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Purpose: This study aimed to compare the effectiveness of combination therapy
consisting of low-dose mitomycin C (MMC) and valproic acid (VPA) against high-dose
MMC for improving the scar phenotype in minimally invasive glaucoma surgery (MIGS).

Methods: A rabbit model of MIGS incorporating the PreserFlo MicroShunt was treated
with high (0.4 mg/mL) or low (0.1 mg/mL) doses of MMC or with combination therapy
consisting of low-dose (0.1 mg/mL) MMC and VPA. Operated eyes were examined by live
ocularimaging, histochemical evaluation, multiphoton quantitation of collagen charac-
teristics, and molecular analyses.

Results: Although high-dose MMC obliterated the vasculature, combination therapy
vastly improved the postoperative tissue morphology by maintaining the vasculature
without increased vascularization. Combination therapy also altered collagen morphol-
ogy and reduced encapsulation of the MicroShunt distal end, which remained at risk
with MMC treatment alone. Multiphoton quantitation indicated that the combination
therapy significantly reduced collagen density and fiber dimensions compared with
monotherapy. At the molecular level, combination therapy significantly reduced Vegfa,
Vegfc, and Vegfd expression and inhibited Col7al upregulation from baseline levels, all
of which low-dose MMC alone was unable to achieve. Notably, COL1A1 protein levels
appeared more consistently suppressed by combination therapy compared with high-
dose MMC alone.

Conclusions: Compared with high-dose MMC, combination therapy was less toxic by
sparing the vasculature and potentially more effective in reducing scarring via the
regulation of collagen content and organization.

Translational Relevance: VPA may be combined with low-dose MMC to replace high-
dose MMC to deliver safe and effective anti-scarring outcomes.

providing the most reliable IOP reduction is through

Introduction

Glaucoma is an irreversible optic neuropathy
and elevated intraocular pressure (IOP) is the main
risk factor. Reducing IOP is the only known effec-
tive modifiable factor in managing and preventing
glaucoma progression.' The current gold standard for

Copyright 2022 The Authors
tvst.arvojournals.org | ISSN: 2164-2591

glaucoma filtration surgery (GFS). In recent years,
surgical options for glaucoma therapy, which include
the use of glaucoma drainage devices (GDDs),> have
further diversified with the introduction of minimally
invasive glaucoma surgery (MIGS). These surgeries
aim to reduce IOP in a safer and less traumatic manner
compared with traditional GFS or GDDs.? The
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Preserflo  MicroShunt (Santen Pharmaceutical
Company, Osaka, Japan) operates on a mechanism
similar to a GDD as it drains aqueous humor into the
subconjunctival space via a shunt.* The 8.5-mm-long
MicroShunt with a lumen diameter of 70 um is made
of a stable and flexible polymer and implanted via an
ab externo approach. To reduce the risk of fibrosis, the
procedure requires augmentation with intraoperative
application or injection of mitomycin C (MMC).>

The primary mechanism of MMC action is via
DNA alkylation and formation of DNA cross-links,
preventing DNA synthesis leading to cell-cycle arrest,
as well as cell death through apoptosis. Indeed, single
exposures to MMC have been shown to induce
profound long-term inhibition of proliferation and
apoptosis of human conjunctival fibroblasts. These
findings have led to the successful clinical use of MMC
as an adjuvant in glaucoma filtration surgery’ and
more recently in MIGS.® However, MMC is associ-
ated with cytotoxic effects. We have demonstrated
that a one-time exposure to MMC caused persistent
signs of apoptosis in the conjunctival epithelium in a
mouse model of conjunctival scarring at 28 days post-
treatment.’ The risk of conjunctival epithelium break-
down is therefore high and likely explains the reported
serious complications associated with MMC applica-
tion such as bleb leaks, hypotony, and endophthalmi-
tis.!>!! On the other hand, growth-arrested human
Tenon’s fibroblasts following single exposures to MMC
have been demonstrated to retain the capacity to
express major scar proteins such as type I collagen and
migrate chemotactically.'>!3 The latter deficiency may
explain why surgeries continue to fail despite the use
of MMC.'* Hence, although MMC is still regarded as
the gold-standard treatment to reduce scar formation
after GFS and GDD implantation, there is the risk
of vision-threatening complications and the possibility
that scarring may still occur in the long term due to its
limited effects on other wound healing responses.

