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Purpose: The gold standard for managing postoperative ocular fibrosis in glaucoma
surgery is the chemotherapeutic mitomycin C (MMC) despite its association with signif-
icant adverse effects. This study compares in vitro the antifibrotic efficacy and cytotoxi-
city of the small-molecule TGF A1 inhibitor SB-431542 (SB) to MMC.

Methods: To measure collagen contraction, human Tenon'’s capsule fibroblasts (HTCFs)
embedded in a three-dimensional collagen lattice were exposed to 0.2 mg/mL MMC
or 20 uM SB followed by incubation with 2 ng/mL TGF 1. Total protein extracted from
experimentally treated HTCFs underwent immunoblotting for «—smooth muscle actin
(x-SMA), matrix metallopeptidase 9 (MMP-9), and EDA splice-variant fibronectin (EDA-
FN) expression. Cytotoxicity and cell metabolism were assessed using LIVE/DEAD stain-
ing, lactate dehydrogenase (LDH) assay, and methylthiazole tetrazolium (MTT) assay.

Results: Collagen lattice contraction in TGF81-induced HTCFs was significantly lowered
by SB and MMC. Pretreatment with SB and MMC significantly lowered protein expres-
sion of -SMA, MMP-9, and EDA-FN in HTCFs relative to TGFB1 alone. HTCF viability in
collagen lattices was significantly reduced with MMC pretreatment but not SB pretreat-
ment. MMC-pretreated HTCFs had a significant increase in LDH release after 3 hours and
adecrease in MTT activity after 20 minutes, while SB-pretreated HTCFs showed no signif-
icant changes via MTT or LDH assay during the same treatment period.

Conclusions: SB shows comparable efficacy to MMC in reducing expression of fibrosis-
promoting proteins in HTCFs and in vitro scarring activity. SB distinguishes itself from
MMC by exhibiting less cytotoxicity in both two-dimensional and three-dimensional in
vitro assays.

Translational Relevance: This study demonstrates in vitro the potential of SB as a safer
alternative ocular antifibrotic agent.

intraocular pressure (IOP), the only modifiable risk

Introduction

Glaucoma is a progressive optic neuropathy result-
ing in irreversible vision loss that affects over 80 million
people globally.! Treatment strategies aim to reduce
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factor for glaucoma development and progression.’
First-line treatments for glaucoma include laser proce-
dures and topical medications. However, when these
treatments fail, surgical approaches such as angle-
based or bleb-forming microinvasive glaucoma surgery
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or the more invasive bleb-forming trabeculectomy are
often employed.*-* Bleb-forming surgery aims to create
a new outflow channel for aqueous humor drainage
into the subconjunctival space, thereby lowering the
IOP>-° However, bleb-forming surgery is associated
with significant failure rates, often caused by an aggres-
sive postoperative fibrotic response.! Excessive fibrosis
results in closure of the newly formed outflow channel
and reductions in extracellular matrix porosity of the
bleb tissues, leading to a decrease in outflow facility,
return of elevated IOP, and continued progression of
glaucoma. Inversely, insufficient healing may result in
excessive fluid leakage, causing hypotony.! Therefore,
proper management of postoperative wound healing
in glaucoma surgery is paramount for optimal surgical
outcomes. '’

Corticosteroids continue to be the mainstay
for managing fibrosis because of their ability to
reduce postoperative inflammation and inflammation-
induced scarring.” ! However, corticosteroids are
associated with problematic adverse events, includ-
ing corticosteroid-induced ocular hypertension,
secondary glaucoma, and increased risk of infec-
tion.”®!' In 1983, the chemotherapeutic agent
mitomycin C (MMC) was adopted as a new gold-
standard antifibrotic therapy. MMC exhibits potent
cytotoxic effects by acting as an alkylating agent
to cross-link DNA.'>!3 While MMC is effective
at reducing fibrosis by inhibiting fibroblast prolif-
eration, the drug has potent off-target cytotoxic
effects on surrounding ocular tissue, being associated
with decreased wound integrity, hypotony, endoph-
thalmitis, and accelerated cataract progression.'#~1¢ In
addition, MMC is highly unpredictable in its efficacy,
making a standard dose and exposure time for treat-
ment ambiguous—further contributing to glaucoma
surgery failure rates.’-!'> While corticosteroids and
MMC have improved the success rates of filtering
surgery, surgical failure is still an issue.> Since surgi-
cal intervention is often the ultimate attempt to control
IOP for glaucoma, surgical failure leaves patients
in danger of permanent, irreversible vision loss.
Thus, there is an ongoing need for novel therapeutic
targets addressing the shortcomings of current surgical
adjuvants.!

One potential alternative is the TGFA1 inhibitor
SB-431542 (SB), which can inhibit activin receptor-like
kinases (ALKs), including ALKS.!” TGFB1 activa-
tion of ALKS signals for nuclear localization of the
SMAD?2/3 proteins, which enhance transcription of
fibrosis-promoting proteins such as collagen, matrix
metallopeptidase (MMP), and fibronectin.!-!8-20
Therefore, upstream inhibition of the TGFg1
pathway by SB in human Tenon’s capsule fibroblasts
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(HTCFs) may result in disruption of TGFg1-induced
fibrosis.

