to RPE cells, we performed
double staining for FXa and RPEG5 as RPE-specific marker.
We found the fluorescent signals of FXa were mostly co-
localized with RPEG5 in the ERMs from traumatic PVR
patients (Figs. 1A, 1B). Furthermore, FXa levels were signif-
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Ficure 1. Ocular levels of FXa were significantly increased in patients
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with traumatic PVR and rabbit models of mechanical ocular trauma.

(A) Representative confocal images of FXa and RPE65 immunostaining in epiretinal membrane isolated from TPVR patients and PVR patients.
(B) Quantification of the FXa staining. (C) Vitreous levels of FXa were significantly higher in TPVR patients than macular hole (MH) patients.
(D) ELISA measurement of vitreous FXa in rabbit models of open globe injury. (E) ELISA measurement of vitreous FXa in rabbit models of
closed globe injury. n = 5 animals/time point. Data are presented as mean £ SEM, *P < 0.05; **P < 0.01; ***P < 0.001.

icantly increased in vitreous fluid samples from traumatic
PVR patients compared to macular hole (MH) patients (Fig.
1C). To evaluate changes of FXa in the eye after ocular
trauma, vitreous FXa were measured in rabbit eyes after
open and closed globe injury. After OGI, vitreous FXa were
significantly increased at 0.5 day and reached a peak at three
days then declined steadily. The significance of vitreous FXa
between OGI and control group was diminished at seven
days after the injury (Fig. 1D). Similarly, after closed-globe
injury, vitreous FXa were increased and reached a peak at
0.5 day, and then declined slightly, but the levels still remain
high at 28 days after the injury (Fig. 1E). Altogether, these
data showed increased vitreous levels of FXa in patients with
traumatic PVR and in rabbit models of mechanical ocular
trauma, and expressions of FXa in the ERMs from traumatic
PVR patients, suggesting the involvement of FXa in PVR
development after mechanical ocular trauma.

FXa Impairs RPE Cell Tight Junction and Cell
Polarity, and Promotes RPE Cell Proliferation and
Migration

After FXa treatment, RPE tight junctions, cell polarity, prolif-
eration, and migration of RPE cells were analyzed. TGF-82
was used as a positive control. We found FXa treatments
resulted in disruption of ZO-1 in a dose dependent manner.

Quantification of ZO-1 discontinuous rate showed that 25
nM FXa resulted in 25.94% loss of ZO-1 proteins in RPE cells,
which is similar to the effect of 10 ng/mL TGF-82 (31.83%)
(Figs. 2A, 2B).

The loss of RPE polarity was another cellular change
occurred during EMT.?° To examine cell polarity change,
we stained the GM130 (a Golgi marker protein) in ARPE-19
cells after scratch to assess the alignment of Golgi appara-
tus with the direction of cell migration. Typically, the direc-
tional migration of cells requires a polarized arrangement of
the cytoskeleton, with microtubule tissue center and Golgi
located at the leading edge of the cell.*! Indeed, most of
the untreated cells showed forward facing of Golgi at the
leading edge of cell migration, in contrast, FXa-treated cells
showed randomization in the direction of cell migration
(Figs. 2C, 2D). Polarity Index was calculated as previously
reported.?? We found decreased polarity index in FXa 25 nM
(11.75%) treated cells than untreated cells (45.67%), suggest-
ing compromised RPE polarity upon FXa stimulation.