To reduce the risk of adverse effects due to MMC,
multiple studies have suggested that MMC concen-
trations may be adjusted.’> In ophthalmic surgery,
MMC is used in concentrations ranging from 0.1 to
0.5 mg/mL.'® At the most commonly used concentra-
tion range from 0.2 to 0.4 mg/mL, multiple adverse
effects were reported following GFS.!” At 0.1 mg/mL,
MMC was reported to be significantly less effective
in managing IOP compared with 0.4 mg/mL,'® but
it was thought to be safer and caused fewer compli-
cations.!>1%2° Hence, to improve low-dose MMC
efficacy, combining it with other therapeutics or
therapy has been proposed, but none of these combi-
nations has been generally accepted or widely used in
clinical practice.!’
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Valproic acid (VPA) is a small molecule drug widely
used for the treatment of neurological disorders, with
potential efficacy for numerous diseases, including
fibrotic disorders.”! We have demonstrated that VPA
was effective in reducing collagen production in a
mouse model of conjunctival scarring and a rabbit
model of MIGS.??* We hypothesize that the capac-
ity of VPA to modulate type I collagen expression
via selective regulation of Smads®> will complement
the anti-metabolite activity of MMC and help provide
improved reduction of fibrosis after GFS or MIGS. In
this study, we compared the effectiveness of a combina-
tion therapy of VPA and low-dose MMC at 0.1 mg/mL
(MMC+VPA) against that of low-dose and high-
dose MMC alone to regulate postoperative scarring
responses in a rabbit model of MIGS implanted with
the PreserFlo MicroShunt.

Rabbit Model of MIGS

All animal experiments were approved by the Insti-
tutional Animal Care and Use committee and treated
in accordance with the ARVO Statement on the Use
of Animals in Ophthalmic and Vision Research. A
total of 15 NZW rabbits, five per treatment condi-
tion, were used in this study. The rabbits, 12 to 14
weeks old and weighing 2 to 2.4 kg, were acclima-
tized for 7 days before surgery at the SingHealth Exper-
imental Medical Centre (Singapore General Hospi-
tal, Singapore). The surgical procedure involving the
Santen PreserFlo MicroShunt was performed in the
rabbit as previously described.”> MMC was applied via
a surgical sponge soaked in either 0.4 mg/mL (high-
dose) or 0.1 mg/mL (low-dose) solution. The sponge
was placed within the conjunctival/Tenon’s flap for 2
minutes before removal, then carefully and rigorously
rinsed with 10 to 20 mL of saline solution, followed
by insertion of the MicroShunt as per the manufac-
turer’s instructions. Immediately after suturing, the
MMC-treated eyes were subjected to one subconjunc-
tival injection of 0.1 mL PBS for the arms indicated
as high-dose MMC or low-dose MMC alone, or with
0.1 mL VPA at 300 pg/mL for the arm indicated as
low-dose MMC+VPA. One drop of guttae chloram-
phenicol and Betnesol-N (Glaxo Wellcome, Uxbridge,
UK) ointment was instilled at the end of the proce-
dure. Only the left eye of each rabbit was operated
on, and the surgical procedure was performed at
the same site superiorly in each animal. Follow-up
subconjunctival injections of PBS or VPA at the same
volume and concentration were given at the following
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postoperative time points: days 1, 2, 3, 4, 5, 6, 7, 10,
14, and 21. Topical antibiotic and steroid drops were
administered daily in both groups for 3 weeks after the
experimental surgery. The animals were sacrificed on
day 28 and eyes enucleated for analyses.

Live Imaging of Rabbit Eyes

Postoperative assessments by unmasked observers
were performed at weekly intervals for 4 weeks before
sacrifice. Rabbits were anesthetized before imaging was
performed. Slit-lamp biomicroscopy was performed
using a Righton LED Slit Lamp MWS50D (Right
Mfg. Co., Ltd., Tokyo, Japan). In vivo confocal micro-
scopic examinations of blebs were performed using an
HRT?3 confocal scanning laser microscope (Heidelberg
Engineering, Heidelberg, Germany).

Histochemical Evaluation

After euthanasia on day 28, the eye was dissected,
fixed with paraformaldehyde, and placed in optimal
cutting temperature compound in a cryomold before
freezing in dry ice and storage at —80°C. Then,
5 um cryosections were prepared using a Zeiss Microm
HMS550 (Carl Zeiss Meditec, Jena, Germany) and
then examined by histochemical analyses. Staining
with hematoxylin and eosin (H&E) or picrosirius
red was performed as described previously.”® The
Masson’s Trichrome Stain Kit was purchased from
Electron Microscopy Sciences (Hatfield, PA) and
used according to the manufacturer’s instructions.
Polarization microscopy for picrosirius red-stained
cryosections was performed using an ECLIPSE Ti
Series microscope (Nikon Instruments, Melville, NY)
as described before.”> Evaluations were made by
unmasked observers.

Multiphoton Imaging and Quantitative
Analysis

Images of unstained cryosections were acquired
on a fully automated, programmable, multiphoton
imaging platform (Genesis 200; HistoIndex Pte. Ltd.,
Singapore) as described previously.”> The HistoIndex
Fibrolndex software was used to analyze the region
of interest in the images (https://www.histoindex.
com/product-andservices/).>* The distributions of
collagen fiber morphometric traits, including density,
reticulation, thickness, and length, were described
by normalized quantitative fibrosis parameters.”
Five independent rabbit eyes were examined for
each condition, and three independent cryosec-
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tions from each eye were imaged for quantitative
analyses.