In the current study, we investigate the effects of
SB on HTCFs in comparison to MMC by examin-
ing TGFB1-induced expression of fibrosis-promoting
proteins MMP-9, a—smooth muscle actin (¢-SMA),
and EDA splice-variant fibronectin (EDA-FN), as well
as collagen lattice contraction in a three-dimensional
(3D) tissue mimetic. Furthermore, we characterize
the safety of SB relative to MMC by measuring cell
death and cellular metabolic activity by LIVE/DEAD
staining, lactate dehydrogenase (LDH) assay, and
methylthiazole tetrazolium (MTT) assay. We hypoth-
esize HTCFs pretreated with SB or MMC will express
comparable levels of collagen contraction, MMP-9,
EDA-FN, and «-SMA post-TGFg1 treatment, with
SB exhibiting significantly lower cytotoxic effects than
MMC.

Materials and Methods

HTCF Collection and Culture

The current study followed the tenets of the Decla-
ration of Helsinki and was approved by the office of
Human Research Ethics at Western University (REB
106783). After providing informed consent, patients
undergoing glaucoma surgery at the Ivey Eye Insti-
tute in London, Ontario, had part of Tenon’s capsule
resected and collected for culture (Table). Tissue was
cultured according to previously described method-
ology,’! and HTCFs were isolated and stored in a
cryogenic chamber prior to experimental use. HTCFs
were subsequently cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Gibco, Thermo Fisher
Scientific, Waltham, MA, USA) with 10% fetal bovine
serum (FBS) (Gibco, Thermo Fisher Scientific) and 1%
penicillin/streptomycin (P/S) (Gibco, Thermo Fisher
Scientific) until 90% confluency.

Collagen Contraction Assessment

HTCFs were prepared in a delayed-release
fibroblast-populated collagen lattice model that was
constructed using a previously described method-
ology,”> based on the model by Bell et al.>} The
HTCFs were incubated, within the collagen lattices,
with 2% FBS, 1% P/S, and 0.25 mM L-ascorbic acid
2-phosphate (Sigma-Aldrich, St Louis, MO, USA)
DMEM for 72 hours. After, collagen lattices received
experimental treatment of 20 uM SB for 5, 10, or 20
minutes or 0.2 mg/mLL MMC for 1, 2, or 4 minutes.
Following pretreatment, lattices were detached from
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Patient No. Age,y Sex Ocular Medications

Surgery
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Relevant Information of Anonymized HTCF Cell Line Donors With Open-Angle Glaucoma

Experimental Usage

1 60 M Avastin, PGA, BB, AA, CAl Setonimplant  LDH, MTT, densitometry

2 87 F CAIl Trabeculectomy LDH, MTT, densitometry

3 72 F BB, CAl, PA, MI Trabeculectomy LDH, MTT, densitometry

4 67 F PGA, AA CAI, MI Trabeculectomy LDH, MTT, densitometry

5 74 M AA, BB, CAl, PA, MI Trabeculectomy LDH, MTT

6 79 M  PA, AA, BB Trabeculectomy LDH, MTT

7 63 M BB, CAl, PA, MI Trabeculectomy LDH, MTT

8 64 F BB, AA, CAI Setonimplant  Collagen contraction, LIVE/DEAD staining
9 63 M  PGA, BB, AA, CAI Trabeculectomy Collagen contraction, LIVE/DEAD staining
10 76 M PGA, BB, AA, CAI Trabeculectomy Collagen contraction, LIVE/DEAD staining
11 78 M  PGA, BB, CAI Trabeculectomy Collagen contraction, LIVE/DEAD staining

AA, alpha-agonist; BB, beta-blocker; CAl, carbonic anhydrase inhibitor; MI, miotic; PA, prostamides; PGA, prostaglandin

analogue.

the culture well with a sterile spatula. A positive control
(PC) group and vehicle control (VC) group each
comprising HTCFs within a collagen lattice without
pretreatment were also detached. Detached lattices
were incubated for 72 hours in 2 ng/mL TGFB1 or
vehicle media. The culture plates were scanned using a
digital flatbed scanner (Scanjet 8200; Hewlett-Packard,
Palo Alto, CA, USA), starting with an initialization
baseline of 0 hours and then at 2, 4, 6, 8, 12, and
24 hours, followed by 12-hour increments for 3 days,
up to 96 hours. The area of the collagen lattices was
assessed using ImageJ (National Institutes of Health,
Bethesda, MD, USA). Each lattice’s measured area
was standardized to its baseline area and reported as
change from the original area in mean percentage of
the baseline area. The mean percentage change in area
was compared with a two-way analysis of variance
(ANOVA) and Dunnett’s test for SB and MMC.

Protein Extraction and Western Blots

HTCFs were cultured in 6-well plates until they
reached 90% confluency. Twenty-four hours prior to
initiation of treatment, culture medium was changed
to serum-free 1% P/S DMEM. Following exposure to
serum-free media, each well had medium aspirated,
and the well was washed with phosphate-buffered
saline (PBS) prior to treatment. Pretreatments included
20 uM SB (S4317; Sigma-Aldrich) for 5, 10, or
20 minutes and 0.2 mg/mL MMC (M4287; Sigma-
Aldrich) for 1, 2, or 4 minutes. VC and PC wells
received a PBS pretreatment for 20 minutes. After
pretreatment, each well had its media removed and was
washed with PBS. All groups then received 2 ng/mL

TGFB1 in 1% P/S DMEM, except for the VC, which
received 1% P/S DMEM alone. The HTCFs were then
incubated for 48 hours at 37°C.