Next, we evaluated the effects of FXa on RPE cells prolif-
eration and migration. In BrdU incorporation assay, we
found marked increased BrdU+ cells in ARPE19 cells treated
with FXa, and higher concentration of FXa (25 nM) showed
even more BrdU+ cells (Figs. 2E, 2F). Similarly, CCK8 assay
showed a dose-dependent increase of cell viability of RPE
cells induced by FXa (Fig. 2G). Scratch assay showed that
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Ficure 2. FXa impairs RPE tight junction and polarity and promotes cell proliferation and migration. ARPE-19 cells were treated with FXa
or TGF-B2 as positive control for 24 hours, and the following experiments were performed: (A) Representative confocal fluorescent images
of the tight junction protein ZO-1 in ARPE-19 cells. (B) Quantification of the discontinuous rate of ZO-1 staining. (C) ARPE-19 cells were
scratched and fluorescent labeled with anti-GM130 to measure cell polarity. (D) Quantification of cell polarity index. (E, F). Measurement
of RPE cell proliferation by BrdU assay. (G) Measurement of RPE cell viability by CCK8 assay. (H) Measurement of RPE cell migration after
24 hours of FXa or TGF-$ treatment by Scratch assay. (I) Quantification of RPE cell migratory area in each group. (J) Transwell migration
analysis of ARPE-19 cells treated with FXa for 8 h. (K) The number of migrated cells was quantified by examining images of six random
fields from each group. Data are presented as mean £ SEM. *P < 0.05, **P < 0.01, **P < 0.001.
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24 hours after scratch, FXa resulted in increased migration of
RPE cells toward the wound area (Figs. 2H, 2I). Likewise, in
transwell system, migrating cells was significantly increased
upon FXa stimulation, with 50 nM FXa showing the most
potent effect (Figs. 2J, 2K).

FXa Promotes Matrix Deposition Both in RPE
Cells and Mouse Model of PVR

To determine the effect of FXa on ECM deposition, expres-
sions of the major matrix components fibronectin (FN) were
analyzed. We found FN mRNA were significantly increased
after 24 h of FXa treatment (Fig. 3A). The protein levels of FN
were also markedly increased after FXa (25 nM) treatment
at 24 h and even more at 48 h (Figs. 3B, 3C). Likewise, FN
immunofluorescence confirmed increased expressions of FN
in RPE cells in response to FXa stimulation (Figs. 3D, 3E).

To investigate the profibrotic effect of FXa in vivo, a
dispase-induced PVR mouse model was used.”® In this
model, intravital injection of dispase induced a PVR-like
condition characterized by retinal detachment and retinal
folds, this exposed RPE cells to vitreous components which
are known predisposing conditions associated with PVR
development.!® Fundus images and histological analysis
revealed the presence of retinal detachment in both dispase-
and dispase+FXa-treated eyes, with the latter showed more
severely damaged retinal structure (Fig. 3F). In compari-
son, injection of FXa alone did not induce any observ-
able changes in retinal structure (Fig. 3F). In agreement
with these results, OCT images clearly showed formation
of epithelial membrane in retinas treated with dispase or
dispase+FXa (Fig. 3F). We then evaluated the severity of
PVR according to a grading scheme reported previously'®
and found that eyes that received dispase+FXa showed
more severe PVR compared to eyes only received dispase
(Fig. 3G). The formation of ERM was further evaluated by
Masson trichrome collagen staining, and positive Masson
staining was evident in retinas treated with dispase+FXa
and dispase but not FXa treatment alone (Supplemen-
tary Fig. S2). Furthermore, «-SMA expressions were more
pronounced in the dispase+FXa group than dispase or
FXa alone treated retinas (Fig. 3H-I). Altogether, these data
suggest that co-administration of FXa with dispase signifi-
cantly accelerated intraocular fibrosis in mouse.

To examine RPE activation, the epithelial integrity of RPE
was evaluated. Although RPE pigmentation still remained
intact in all the groups (Supplementary Fig. S3), we observed
a marked disruption of ZO-1 proteins in RPE wholemount
in dispase injured eyes, and co-administration with FXa
severely aggravated ZO-1 breakdown (Figs. 3], 3K). Mean-
while, «-SMA expressions were increased in RPE whole-
mount from dispase or dispase+FXa treated eyes, with
dispase+FXa treated eyes showed the most prominent
expression (Fig. 3]). These data suggest a direct effect of
FXa on RPE activation, which are likely contributing to FXa
induced intraocular fibrosis.