Real-Time Quantitative Polymerase Chain
Reaction

For mRNA analyses of the rabbit model, a small
portion of the operated conjunctiva was excised upon
euthanasia on day 28. A similar area of unoperated
conjunctiva in the contralateral eye of each rabbit
was harvested to obtain baseline values to calcu-
late fold changes in transcript expression. Rabbit
conjunctival tissues were processed and analyzed
by quantitative polymerase chain reaction (qPCR)
as described previously.”> qPCR reactions were
performed in triplicate and run using the LightCy-
cler 480 System (Roche Diagnostics, Indianapolis,
IN). All mRNA levels were measured as cycle thresh-
old (CT) levels. Acth was determined to be the most
suitable housekeeping gene of the four analyzed (Actb,
Rnal8sl, Gapdh, and Rpli3a) using NormFinder
software.”> The value for each operated eye was
calculated as a fold change relative to the corre-
sponding contralateral unoperated eye by the 2= 24€T
method. Primers used were as follows: Actb-forward,
5-ATCATGAAGTGCGACGTGGA-3, and Acth-
reverse, 5-ATCTCCTTCTGCATGCGGTC-3'; Vegfa-
forward, 5- GAAGAAGGAGACAATAAACCC-3,
and Vegfa-reverse, 5'- ACCAGAGGCACGCAGGAA
-3, Vegfc-forward, 5-CAAATGCTGGAGATGAC
TCTGC-3', and Vegfc-reverse, 5-TCGAGTTCTTT-
GTGGGGTCC-3'; Vegfd-forward, 5-ACCACACA-
GGTTGTAAGTGCT-3, and Vegfd-reverse,
5-TTGAATTGGGAACAGCGGTC-3; Collal-
forward, 5- CGATGGCTTCCAGTTCGAGT-
3, and Collal-reverse, 5- GCTACGCTGTTCT-
TGCAGTG-3'. The Vegfb sequence is currently not
available for the rabbit and was not analyzed.

Immunoblot Analysis

Operated conjunctival tissues were harvested
after 28 days and processed as described previ-
ously.?® Antibodies against collagen type I o 1 and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
were purchased from Abnova Corporation (Taipei,
Taiwan) and Santa Cruz Biotechnology (Santa Cruz,
CA) respectively. Horseradish peroxidase—conjugated
secondary antibodies were obtained from Jackson
ImmunoResearch Laboratories (West Grove, PA).
Densitometric quantitation was performed using
Image Lab software version 6.0.1 (Bio-Rad Labora-
tories, Hercules, CA). Normalization to correct for
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variations in loading was performed using GAPDH as
the housekeeping protein.

Statistical Analysis

All data are expressed as mean =+ standard devia-
tion. Values for the respective activities under the
indicated treatment conditions were calculated for
significance of differences by one-way ANOVA with
Bonferroni adjustments using SPSS Statistics 19 (IBM
Corporation, Armonk, NY). Statistical significance
was defined as P < 0.05.

Effects of Combination Therapy on Bleb
Vasculature

We have previously shown that VPA at 300 pg/mL
was effective in significantly downregulating Collal
expression in vitro in mouse and rabbit conjunctival
fibroblasts and in vivo in mouse and rabbit models
of conjunctival scarring and MIGS.?>?* In this study,
we compared the postoperative responses to treat-
ments with high-dose (0.4 mg/mL) MMC, low-dose
(0.1 mg/mL) MMC, and low-dose (0.1 mg/mL) MMC
combined with 300 pg/mL VPA (MMC+VPA) in
the rabbit model of MIGS described previously.”?
Although MMC was applied via surgical sponges, VPA
was administered as subconjunctival injections over the
course of 3 weeks. The postoperative blebs, wherein the
tubular structures of the implants in the subconjuncti-
val space under the Tenon’s capsule may be observed by
slit-lamp biomicroscopy (Figs. lA—1C, arrows), were
sustained for at least 28 days under all three conditions.
However, the morphologies of the blebs differed among
the treatment conditions. In the bleb treated with high-
dose MMC, there was marked reduction in the super-
ficial bleb vasculature in the focal area of treatment in
the first week after surgery, which then further dimin-
ished with time, culminating in almost complete demar-
cation of the bleb from the surrounding untreated
tissue (Figs. 1A, 1D, 1G, 1J). High-dose MMC also
produced a cystic bleb with observable microcysts and
pronounced elevation above the scleral bed (Fig. 1J). In
the bleb treated with low-dose MMC, a mildly cystic
bleb with a less defined boundary from normal tissue
and a visibly smaller avascular area (Figs. 1E, 1H, 1K,
asterisk) with apparent progressive return of vascular-
ization was visualized (Figs. 1B, 1E, 1H, 1K, dotted
box). In the bleb treated with MMC+VPA, normal
vascularization traversing the entire area of the postop-
erative area was visualized, with no apparent increase
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in vascularization for at least 4 weeks with the combi-
nation therapy (Figs. 1C, 1F, 11, 1L). These observa-
tions suggest that, although low-dose MMC was less
deleterious on the vasculature compared with high-
dose MMC, the incorporation of VPA resulted in the
maintenance of vascularization in the postoperative
conjunctiva.