After 48 hours, wells were washed with PBS and
treated with 1:100 proteinase-lysis buffer solution of
a protease inhibitor mix (P2714; Sigma-Aldrich) and
PhosphoSafe Extraction Reagent lysis buffer (71296;
Sigma-Aldrich). Each well was scraped to detach any
adherent cells, and the solution was then homog-
enized with a 30-gauge needle and syringe. Total
protein concentration for each sample was measured
with a BCA protein assay (23225; Pierce, Thermo
Fisher Scientific, Waltham, MA, USA) following
the manufacturer’s instructions. Protein concentra-
tions were standardized between all samples and
then loaded into wells for sodium dodecyl sulfate—
polyacrylamide gel electrophoresis. For MMP-9 and
a-SMA, 8% gel was used; for EDA-FN, 6% gel was
used. Gel electrophoresis was performed at 100 V for
1 hour followed by electro-transfer to a nitrocellulose
membrane. Membranes were exposed to 10 mL of 5%
bovine serum albumin in Tris-buffered saline blocking
buffer for 1 hour. Primary antibodies used for MMP-
9, a-SMA, and EDA-FN (ab38898, ab5694, abcam,
Cambridge, UK; sc-59826, Santa Cruz Biotechnol-
ogy, Dallas, TX, USA) were prepared as 1/1000,
1/500, and 1/200 dilutions, respectively. Additionally,
antibodies against the housekeeping gene GAPDH
(ab8245; abcam) were used. Primary antibody incuba-
tion occurred overnight at 4°C for MMP-9, EDA-
FN, and «-SMA and for 1 hour for GAPDH at
room temperature. Secondary antibodies of goat
anti-mouse IgG were used for GAPDH and EDA-
FN immunoblotting (AB_228307; Thermo Fisher
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Scientific). Secondary antibodies of goat anti-
rabbit IgG were used for MMP-9 and «-SMA
immunoblotting (AB_228341; Thermo Fisher Scien-
tific). Secondary antibodies were applied for 1 hour at
room temperature. Chemiluminescence was performed
with a Gel Doc (Thermo Fisher Scientific) to obtain
densitometry data. Quantitative analysis of densito-
metry was performed by using Image Lab Software
(Bio-Rad Laboratories, Hercules, CA, USA). Each
sample band was normalized to its respective GAPDH
band. Expression of protein was calculated as a ratio of
sample protein density to the PC. A one-way ANOVA
and post hoc Tukey’s test was used for statistical analy-
sis to compare densitometry differences between all
groups.

Assessment of Cellular Viability in Collagen
Lattices

After completion of collagen contraction measure-
ment, the same collagen lattices were used for
LIVE/DEAD staining. The collagen lattices under-
went cytotoxicity assay by incubation with the 8 pg/mL
fluorescein diacetate (F7378; Sigma-Aldrich) and
20 ug/mL propidium iodide (P4170; Sigma-Aldrich)
for 5 minutes. After incubation with the LIVE/DEAD
dyes, the collagen lattices underwent PBS wash and
immediate imaging at 20x magnification with a
laser-scanning confocal microscope (A1R HD; Nikon
Instruments Inc, Tokyo, Japan). Each technical repli-
cate had 10 representative images captured. Using
ImageJ software, the ratio of live cells to the sum of
live and dead cells was calculated and standardized to
the PC. The LIVE/LIVE + DEAD ratio was compared
between groups with a one-way ANOVA and post hoc
Tukey’s test.

Metabolic Activity and Cytotoxicity
Assessment

HTCFs for LDH and MTT assays were cultured in
24-well plates until 90% confluency. Twenty-four hours
prior to initiation of treatment, culture medium was
changed to serum-free 1% P/S colorless DMEM. All
treatment groups were performed in triplicate. Pretreat-
ments included 20 uM SB or 0.2 mg/mL MMC in
1% P/S colorless DMEM for 20 minutes, 3 hours, or
6 hours. Additionally, 0.2 mg/mL MMC in DMEM
was used as a pretreatment to replicate the clinically
relevant MMC exposure times of 1, 2, or 4 minutes.
VC, PC, and total cell death control (TCD) received
a treatment of serum-free 1% P/S colorless DMEM
solution for 6 hours. After pretreatment, all wells were
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washed with PBS. All HTCF groups except for VC and
TCD received 2 ng/mL TGFB1 in 1% P/S DMEM. VC
received 1% P/S colorless DMEM and TCD received
10% v/v Triton X-100 (Sigma-Aldrich) in 1% P/S color-
less DMEM. The HTCFs were then incubated for 48
hours at 37°C. After incubation, the LDH and MTT
assays were performed on the HTCFs.

Following experimental treatment, media were
removed and set aside for the LDH assay before cells
were incubated in MTT treatment medium (M2128;
Sigma-Aldrich) for 2 hours, and sample signal inten-
sity at 575 nm was measured and analyzed relative
to the VC absorbance. The LDH assay (11644793001;
Roche Diagnostics, Basel, Switzerland) was performed
with the removed media following the manufacturer’s
instructions. The LDH concentration for samples was
determined from an LDH standard curve using the
sample’s signal intensity at dual filter (490 nm and 655
nm). The ratio of sample LDH concentration relative
to the LDH concentration of the TCD treatment group
was used for analysis.

One-way ANOVA and post hoc Tukey’s test was
used for the LDH and MTT assays to perform statis-
tical analysis by comparing LDH concentration and
MTT absorbance differences, respectively, across all
groups.