Oral FXa Inhibitor Mitigated FXa-induced
Intraocular Fibrosis in Mouse Model of PVR

To continue investigate the actual role of FXa in PVR patho-
genesis in vivo, we applied rivaroxaban, a direct inhibitor of
FXa, into the mice after dispase or dispase+FXa injection for
14 days, then the effect of rivaroxaban on intraocular fibro-
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sis was evaluated by histological analysis and Western blot-
ting. As the effects of thrombin on promoting RPE inflam-
mation and EMT have been well reported in cultured RPE
cells,''?425 we also included the thrombin inhibitor dabiga-
tran in our study to compare the effects of the two inhibitors
on PVR development. The plasma concentrations of both
inhibitors were measured by liquid chromatography-mass
spectrometry (LC-MS/MS) after 14 days of the inhibitors diet.
We found mean plasma concentration of rivaroxaban was
56.96 ng/mL in rivaroxaban group, and dabigatran was 24.43
ng/mL in dabigatran group (Supplementary Table S2).

Histological analysis of retinal sections showed that
treatment with rivaroxaban alleviated the retinal structural
damage and retinal detachment in dispase and dispase+FXa
mice (Fig. 4A). Grading of PVR severity based on HE staining
also revealed less severe PVR in dispase and dispase+FXa
mice treated with rivaroxaban compared to mice that did not
receive the anticoagulant (Fig. 4B). Next, we measured the
expression of fibrotic marker, «-SMA and found application
of rivaroxaban dramatically reduced o-SMA protein expres-
sion in mice treated with dispase (Figs. 4C, 4D). For mice
treated with dispase+FXa, rivaroxaban also significantly
reduced «-SMA levels (Figs. 4C, 4D), although to a lesser
extent compared to the effect of rivaroxaban in dispase mice
group. Similar to the effect of rivaroxaban, treatment with
dabigatran also alleviated the retinal structural damage and
retinal detachment in dispase and dispase+FXa mice (Fig.
4E), resulting in less severe PVR in mice treated with dabi-
gatran than those did not receive the anticoagulant (Fig.
4F). In addition, application of dabigatran also significantly
reduced the expression of w-SMA in dispase mice group
(Figs. 4G, 4H). However, dabigatran did not show signifi-
cant effect on reducing a-SMA expressions in dispase+FXa
mice group (Figs. 4G, 4H). In summary, these data support
a beneficial role of oral FXa inhibitor in improving PVR in
dispase mouse models, and future clinical studies are needed
to validate our results.

FXa Induced RPE EMT Depends on PAR1 and P38
Signaling

To unravel the mechanisms by which FXa induces RPE EMT,
we first examined whether PAR receptors were activated
by FXa in RPE cells. Upon FXa stimulation, PAR1 mRNA
was significantly increased, while PAR2 mRNA remained
unchanged (Figs. 5A, 5B). Western blot showed robust
expression of PAR1 protein in RPE cells, whereas PAR2
protein showed only a faint band (Fig. 5C). Moreover, FXa
stimulation increased the levels of cleaved PAR1 which
peaked at 10 mins, indicating activation of PAR1 by FXa
(Figs. 5C, 5D). Besides, we found abundant expression of
PAR1 in the ERMs collected from traumatic PVR patients,
which colocalized with the fibrotic marker «¢-SMA (Fig. 5E),
suggesting a role for PAR1 in ERM formation. Several studies
have revealed a central role of p38-MAPK signaling in PVR
pathogenesis.?>?” We found that FXa treatment significantly
induced phosphor-activation of P38 in ARPE-19 cells starting
at 10 minutes after treatment (Figs. 5F, 5G). We also found
the phosphorylation of P38 were significantly increased
in both dispase and dispase+FXa treated mice, support-
ing the role of P38 signaling in our mouse PVR model.
Moreover, treatment with FXa inhibitor rivaroxaban signif-
icantly blocked P38 phosphorylation induced by dispase or
dispase+FXa in mice (Figs. 5H, 5I). In addition, pretreat-
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ment with Parmodulin 2 (PAR1 inhibitor) or SB202190 (p38  TGF-B Signaling Also Play a Role in FXa-induced
inhibitor) blocked FXa-induced upregulation of FN (Figs. Fibrosis