Effects of Combination Therapy on
Vasculature Morphology

In the epithelial layer of the day 28 bleb treated with
high-dose MMC, live confocal microscopy revealed the
presence of numerous hyporeflective spaces or micro-
cysts that tended to be irregular in shape and size
and so closely juxtaposed that they appeared to be
clustered into large hyporeflective spaces (Fig. 2A,
asterisk). In contrast, fewer, more regularly shaped and
discrete microcysts were observed among the superfi-
cial conjunctival epithelial cells in blebs treated with
low-dose MMC (Fig. 2B, asterisk) or MMC+VPA
(Fig. 2C, asterisk). In the sub-Tenon’s space, large,
optically clear, and nonencapsulated cysts riddled the
stromal connective tissue treated with high-dose MMC
(Fig. 2D, asterisk). In contrast, the reticular stromal
matrices of the blebs treated with low-dose MMC
(Fig. 2E, asterisk) or MMC+VPA (Fig. 2F, aster-
isks) featured comparatively smaller microcysts. In the
deeper pre-scleral and scleral hyperreflective plane,
perfused blood vessels showing a variety of diameters,
with some appearing markedly large, were present in
blebs treated with high-dose MMC (Fig. 2G, arrow-
head and arrows) or low-dose MMC (Fig. 2H, arrow-
heads and arrow). In comparison, blood vessels in the
MMC+VPA-treated bleb often appeared to be finer
in appearance (Fig. 2I, arrows). These observations
suggest that the incorporation of VPA modifies vascu-
lar organization.

Effects of Combination Therapy on
Postoperative Scar Collagen Organization

In the H&E-stained unoperated rabbit subconjunc-
tiva, cells were observed in the midst of an extracel-
lular matrix (ECM) network populated by a loosely
organized array of fibers, with the most prominent
fibers running parallel to the scleral plane (Fig. 3A).
Treatment with high-dose MMC obliterated a substan-
tial portion of the ECM structure, resulting in a large
void where few or no fibers were detected (Fig. 3B,
asterisk). At the top and bottom boundaries of this
clear space were fibers with detectable cells, likely
delineating the perimeter of contact with the high-dose
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MMC (0.4 mg/ml) MMC (0.1 mg/ml) MMC (0.1 mg/ml) + VPA

Figure 1. Slit lamp biomicroscopy of the postoperative conjunctivas in the rabbit model of MIGS. The same postoperative eye of each
rabbit treated with high-dose (0.4 mg/mL) MMC, low-dose (0.1 mg/mL) MMC, or low-dose (0.1 mg/mL) MMC + 300 ug/mL VPA was imaged
on a weekly basis from day 7 up to 28. The location of the MicroShunt in the subconjunctival space overlying the sclera is indicated by the
horizontal arrow. Observable microcysts in the day 28 blebs are indicated by arrowheads. Apparent demarcation of the avascular bleb from
normal tissue is indicated by downward arrows. Asterisks indicate avascular areas. The dotted box tracks the same area within the bleb treated
with low-dose MMC to help visualize progressive vascularization over time.

MMC. In contrast, the ECM in the bleb treated with of ECM-void spaces (Fig. 3C, asterisks). Co-treatment
low-dose MMC retained a fibrous network that perme- with VPA appeared to cause further changes to the
ated throughout the matrix except for a few small areas ECM, as visualized fibers were visibly weaker staining
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MMC (0.4 mg/ml)

Figure 2.

TVST | January 2022 | Vol. 11 | No. 1 | Article 30 | 6

VPA

In vivo confocal microscopy of the day 28 postoperative conjunctivas. Rabbit eyes were treated as indicated. The postoperative

blebs were imaged progressively from epithelial surface to the pre-scleral layer: conjunctival epithelium (A-C), stromal matrix (D-F), and
pre-sclera and sclera layers (G-I). Asterisks indicate microcysts. Examples of thicker blood vessels are marked by arrowheads and thinner

blood vessels by arrows.

and considerably more sparsely organized compared
with those exposed to low-dose MMC monotherapy
(Fig. 3D).

Further evaluation via Masson’s trichrome stain-
ing revealed that the unoperated conjunctival stromal
collagen network featured blue-staining fibers of
variable thickness, with finer and shorter fibers immedi-
ately underneath the epithelium scattered in orienta-
tion, whereas thicker and longer fibers in the stromal
matrix ran parallel to the scleral plane (Fig. 3E). The
presence of a large collagen-void stroma was confirmed

in the bleb treated with high-dose MMC (Fig. 3F,
asterisk), whereas ECM remnants retained the organi-
zation reminiscent of the unoperated tissue. In the
bleb treated with low-dose MMC, numerous fibers
were detected throughout most of the stromal matrix
except for a few small fiber-void areas (Fig. 3G, aster-
isk). However, the majority of the fibers were stained
red/purple instead of the bona fide blue for mature
collagen fibers (Fig. 3G). The weakest trichrome signals
were visualized in the bleb treated with MMC+VPA
(Fig. 3H). As the trichrome method is known to be
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Unoperated
conjunctiva

A

Figure 3.