SB and MMC Demonstrate Significant
Antifibrotic Efficacy in Three- and
Two-Dimensional In Vitro Assays

TGFpB1 exposure alone promoted a significant
increase in contraction relative to untreated fibrob-
lasts embedded in the collagen lattices (N = 4, n =
3), demonstrating the fibrosis-promoting properties of
TGFpB1. Nonetheless, both SB and MMC pretreat-
ments were able to significantly lower TGFS1-induced
contraction compared to collagen lattices exposed
to TGFgB1 alone (Fig. 1). Significant differences in
contraction started to become evident as early as 3
hours following detachment for SB-exposed HTCFs
and at the 12-hour time point for MMC-exposed
HTCFs. Four days following detachment, all tested
durations of exposure to SB and MMC displayed
a significant decrease in scarring in vitro relative to
TGF§1 alone.

The mean densitometry analysis showed a signif-
icant increase in «-SMA, EDA-FN, and MMP-9
expression in HTCFs that received TGFB1 alone
compared to HTCFs that received no TGFg1
(N =4, n =1). In contrast, TGFB1-induced HTCFs
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Figure 1. Collagen contraction area of HTCFs in delayed-release fibroblast-populated collagen lattice after SB-431542 (SB) or mitomycin C
(MMC) pretreatment. (A) Area of contraction by MMC pretreatment. (B) Collagen lattice discs pretreated with MMC. (C) Area of contraction
by SB pretreatment. (D) Collagen lattice discs pretreated with SB. VC and PC HTCFs received a PBS pretreatment for 20 minutes. All other
HTCFs were pretreated with 20 uM SB in DMEM solution for 5, 10, or 20 minutes or 0.2 mg/mL MMC in DMEM solution for 1, 2, or 4 minutes.
After pretreatment, all HTCFs except the VC were incubated in 2 ng/mL TGF81 in DMEM solution for 96 hours. VCs were incubated in DMEM
solution for 96 hours. Culture plates were scanned after hours 1 to 12 and after days 1 to 4. Collagen lattice area was standardized to the
baseline area and expressed as mean percentage change from the baseline. Mean percentage change + SEM was compared with a two-way
ANOVA and Dunnett’s test (N = 4, n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

pretreated with SB or MMC for all tested lengths of
exposure demonstrated a significantly lower expression
of a-SMA, EDA-FN, and MMP-9 proteins compared
to the TGFpBl-induced HTCFs that received no

pretreatment (Fig. 2). Therefore, the densitometry
analysis showed that SB and MMC pretreatments
were both able to lower TGFg1-induced promotion of
fibrosis-associated proteins.
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Mean densitometry of sample fibrotic protein expression in HTCFs. (A) Representative EDA-FN Western blots with GAPDH on 6%

sodium dodecyl sulfate (SDS) gel. (B) Representative «-SMA and MMP-9 Western blots with GAPDH on 8% SDS gel. (C) Mean densitometry
of «-SMA. (D) Mean densitometry of EDA-FN. (E) Mean densitometry of MMP-9. VC and PC HTCFs received a 20-minute PBS pretreatment. All
other HTCFs were pretreated with 20 uM SB or 0.2 mg/mL MMC in PBS solution for varying durations. After pretreatment, all HTCFs except
the VC were incubated in 2 ng/mL TGFB1 in DMEM solution for 48 hours. Protein expression for all groups was standardized relative to the
PC protein expression. Significance listed is relative to the PC. Mean protein expression = SEM was compared with a one-way ANOVA and
post hoc Tukey’s test (N =4, n = 1). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

MMC Demonstrates Significant Cytotoxicity
and Reduction of Cell Metabolic Activity,
While SB Shows No Significant Effects on Cell
Metabolism or Cytotoxicity

There was no significant difference in LIVE/DEAD
cellular viability between TGFgI1-induced HTCFs
pretreated with SB compared to the HTCFs that
received no pretreatment (N = 4, n = 3), displaying
the minimal effect of SB on HTCF viability. However,

MMC pretreatment for 1, 2, and 4 minutes signifi-
cantly lowered the cellular viability of TGFB1-induced
HTCFs relative to all other experimental groups
(Fig. 3), demonstrating the cytotoxicity of MMC.

The extracellular presence of LDH, a marker of
cell injury, significantly increased in concentration
with TGFB1-induced HTCFs after exposure to MMC
for 3 hours or 6 hours in comparison to all other
treatment groups (N = 7, n = 3). In contrast, even
after SB exposure for 6 hours, HTCFs displayed no
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Figure 3. LIVE/DEAD staining of HTCF collagen lattices after SB or MMC pretreatment. (A) VC staining. (B) PC staining. (C) SB staining.
(D) MMC staining. (E) LIVE/LIVE + DEAD signal of stained HTCFs; VC and PC HTCFs received a PBS pretreatment for 20 minutes. All other
HTCFs were pretreated with 20 uM SB in DMEM solution for 5, 10, or 20 minutes or 0.2 mg/mL MMC in DMEM solution for 1, 2, or 4 minutes.
After pretreatment, all HTCFs except the VC were incubated in 2 ng/mL TGFS1 in DMEM solution for 96 hours. HTCFs were marked with 20
pg/mL propidium iodide dye signifying dead cells in red and 8 pg/mL fluorescein diacetate dye signifying live cells in blue. The ratio of live
cells to the sum total of live and dead cells was measured in ImageJ and standardized to the PC. Mean ratios + SEM were compared with
one-way ANOVA and post hoc Tukey'’s test (N = 4, n = 3). ***P < 0.001.

significant increase in extracellular LDH concentra-
tion and had comparable extracellular LDH concen-
tration to HTCFs that received no pretreatment
(Fig. 4A), evidencing minimal HTCF injury by SB.
Similarly, pretreatments of 2 uM SB and 20 nM SB
did not significantly increase LDH release by HTCFs
(Supplementary Fig. S1). TGFgB1-induced HTCFs

pretreated with MMC for the clinically relevant
durations of 1, 2, or 4 minutes had no signifi-
cant change in LDH concentration in comparison to
HTCFs that received no MMC pretreatment (Fig. 4B).