5J, 5K) and disruption of ZO-1 proteins (Figs. 5L, 5M). Collec-

tively, these results demonstrated that FXa-induced EMT of The cross talk between FXa and TGF-8 pathway have been
RPE is mediated by PAR1 and P38 signaling. reported in many studies, which FXa was shown to activate
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TGF-f signaling through upregulation of TGF-8 or via inter-
action with TGF-BRIL*? Intriguingly, in our study, the
mRNA of TGF-B was marked increased after FXa treatment
(Fig. 5N). Besides, we found the concentrations of TGF-
B were significantly elevated in the vitreous from patients
with traumatic PVR compared with MH patients (Fig. 50).
In addition, treatment with TGF-BR inhibitor (LY2109761)
effectively blocked FXa induced FN expression and ZO-1
disruption in ARPE-19 cells (Figs. 5J, 5M). In dispase or
dispase +FXa treated mice, pretreatment with LY2109761
also markedly decreased the upregulation of «-SMA in
these mice (Figs. 6A, 6B). Moreover, histological examina-
tion showed less severe PVR such as reduced retinal detach-
ment and retinal folds in mice pretreated with LY2109761
versus those did not receive LY2109761 (Figs. 6C, 6D). Inter-
estingly, we found FXa did not induce phosphorylation of
SMAD2/3, the canonical downstream signaling of TGF-8,
in ARPE-19 cells (Supplementary Fig. S4). Altogether, these
results suggest that TGF-g signaling also played a role in
FXa-induced fibrosis.

DiscussIoN

Activation of coagulation factors occurs in mechanical ocular
trauma, although in vitro studies showed coagulation factors
such as FXa and thrombin stimulate a proinflammatory and
profibrotic response in RPE cells,'1:10-2530-33 whether they
contribute to the pathogenesis of PVR in vivo is yet to be
determined. Here, we report for the first time that FXa was
significantly increased in the vitreous fluid and ERMs from
patients with traumatic PVR. Besides, we demonstrated that
FXa stimulated RPE EMT in vitro, and contributed to the
retinal injury and fibrosis in a mouse model of PVR. Further-
more, the retinal injury and intraocular fibrosis in these mice
can be significantly mitigated by pretreatment with oral FXa
inhibitor. Mechanistic studies revealed that the profibrotic
response of FXa was largely mediated by PAR1-P38 path-
way, and TGF-8 signaling also played a role in FXa-induced
fibrosis.

The onset of PVR can occur between two weeks and
six months after mechanical ocular trauma.! In our rabbit
models, vitreous FXa after open globe injury was immedi-
ately increased and peaked at three days, then was grad-
ually decreased thereafter, and vitreous FXa after closed
globe injury was elevated and sustained for up to 28 days
after the injury, suggesting that increased vitreous FXa after
mechanical ocular trauma may participate in PVR patho-
genesis. In addition, we found FXa levels were significantly
elevated in the vitreous of traumatic PVR patients compared
to patients with macular hole. Ricker et al.'* reported high
procoagulant activity in subretinal fluid collected from RRD
patients who developed PVR within a two-month period
as those without postsurgical PVR, although no signifi-
cance was found between the two groups regarding the
various parameters of the thrombogram. Nevertheless, high
tissue factor (TF) levels in RRD patients were associated
with poor visual prognosis (i.e., longer duration of macular
detachment and worse preoperative visual acuity), suggest-
ing a pathological role of intraocular procoagulant factors in
vitreoretinal disorders. Besides, Bastiaans et al.'® reported
significantly increased thrombin activity in the vitreous of
patients with established PVR compared to RRD patients
without PVR development,'® which is in accordance with our
results. Overall, these studies support the role of intraocu-
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lar procoagulant factors in the pathogenesis of vitreoretinal
disorders.