MMC (0.4 mg/ml)
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MMC (0.1 mg/ml)

MMC (0.1 mg/ml) + VPA

Histochemical evaluation of collagen characteristics in the day 28 postoperative conjunctivas. Rabbit eyes were treated as

indicated. Unoperated normal rabbit conjunctiva is included for comparison. Serial frozen sections of the same eye were visualized via
staining with H&E (A-D), Masson’s trichrome (E-H), and picrosirius red (I-L). Panels (A) to (H) were viewed under light microscopy, and (I) to
(L) were viewed via polarized microscopy. Asterisks indicate ECM-void spaces. S, sclera. Scale bar: 100 pm.

poor for very thin collagen fibers, it is possible that the
weakly stained, or red/purple-stained, fibers indicate
fine, delicate collagen fibers.

The polarized colors of picrosirius red-stained
fibrillar collagen are dependent on fiber thickness
and packing and may be used to differentiate thin,
newly formed green/yellow collagen fibers from thick,
mature, orange/red collagen bundles.”’ In the unoper-
ated conjunctiva, the majority of the collagen fibers
appeared as red mature fibers, whereas green/yellow
collagen fibers were a minority (Fig. 31). In the bleb
treated with high-dose MMC, the majority of the
collagen bundles surrounding the fiber-void area also
appeared orange/red (Fig. 3J), supporting the notion
that this area was spared from MMC contact. On
the other hand, numerous fine green/yellow fibers
dominated the stromal matrix of the bleb treated with
low-dose MMC (Fig. 3K), suggesting that these fibers

represent recently produced collagens with diminished
fiber packing density and/ or reduced fiber size. On the
other hand, predominantly orange/red collagen fibers
reigned in the bleb treated with MMC+VPA; however,
these fibers were conspicuously much finer and more
scattered or disorganized compared with those in the
unoperated conjunctiva (Fig. 3L). These data suggest
that, although low-dose MMC appeared to allow active
collagen synthesis, incorporation of the VPA disrupted
both new collagen production and organization.

Effects of Combination Therapy on
Microshunt Encapsulation

Poly(styrene-b-isobutylene-b-styrene) tubes were
previously shown to induce only a modest and discon-
tinuous collagen deposition at 3 and 6 months when
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MMC (0.4 mg/ml) MMC (0.1 mg/ml) MMC (0.1 mg/ml) + VPA
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Figure 4. Histochemical evaluation of tissue characteristics surrounding the MicroShunt implant. Rabbit eyes were treated as indicated.
Serial frozen sections of the same eye were visualized via staining with H&E (A-F), and picrosirius red (G-I). Panels (A) to (F) were viewed
under light microscopy, and (G) to (I) were viewed via polarized microscopy. Panels (D) to (F) are magnified areas of the respective images
in (A) to (C). The distal end of the MicroShunt resting in the subconjunctival space above the scleral surface is indicated by a thin downward
arrow. Examples of spindle-shaped cells with more intensely staining nuclei are indicated by black arrowheads. Encapsulation of the lumen
at the distal end of the MicroShunt by collagen is indicated by a white arrowhead. S, sclera. Scale bar: 100 um.

implanted under the rabbit conjunctiva and Tenon’s MMC, but few, if any, cells were detected in the
capsule.”® In the current study, a thin to extremely vicinity (Fig. 4D). In the tissue treated with low-dose
thin capsule wall was similarly observed around MMC, spindle-shaped cells, probably correspond-
the MicroShunts under all of the treatment condi- ing to fibroblasts, were documented close to the
tions (Figs. 4A-4C, arrows). In all cases, the distal distal end of the MicroShunt (Fig. 4E, arrowheads),
ends of the MicroShunts were seen to rest in the signifying potential cellular migration into the tube
subconjunctival space above the scleral surface, as lumen. Cellular presence around the distal end of the
intended. In the bleb treated with high-dose MMC, the implant was similarly observed in the tissue treated
MicroShunt was visualized in the midst of numerous with MMC+VPA (Fig. 4F, arrowheads). Further
ECM fibers not apparently eliminated by high-dose examination via polarized microscopy of picrosirius

translational vision science & technology
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red—stained areas around the MicroShunts revealed
startling disparities between the thin layer of collagen
that clearly enveloped the distal end of the implant in
the bleb treated with a low dose of MMC (Fig. 4H,
arrowhead), as well as the apparent lack of such a
defined collagen shield around the implant opening
in the tissue treated with MMC+VPA (Fig. 4I). On
the other hand, the high concentrations of fibers
surrounding the MicroShunt mouth treated with high-
dose MMC suggest a potential risk of blockage by a
collagen sheath at the distal end (Fig. 4G, arrowhead).
These observations imply that, although high-dose
MMC may appear to be most effective in reducing the
risk of cellular migration into the implant at the time
of evaluation, the risk of encapsulation of the distal
opening of the MicroShunt was not eliminated. On the
other hand, although cellular survival and migration
may not be affected by the combination therapy, the
risk of encapsulation appeared to be reduced.