TGFpB1 exposure alone significantly increased
HTCF metabolic activity, demonstrating the
increased metabolic requirement of the myofibroblast
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Figure 4. Mean LDH concentration in HTCFs after SB or MMC pretreatment. (A) Long exposure of MMC and SB. VC and PC HTCFs received a
20-minute, 3-hour, or 6-hour DMEM pretreatment. All other HTCFs were pretreated with 20 uM SB or 0.2 mg/mL MMC in DMEM solution for
varying durations of time. (B) Clinically relevant treatment with MMC. VC and PC HTCFs received a 4-minute DMEM pretreatment. All other
HTCFs were pretreated with 0.2 mg/mL MMC in DMEM for 1, 2, or 4 minutes. The TCD control consisted of HTCFs given 10% Triton X-100 in
DMEM solution. After pretreatment, all HTCFs except the VC and TCD were incubated in 2 ng/mL TGF1 in DMEM solution for 48 hours. VCs
were incubated in DMEM solution for 48 hours, and TCDs were incubated in 10% v/v Triton X-100 in DMEM solution for 48 hours. Supernatant
of each well underwent the LDH assay and had LDH concentration measured. LDH concentration was standardized and expressed as a ratio
relative to the TCD LDH concentration. Mean LDH concentration + SEM was compared with a one-way ANOVA and post hoc Tukey's test

(N=7,n=3).*P <0.05, ***P < 0.0001.
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Figure 5. Mean MTT absorbance in HTCFs after SB or MMC
pretreatment. VC and PC HTCFs received a 20-minute, 3-hour, or 6-
hour DMEM pretreatment. All other HTCFs were pretreated with 20
pM SB or 0.2 mg/mL MMC in DMEM solution for 20 minutes, 3 hours,
or 6 hours. The TCD consisted of HTCFs given 10% Triton X-100 in
DMEM solution for 48 hours. After pretreatment, all HTCFs except the
VC and TCD were incubated in 2 ng/mL TGFA1 in DMEM solution for
48 hours. VCs were incubated in DMEM solution for 48 hours, and
TCDs were incubated in 10% v/v Triton X-100 in DMEM solution for
48 hours. HTCFs were incubated in the MTT assay solution for 2 hours
and had MTT absorbance measured at 575 nm. MTT absorbance
was standardized and expressed as a ratio relative to the VC MTT
absorbance. Mean absorbance &+ SEM was compared with a one-way
ANOVA and post hoc Tukey’s test (N=7,n = 3).*P < 0.05, ***P < 0.01.

phenotype. Pretreatment of TGFg1-induced HTCFs
with MMC for 3 and 6 hours reduced MTT activity to
the level of total cell death control, significantly lower-
ing MTT activity in comparison to all other treatment
groups (N = 7, n = 3). In contrast, SB pretreatment
slightly lowered TGFg1-induced metabolic activity
in HTCFs after 20 minutes, 3 hours, and 6 hours
of exposure to a level within range of HTCFs that
received no TGFB1 (Fig. 5). Metabolic activity of
HTCFs pretreated with 2 uM SB or 20 nM SB was
comparable to the 20-uM SB pretreatment, with 20 uM
showing strongest effects and no notable cytotoxicity
(Supplementary Fig. S2).

In this study, we investigated the in vitro antifibrotic
efficacy of SB and its safety in comparison to MMC
using HTCFs. The results suggest that SB is as effica-
cious at reducing fibrosis as MMC, with significantly
less associated cytotoxicity.

The results of the collagen contraction assay
demonstrate SB can prevent in vitro fibrosis similar to
MMC. These results are supported by previous litera-
ture findings for both SB and MMC. Previously, a 25-
hour treatment of 1 uM SB had been shown to signif-
icantly lower collagen contraction area in TGFg1-
induced human dermal fibroblasts.>* Type 1 collagen
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secretion in rat uterine fibroblasts was significantly
lowered by treatment with 5 pg/mL MMC for 48
hours.”> Our experiments demonstrated significantly
lowered collagen contraction with shorter SB and
MMC treatment durations compared to those studies.
Since the collagen lattice functions as an in vitro 3D
tissue mimetic, differences in HTCF-mediated contrac-
tion may offer insight into HTCF scarring activity in
vivo. Therefore, the significant efficacy of SB at pre-
venting collagen contraction in vitro suggests that SB
may be useful to manage postsurgical ocular scarring,
but this would require further exploration in vivo.