To examine the actual role of FXa in PVR pathogenesis
in vivo, we used a dispase-induced mouse PVR model.'8-23-34
PVR have been successfully induced in rabbit and mouse
by employing surgical interventions or injection of cells,
for example, fibroblasts or RPE cells, or dispase.?>*> Injec-
tion of cells in the eye promoted PVR development very
rapidly and are widely used, however, the involvement of
large numbers of RPE cells in the eyes make it not suit-
able for current research. In comparison, dispase injection
provide a relative safe and reproducible model of PVR with-
out introduction of exogenous cells.'® In our study, injection
of dispase for 14 days effectively triggered PVR develop-
ment including retinal detachment and fibrosis proliferation.
Coadministration with FXa promoted a severer manifestation
of PVR. Interestingly, we found FXa alone is not sufficient
to promote PVR development. As BRB breakdown and RPE
cells exposed to vitreous components are known predis-
posing conditions associated with PVR development,' the
application of the proteolytic enzyme dispase may stimulate
similar pathological conditions that exposing RPE cells to
vitreous profibrotic factors such as FXa. Indeed, the expres-
sions of «-SMA were significantly increased in dispase+FXa
treated eyes compared to dispase or FXa treatment alone,
supporting a profibrotic effect of FXa in mouse PVR model
induced by dispase.

FXa inhibitor rivaroxaban and thrombin inhibitor dabiga-
tran are clinically approved for bleeding disorders.*37 We
tested the therapeutic effect of these anticoagulants in our
PVR mouse models. We found a beneficial role of rivarox-
aban and dabigatran in improving PVR as both inhibitors
effectively reduced the expression of a-SMA and reduced
the occurrence of retinal structural damage and retinal
detachment in dispase- and FXa-treated mice, with rivaroxa-
ban showed even better therapeutic effect than dabigatran.
Future clinical studies are needed to validate our results,
nevertheless, the effect of FXa and thrombin inhibitor might
be worth testing in mechanical ocular trauma patients who
are at high risk for developing PVR. Previous studies have
shown that the biggest safety problem of oral anticoagu-
lants is bleeding® in our experiments, we also observed
unexcepted intraocular bleeding in some mice after rivarox-
aban or dabigatran treatment. Because intraocular hemor-
rhage was considered a risk factor for development of PVR,
the occurrence of intraocular bleeding may offset the thera-
peutic benefits of oral anticoagulants. Therefore future stud-
ies are warranted to determine the best timing and dosage
for application of oral anticoagulants after mechanical ocular
trauma.

The cross-talk between FXa and TGF-8 pathway have
been reported in many studies; FXa was shown to activate
latent TGF-$ via PAR1-dependent mechanism in pulmonary
fibrosis.*® Others reported that PAR1 suppresses TGF-8
signaling via competing with TGF-SRI for TGF-SRII bind-
ing, and PARI1 activation frees TGF-BRII for TGF-SRI bind-
ing, resulting in TGF-B signaling activation.?” In our study,
the mRNA expression of TGF-§ was significantly upregu-
lated on FXa stimulation, and FXa-induced RPE EMT can be
mitigated by TGF-BR I/II inhibitor, suggesting a role for TGF-
B signaling in FXa induced profibrotic effect. However, we
did not observe phosphor activation of SMAD2/3 after FXa
treatment in ARPE-19 cells (Supplementary Fig. S4) and that
TGF-B2-induced FN expressions were not affected by PAR1
knockdown (Supplementary Fig. S5). Therefore how FXa
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interacts with TGF- pathway in RPE cells requires further
research.

In conclusion, we found significantly increased FXa in
the vitreous fluid of patients with traumatic PVR and in
rabbit eyes after mechanical ocular trauma. We demon-
strated that FXa promoted intraocular fibrosis via mecha-
nisms involving RPE activation. Most importantly, applica-
tion of FXa inhibitor significantly mitigated the retinal injury
and intraocular fibrosis induced by dispase and FXa in mice.
Overall, our data provide direct evidence of FXa inhibition in
reducing PVR development in mice, suggesting that target-
ing FXa might become a potential therapeutic strategy for
treating PVR.
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