Effects of Combination Therapy on Collagen
Fiber Characteristics

Label-free multiphoton imaging of cryosections
was next performed to quantify conjunctival stromal
collagen characteristics. The green second-harmonic
generation (SHG) signals representing fibrillar collagen
reiterated the patterns detected by histochemical analy-
ses for the respective treatment conditions (Fig. 5A).
Quantitation of the SHG signals using the FibroIndex
algorithm revealed that collagen fiber density (CFD),
defined as the sum of the SHG pixel intensities within
the collagen area, was only significantly reduced in
tissues treated with low-dose MMC (1.48-fold; P =
0.029) or MMC+VPA (1.83-fold; P = 0.0018) but
not with high-dose MMC when compared with the
unoperated conjunctiva (Fig. 5B). The addition of
VPA did not cause significant further CFD reduction
compared with low-dose MMC alone. On the other
hand, collagen fiber thickness was significantly lower in
the bleb treated with high-dose MMC (1.29-fold; P =
0.021) or MMC+VPA (1.56-fold; P = 0.00031), when
compared with the unoperated conjunctiva (Fig. 5C).
As treatment with MM C+VPA resulted in significantly
thinner fibers compared with treatment with low-dose
MMC alone (1.32-fold; P = 0.040), the implication
is that VPA per sé has the capacity to cause signifi-
cant reduction in collagen fiber thickness. In terms of
mean collagen fiber length, MMC+VPA was the only
treatment that resulted in significantly shorter fibers
compared with that in the unoperated tissue (1.46-fold;
P = 0.00032) (Fig. 5D). Mean collagen fiber length in
blebs treated with MMC alone, regardless of concen-
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tration, was not significantly altered from the unoper-
ated counterpart. Furthermore, we compared the levels
of collagen fiber branching by measuring the colla-
gen reticulation index (CRI), which was calculated as a
function of collagen length, or the collagen area retic-
ulation density (CARD), which was calculated as a
function of collagen area. The presence of VPA caused
significantly higher CRI and CARD in the treated
blebs compared with all other treatment conditions,
including the unoperated counterpart (Figs. SE, 5F).
Incidentally, none of these parameters was significantly
different between high- and low-dose MMC. These
data suggest that, although high-dose MMC was effec-
tive in reducing the thickness of collagen fibers and
low-dose MMC was effective in reducing collagen fiber
density compared with the unoperated counterpart,
the incorporation of VPA in low-dose MMC therapy
modified the subconjunctival scar structure in multi-
ple ways through reducing fiber density, thickness, and
length while increasing fiber branching in the stromal
matrix.

Effects of Combination Therapy on Vegf and
Col1al Expression

To determine whether the day 28 vascular pheno-
type was associated with changes in the expres-
sion of members of the vascular endothelial growth
factor (VEGF) family, we measured the conjuncti-
val expression of Vegf mRNAs. Vegfa transcripts in
the MMC+VPA arm were significantly downregulated
from the baseline unoperated level (2.52-fold; P =
0.019) (Fig. 6A). As for Vegfc, significant downregu-
lation from the unoperated level occurred with high-
dose MMC treatment (1.64-fold; P = 0.011) but not
with low-dose MMC (Fig. 6B). However, the addition
of VPA to low-dose MMC caused a significant reduc-
tion of Vegfc mRNA, down by 1.76-fold relative to the
unoperated level (Fig. 6B). On the other hand, Vegfd
transcripts in the tissues treated with high-dose MMC
were not significantly different from the unoperated
level but were significantly upregulated in the tissues
treated with low-dose MMC (1.44-fold; P = 0.011)
(Fig. 6C). Combination therapy with VPA signifi-
cantly reduced Vegfd induction by a mean of 2.43-fold
(P = 0.00039) from the unoperated level (Fig. 6C).
At this level, mean Vegfd induction was significantly
lower compared to that in either high-dose or low-dose
MMC monotherapies (Fig. 6C).

We next determined whether the expression of
type I collagen was altered in the day 28 postoper-
ative tissues. Of the three conditions, only low-dose
MMC monotherapy caused a significant upregula-
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Figure5.