The impact of TGFgB1-induced expression of «-
SMA, MMP-9, and EDA-FN in promoting in vitro
scarring activity is evidenced by our research and previ-
ously reported findings. Our study showed that SB was
able to significantly lower TGFB1-induced expression
of a-SMA, EDA-FN, and MMP-9 in HTCFs with a
5-minute pretreatment and with similar results for 10-
and 20-minute pretreatment durations. In addition, this
significantly decreased expression of fibrotic markers
was comparable to the effects of MMC pretreatment
for all proteins measured. These findings are impor-
tant as @-SMA is a common marker of myofibrob-
last transformation and is involved in HTCF contrac-
tility.”® As well, MMP-9 is involved in the extracellular
matrix remodeling required for the effective regulation
of wound healing.”’ Also, EDA-FN, a form of cellular
fibronectin with an alternativity spliced domain A, is
suggested to promote fibroblast differentiation into the
myofibroblast phenotype and, by extension, expression
of a-SMA.%®

The importance of these fibrosis-promoting
proteins is also evidenced by their clinical manifes-
tation in glaucomatous individuals. Increased myofi-
broblast expression of fibrosis-promoting proteins like
a-SMA has been reported in glaucomatous compared
to nonglaucomatous patients.”’ Furthermore, reduc-
tion of myofibroblast activity such as with MMC is
important for surgical success.!?!315-1 Modulation
of myofibroblast activity by MMC affects the expres-
sion of fibrosis-promoting proteins and thus clinical
scarring outcomes; scar specimens from patients who
received MMC showed little «-SMA expression while
those from patients who received no MMC showed
heavy a-SMA expression.*® Since SB is able to reduce
a-SMA comparably to MMC, SB may have a similar
antifibrotic effect on scar tissue.

The antifibrotic efficacy of SB to reduce a-SMA,
fibronectin, and MMP-9 expression in TGF 81-treated
fibroblasts has been previously reported.’!3* Further-
more, «-SMA, some matrix metallopeptidases, and
fibronectins are known to have their expression induced
by SMAD?2/3 localization, a downstream consequence
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of TGFBI1 activation of ALKS5."® 2 Therefore, it
is plausible that preventing SMAD?2/3 localization
upstream by TGFgS1 inhibition may reduce a-SMA,
MMP-9, and EDA-FN expression. MMC is also
well documented to lower the expression of fibrosis-
related proteins like «-SMA, fibronectin, and MMP-
9, which is concurrent with our findings3*3¢ In
summary, because TGFg1-induced expression of «-
SMA, MMP-9, and EDA-FN plays an important role
in the promotion of scarring, SB-induced inhibition of
TGFpB1 could translate positively in the management
of postsurgical scarring.

The in vitro safety of SB relative to MMC is
reflected in the LIVE/DEAD staining of TGFg1-
treated HTCFs. SB demonstrated no significant change
in the percentage of live cells for different exposure
times compared to VC or PC groups, unlike the MMC-
treated group, which showed significantly increased
cytotoxicity. MMC-induced lowering of cell viabil-
ity is likely due to the ability of MMC to act as
a DNA cross-linker, causing cell death.!>!* Further-
more, a previous LIVE/DEAD staining experiment
reported that fibroblast-like synoviocytes cultured in
a collagen gel remained viable after exposure to
50 uM SB for 20 hours.’” Additionally, another previ-
ous study using a LIVE/DEAD assay reported MMC
to significantly increase cell death in human corneal
fibroblasts.’® Together, these findings as well as our
own data from the 3D in vitro tissue mimetic suggest
that MMC inhibits contraction via a cytotoxic mecha-
nism. In contrast, as SB does not display any signifi-
cant cytotoxicity, its anticontractile effects are due to
a different mechanism, likely related to the inhibition
of procontractile and profibrotic proteins, as demon-
strated by immunoblotting.

This study found a significant elevation in LDH
concentration associated with MMC pretreatment but
not with SB pretreatment. MMC at 0.2 mg/mL was
previously shown to increase LDH release in rabbit
keratocytes treated up to 24 hours.>® The lack of signif-
icant LDH release with SB suggests it may be safer
than MMC across the measured time points. Clini-
cally relevant pretreatment times for MMC were also
performed at 1 minute, 2 minutes, and 4 minutes.
However, despite 0.2 mg/mL MMC being effective
when applied for these times during surgery, 0.2 mg/mL
MMC failed to display a significant LDH increase
at these durations in vitro. A potential cause of this
discrepancy is that MMC is more effectively washed
out from cells in vitro after treatment, whereas during
surgery, MMC is absorbed into the eye and thus less
effectively removed by wash.

The MTT results for SB provide further evidence
for the antifibrotic efficacy and potential safety of the
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drug. Pretreatment of HTCFs with SB prior to TGFA1
exposure lowered cellular metabolic activity to within
VC range. The decrease in metabolic activity may
reflect the inhibition of TGFpg1-induced myofibrob-
last transformation by SB, as the myofibroblast pheno-
type is associated with a higher metabolic rate than the
fibroblast phenotype.*’ This observation, combined
with the lack of significant LDH increase, strength-
ens the idea that SB is lowering metabolic activ-
ity by inhibiting myofibroblast transformation instead
of by cytotoxic action. In contrast to SB, MMC
significantly lowered cellular metabolic activity for all
time points in TGFg1-induced HTCFs. MMC likely
lowered MTT activity by potent cytotoxicity, similar to
the LIVE/DEAD staining results for MMC. Further-
more, this result is supported by the current literature
as 0.2 mg/mL MMC applied for 3 hours has been previ-
ously shown to lower MTT activity in human corneal
fibroblasts.*! In summary, the MTT results provide
further evidence supporting SB as a safe and effective
antifibrotic drug.

Study Limitations

The primary limitation of this in vitro study is
the absence of other inflammatory cytokines present
in aqueous humor and the intercellular interactions
between immune cells and fibroblasts. Consequen-
tially, the complete inflammatory response seen with
ocular filtration surgery is missing, as there can be
no immune cells infiltrating into the eye. Therefore,
there are restrictions on the conclusions that can be
drawn on the efficacy and safety of SB within the entire
context of a living system. Going forward, current
findings warrant investigations of SB effects in a cocul-
ture model of fibroblasts and inflammatory cells, as
well as translation of these findings to in vivo animal
models.