Multiphoton imaging and quantitation of collagen parameters in the day 28 postoperative conjunctivas. Rabbit eyes were treated

as indicated. Unoperated normal rabbit conjunctiva is included for comparison. The stain-free cryosections were viewed using multiphoton
microscopy. (A) SHG signals (green) map the distribution of collagen fibers. S, sclera. SHG signals were quantitated using the Fibrolndex
algorithm for CFD (B), mean collagen fiber thickness (C), mean collagen fiber length (D), the CRI (E), and CARD (F). Each symbol represents
one rabbit eye. Values for the mean =+ standard deviation per condition (n = 5) are indicated by the horizontal bars. *P < 0.05, Bonferroni

adjusted.

tion of Collal mRNA expression, by 2.91-fold (P =
0.0010) when compared with unoperated tissue levels
(Fig. 6D). In contrast, the incorporation of VPA
effectively suppressed Collal mRNA induction from
the baseline unoperated level, as did high-dose MMC.
At the protein level, the large scatter in COL1A1 levels

in the high-dose MMC arm suggests great variability
in COL1A1 protein content among individual tissues
under this condition (Fig. 6E). In comparison, there
was less deviation in COL1Al protein levels in the
blebs treated with low-dose MMC, and the most
stable and consistent COL1A1 protein levels (smallest
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Figure 6. Vegfand Collal expression in the day 28 postoperative conjunctivas. Rabbit eyes were treated as indicated. Conjunctival tissues
from both contralateral unoperated and operated eyes were harvested and subjected to analyses by qPCR for Vegfa (A), Vegfc (B), Vegfd
(C), and Col1a1 (D) transcripts. Values shown were calculated as fold changes from contralateral unoperated levels whose values are repre-
sented by black diamonds. Each symbol represents one rabbit eye. Values for the mean fold change + standard deviation per condition (n
= 5) are indicated by the horizontal bars. The fold differences in mean expression between the indicated conditions, where significant, are
also shown. *P < 0.05, Bonferroni-adjusted. (E) Postoperative tissues were harvested and subjected to analyses by immunoblotting with
COL1A1 antibody. (Top) Representative blots showing three samples for each condition probed with COL1A1 or GAPDH antibody. (Bottom)
Densitometric analyses of COL1A1 expression, normalized to GAPDH. Each value represents the fold of normalized COL1A1 signal intensity
relative to the mean signal intensity measured in the high-dose MMC arm. Values for the mean fold + standard deviation per condition (n

=5) are indicated by the horizontal bars.

standard deviation) were measured in the blebs treated
with MMC+VPA (Fig. 6E). Although not statistically
significant, the addition of VPA caused a 2.15-fold
reduction in the mean COL1A1 protein level relative
to low-dose MMC monotherapy alone (Fig. 6E). Taken
together, the incorporation of VPA to low-dose MMC
not only effectively reduced the mRNA of all three
Vegf members to below the baseline unoperated levels
but also suppressed the induction of Collal mRNA
with an efficacy similar to that of high-dose MMC.

The addition of VPA further promised greater consis-
tency in the reduction of COL1A1 protein content in
the treated bleb.

Discussion

We reveal in this study that the combination therapy
of low-dose MMC and VPA was effective in protect-
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ing the postoperative vasculature that was overtly
disrupted by high-dose MMC. Importantly, not only
was the effectiveness of this combination therapy
in reducing molecular expression of type I colla-
gen comparable to that of high-dose MMC, but it
also did so in a more consistent manner and caused
alterations in collagen organization synonymous with
weaker scars. Moreover, the risk of MicroShunt encap-
sulation was also apparently decreased. This combina-
tion therapy is therefore expected to reduce the risk
of adverse side effects while achieving the same and
potentially improved anti-scarring results as high-dose
MMC monotherapy.

High-dose MMC is associated with a high incidence
of bleb avascularity. This has been well documented
in patients'® and reiterated in animal models, includ-
ing the mouse model of conjunctival scarring’ and
rabbit model of glaucoma filtration surgery.”? MMC
is known to be highly toxic to capillary endothe-
lial cells.’® As capillary endothelial cells are a rich
source of VEGFE,! the depletion of these cells in turn
inhibits angiogenesis during wound healing, result-
ing in the progressive development of a pale, avascu-
lar bleb. Indeed, progressive avascularity with high-
dose MMC was observed in this study, corroborat-
ing similar observations in patients.!” Avascular blebs,
especially those covering large areas, are prone to
spontaneous leakage and transconjunctival oozing.'?
Hence, a long-lasting healthy bleb will preferably retain
some vascularity while avoiding the excessive vascu-
larization that has frequently been associated with
surgical failure.*’> Here, we show that the applica-
tion of low-dose MMC reduced bleb avascularity
compared with high-dose MMC, but the addition of
VPA went further by seemingly supporting the survival
of the vasculature without an apparent increase in
vascularization. Indeed, VPA is known to activate
cell survival signaling pathways,*® provide cytopro-
tective effects in lethal hemorrhage,’* and preserve
endothelial function in a model of severe traumatic
shock.’> At the same time, VPA has been noted for
its capacity to suppress multiple pathways of angio-
genesis.’® This study further reveals that the addition
of VPA can lead to significant reductions of all
three known Vegf members in the rabbit conjunc-
tiva. Vegfa is a well-established regulator of angio-
genesis, but both Vegfc’’ and Vegfd®® are emerging
as potent angiogenic factors in pathological angiogen-
esis. Moreover, these factors are known to regulate
blood vessel size,**:3* which may account for the more
refined vessels seen in the blebs treated with combina-
tion therapy. We further speculate that the VPA effect
on blood vessel dimensions may also be contributed
to by reduced collagen deposition, as vessel size was
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demonstrated to positively correlate with collagen
density in both in vivo and in vitro experimental
studies.*’

The detection of a high incidence and density
of microcystic spaces in the bleb epithelium and
stroma by slit-lamp biomicroscopy and in vivo confo-
cal microscopy has been shown to correlate signifi-
cantly with good filtering bleb function.*'~*} In agree-
ment with the human response to MMC,*% the
rabbit bleb treated with high-dose MMC also presented
with numerous microcysts that suggest good filtra-
tion function. The clustering distribution of epithe-
lial microcysts detected with high-dose MMC was
similarly observed in patients treated with MMC.*
As treatment with low-dose MMC, alone or combined
with VPA, clearly resulted in fewer microcysts in
the epithelium and conspicuously smaller microcysts
in the stroma, these treatments may be deemed less
effective than high-dose MMC in supporting a good
functional bleb. However, microcyst detection, as a
sign of drainage capacity, is only one gauge of
bleb functionality. Weak scars may allow filtration
to occur without the need for physically detectable
microcysts. In the case of MIGS, encapsulation of
the MicroShunt is also an important consideration.
Hence, other measures directly related to the level of
scarring after therapeutic treatment warrant detailed
evaluation

Consistent with observations in patients treated
with high-dose MMC,*’- large acellular and avascu-
lar spaces that reflect MMC toxicity were seen in
similarly treated rabbit eyes. However, mature colla-
gen fibers, likely remnants of the original pre-surgery
network spared from MMC toxicity, as well as cells
resembling spindle-shaped fibroblasts, were conspic-
uously present in the periphery and boundaries of
this space. Hence, disparities in MMC exposure areas
between treated eyes will likely result in variability in
effects, particularly with respect to collagen quantity,
thus accounting for the large deviation in type I colla-
gen protein levels measured. Furthermore, the local-
ized and incomplete coverage of the subconjunctiva by
high-dose MMC activity may imply that scar forma-
tion is still possible. Indeed, the potential encroach-
ment of collagen fibers toward the distal end of the
MicroShunt may be a sign of increasing scarring activ-
ity. Nonetheless, at the time of examination, we did
not observe cells in the vicinity of the distal end of
the MicroShunt, which suggests that cellular activ-
ity was still effectively controlled by the high-dose
MMC.

Although bleb survival was noted with all treat-
ments, the long-term risk of failure may be highest
in the bleb treated with low-dose MMC monother-
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apy. The obvious cellular presence, particularly around
the distal end of the MicroShunt, was an ominous
sign for the potential risk of scarring. More impor-
tantly, the tissue was inundated with numerous appar-
ently immature collagen fibers, indicating that active
collagen deposition was still occurring at 1 month
post-surgery. This was corroborated by the signifi-
cant elevation of Col/lal mRNA induction in tissues
treated with low-dose MMC at this time point. The
addition of VPA to low-dose MMC therapy effec-
tively blocked Collal mRNA induction. This implies
that collagen production was paused or maintained
at steady-state levels by VPA, as substantiated by the
mature appearance of the fibers observed by histo-
chemical examination. The suppression of collagen
production in the MMC+VPA bleb further correlated
with visibly less MicroShunt encapsulation, partic-
ularly toward the distal end opening that is criti-
cal for drainage. The impact of VPA on conjuncti-
val collagen production is consistent with our previ-
ous findings in both mouse and rabbit models.’>>* On
addition to inhibiting collagen synthesis, the addition
of VPA altered the collagen matrix dramatically, with
a predominance of significantly thinner and shorter
fibers compared with that treated with low-dose MMC
alone. Notably, the deposition of thinner fibers was
another consistent observation associated with VPA
treatment.”> The implication of the increased retic-
ulation from VPA treatment on tissue function is
uncertain. We do not anticipate that tissue stiff-
ness associated with collagen reticulation will be
increased, as this feature was concurrent with reduced
collagen density together with thinner and shorter
fibers.

Taken together, this study has demonstrated that
VPA modulates collagen deposition in both quantity
and quality, with all attributes tending toward that
of a weaker postoperative scar. Moreover, our data
suggest that, although high-dose MMC via sponge
application may reduce local scar formation by drastic
devastation of the subconjunctival matrix, cells, and
vasculature, inhibition is unlikely to be complete
and, when coupled with adverse effects arising from
the tissue damage, surgical success will be compro-
mised and cannot be guaranteed. On the other
hand, low-dose MMC demonstrated much less toxic-
ity with respect to cells and vascularity but was
utterly ineffective in reducing collagen production.
As a reflection of the distinct mechanisms afforded
by the respective drugs, the addition of VPA to
low-dose MMC not only provided for the deficiency
of the latter in controlling collagen production but
also protected the vasculature and further modified
the scar structure to one that may favor filtration.
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This study therefore suggests that a combination of
low-dose MMC and VPA may be a viable clini-
cal replacement for high-dose MMC for achieving
improved and safer long-term outcomes for GFS and
MIGS.
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