Conclusions

This study demonstrates the potential of SB
to significantly reduce the TGFg1-induced in vitro
fibrotic activity of HTCFs without displaying evidence
of cytotoxicity. SB showed comparable efficacy to
MMC in mitigating the TGFg1-induced fibrosis
mediated by HTCFs in vitro. These findings strengthen
the case for developing SB as a viable alternative thera-
peutic for managing subconjunctival scarring after
bleb-forming glaucoma surgery. Our results strongly
support the need for further investigation of SB within
an animal model of glaucoma surgery, to determine
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its in vivo efficacy and potential to ultimately improve
patient outcomes at bedside.

Acknowledgments

The authors thank David Tingey, John Gonder,
and the nursing staff of the Ivey Eye Institute at St.
Joseph’s Health Care Hospital in London, Ontario,
for their assistance in acquiring the tissue specimens
from patients’ Tenon’s capsules; Zia Khan from the
Department of Pathology and Laboratory Medicine
of the Schulich School of Medicine and Dentistry at
the University of Western Ontario for his guidance;
and the Department of Pathology and Laboratory
Medicine for funding this research.

Disclosure: J.E. Teplitsky, None; A. Vinokurtseva,
None; J.J. Armstrong, None; J. Denstedt, None;
H. Liu, None; C.M.L. Hutnik, None

References

1. Yamanaka O, Kitano-Izutani A, Tomoyose K,
Reinach PS. Pathobiology of wound healing after
glaucoma filtration surgery. BMC Ophthalmol.
2015;15:157.

2. Coleman AL, Kodjebacheva G. Risk factors for
glaucoma needing more attention. Open Ophthal-
mol J. 2009;3:38-42.

3. Distelhorst JS, Hughes GM. Open-angle glau-
coma. Am Fam Physician. 2003;67(9):1937-1944.

4. Pillunat LE, Erb C, Jinemann AGM, Kimmich
F. Micro-invasive glaucoma surgery (MIGS): a
review of surgical procedures using stents. Clin
Ophthalmol. 2017;11:1583-1600.

5. Al Habash A, Aljasim LA, Owaidhah O, Edward
DP. A review of the efficacy of mitomycin C
in glaucoma filtration surgery. Clin Ophthalmol.
2015;9:1945-1951.

6. Prum BE, Rosenberg LF, Gedde SJ, et al. Primary
open-angle glaucoma preferred practice pattern
guidelines. Ophthalmology. 2016;123(1):41-111.

7. Almatlouh A, Bach-Holm D, Kessel L. Steroids
and nonsteroidal anti-inflammatory drugs in the
postoperative regime after trabeculectomy—which
provides the better outcome? A systematic review
and meta-analysis. Acta Ophthalmol. 2019;97:146—
157.

8. Chang L, Crowston JG, Cordeiro MF, Akbar
AN, Khaw PT. The role of the immune system in



translational vision science & technology

ALKS5 Inhibition of Subconjunctival Scarring

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

conjunctival wound healing after glaucoma
surgery. Surv Ophthalmol. 2000;45(1):49-68.
Araujo SV, Spaeth GL, Roth SM, Starita RJ.
A ten-year follow-up on a prospective, random-
ized trial of postoperative corticosteroids after tra-
beculectomy. Ophthalmology. 1995;102(12):1753—
1759.

Spitzer MS, Yoeruek E, Kaczmarek RT, et al.
Sodium hyaluronate gels as a drug-release system
for corticosteroids: release kinetics and antiprolif-
erative potential for glaucoma surgery. Acta Oph-
thalmol. 2008;86(8):842-848.

Chang DF, Tan JJ, Tripodis Y. Risk factors
for steroid response among cataract patients.
J Cataract Refract Surg. 2011;37(4):675-681.
Wilkins M, Indar A, Wormald R. Intraopera-
tive mitomycin C for glaucoma surgery. Cochrane
Database Syst Rev. 2005;2005(4):CD002897.
Wolters JEJ, van Mechelen RJS, al Majidi R, et al.
History, presence, and future of mitomycin C in
glaucoma filtration surgery. Curr Opin Ophthal-
mol. 2021;32(2):148-159.

Wang D, Jampel HD. Imprecision medicine: the
use of mitomycin C in trabeculectomy surgery.
Ophthalmol Glaucoma. 2018;1(3):149-151.

Cheng JW, Cai JP, Li Y, Wei RL. Intraopera-
tive mitomycin C for nonpenetrating glaucoma
surgery: a systematic review and meta-analysis.
J Glaucoma. 2011;20(5):322-326.

Seibold LK, Sherwood MB, Kahook MY. Wound
modulation after filtration surgery. Surv Ophthal-
mol. 2012;57(6):530-550.

Inman GJ, Nicolas FJ, Callahan JF, et al.
SB-431542 is a potent and specific inhibitor
of transforming growth factor-beta superfamily
type I activin receptor-like kinase (ALK) recep-
tors ALK4, ALKS, and ALK7. Mol Pharmacol.
2002;62(1):65-74.

Biernacka A, Dobaczewski M, Frangogiannis
NG. TGF-8 signaling in fibrosis. Growth Factors.
2011;29(5):196-202.

Walton KL, Johnson KE, Harrison CA. Targeting
TGF-B mediated SMAD signaling for the preven-
tion of fibrosis. Front Pharmacol. 2017;8:461.
Huang S, Chen B, Humeres C, Alex L, Hanna A,
Frangogiannis NG. The role of Smad2 and Smad3
in regulating homeostatic functions of fibroblasts
in vitro and in adult mice. Biochim Biophys Acta
Mol Cell Res. 2020;1867(7):118703.

Armstrong JJ, Denstedt JT, Trelford CB, Li EA,
Hutnik CML. Differential effects of dexametha-
sone and indomethacin on Tenon’s capsule fibrob-
lasts: implications for glaucoma surgery. Exp Eye
Res. 2019;182:65-73.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

TVST | February 2023 | Vol. 12 | No.2 | Article 31 | 11

Dallon JC, Ehrlich HP. A review of fibroblast-
populated collagen lattices. Wound Repair Regen.
2008;16:472-479.

Bell E, Ehrlich HP, Buttle DJ, Nakatsuji T.
Living tissue formed in vitro and accepted as
skin-equivalent tissue of full thickness. Science.
1981;211(4486):1052-1054.

Hasegawa T, Nakao A, Sumiyoshi K, Tsuchi-
hashi H, Ogawa H. SB-431542 inhibits TGF-beta-
induced contraction of collagen gel by normal and
keloid fibroblasts. J Dermatol Sci. 2005;39(1):33—
38.

Xu F, Shen X, Sun C, Xu X, Wang W, Zheng J.
The effect of mitomycin C on reducing endometrial
fibrosis for intrauterine adhesion. Med Sci Monit.
2020;26:€920670.

Tai Y, Woods EL, Dally J, et al. Myofibrob-
lasts: function, formation, and scope of molec-
ular therapies for skin fibrosis. Biomolecules.
2021;11(8):1095.

Mohan R, Chintala SK, Jung JC, et al. Matrix met-
alloproteinase gelatinase B (MMP-9) coordinates
and effects epithelial regeneration. J Biol Chem.
2002;277(3):2065-2072.

Kohan M, Muro AF, White ES, Berkman N.
EDA-containing cellular fibronectin induces
fibroblast differentiation through binding to
alphadbeta7 integrin receptor and MAPK/Erk 1/2-
dependent signaling. FASEB J. 2010;24(11):4503—
4512.

Trelford CB, Denstedt JT, Armstrong JJ, Hutnik
CML. The pro-fibrotic behavior of human Tenon’s
capsule fibroblasts in medically treated glaucoma
patients. Clin Ophthalmol. 2020;2020(14):1391—
1402.

Mietz H, Arnold G, Kirchhof B, Diestelhorst
M, Krieglstein GK. Histopathology of episcle-
ral fibrosis after trabeculectomy with and without
mitomycin C. Graefes Arch Clin Exp Ophthalmol.
1996;234:364-368.

Xiao YQ, Liu K, Shen JF, Xu GT, Ye W. SB-
431542 inhibition of scar formation after filtration
surgery and its potential mechanism. Invest Oph-
thalmol Vis Sci. 2009;50(4):1698—1706.

Fu SH, Wang HY, ZhangJY, et al. Overexpression
of ALKS induces human Tenon’s capsule fibrob-
lasts transdifferentiation and fibrosis in vitro. Curr
Eye Res. 2017;42(7):1018-1028.

Stuelten CH, DaCosta Byfield S, Arany PR, Kar-
pova TS, Stetler-Stevenson WG, Roberts AB.
Breast cancer cells induce stromal fibroblasts
to express MMP-9 via secretion of TNF-alpha
and TGF-beta. J Cell Sci. 2005;118(pt 10):2143—
2153.



translational vision science & technology

ALKS5 Inhibition of Subconjunctival Scarring

34.

35.

36.

37.

Ferguson B, Gray SD, Thibeault S. Time and
dose effects of mitomycin C on extracellular
matrix fibroblasts and proteins. Laryngoscope.
2005;115(1):110-115.

Szabo D, Kovacs D, Endrész V, et al. Antifi-
brotic effect of mitomycin-C on human vocal
cord fibroblasts. Laryngoscope. 2019;129(7):255-
262.

Cinik R, Yiiksel N, Pirhan D, Aslan MS, Subasi C,
Kara6z E. The effect of everolimus on scar forma-
tion in glaucoma filtering surgery in a rabbit model.
Curr Eye Res. 2016;41(11):1438-1446.

Lee AJ, Mahoney CM, Cai CC, et al. Sustained
delivery of SB-431542, a type 1 transforming
growth factor beta-1 receptor inhibitor, to pre-
vent arthrofibrosis. Tissue Eng Part A.2021;27(21—
22):1411-1421.

38.

39.

40.

41.

TVST | February 2023 | Vol. 12 | No. 2 | Article 31 | 12

Chang SW, Chou SF, SY Yu. Dexametha-
sone reduces mitomycin C-related inflammatory
cytokine expression without inducing further cell
death in corneal fibroblasts. Wound Repair Regen.
2010;18(1):59-69.

Kim TI, Tchah H, Lee SA, Sung K, Cho BJ, Kook
MS. Apoptosis in keratocytes caused by mitomycin
C. Invest Ophthalmol Vis Sci. 2003;44(5):1912—
1917.

Bernard K, Logsdon NJ, Ravi S, et al. Metabolic
reprogramming is required for myofibroblast
contractility and differentiation. J Biol Chem.
2015;290(42):25427-25438.

Kim TI, Choi SI, Lee HK, Cho YJ, Kim EK. Mit-
omycin C induces apoptosis in cultured corneal
fibroblasts derived from type Il granular corneal
dystrophy corneas. Mol Vis. 2008;14:1222-1228.



