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Previously we found that inhibitor of differentiation 3 (Id3)
gene, a transcriptional repressor, efficiently inhibits corneal
keratocyte differentiation to myofibroblasts in vitro. This study
evaluated the potential of adeno-associated virus 5 (AAV5)-
mediated Id3 gene therapy to treat corneal scarring using an es-
tablished rabbit in vivo disease model. Corneal scarring/
fibrosis in rabbit eyes was induced by alkali trauma, and 24 h
thereafter corneas were administered with either balanced
salt solution AAV5-naked vector, or AAV5-Id3 vector (n =
6/group) via an optimized reported method. Therapeutic ef-
fects of AAV5-Id3 gene therapy on corneal pathology and
ocular health were evaluated with clinical, histological, andmo-
lecular techniques. Localized AAV5-Id3 gene therapy signifi-
cantly inhibited corneal fibrosis/haze clinically from 2.7 to
0.7 on the Fantes scale in live animals (AAV5-naked versus
AAV5-Id3; p < 0.001). Furthermore, AAV5-Id3 treatment
significantly reduced profibrotic gene mRNA levels: a-smooth
muscle actin (a-SMA) (2.8-fold; p < 0.001), fibronectin (3.2-
fold; p < 0.001), collagen I (0.8-fold; p < 0.001), and collagen
III (1.4-fold; p < 0.001), as well as protein levels of a-SMA
(23.8%; p < 0.001) and collagens (1.8-fold; p < 0.001). The
anti-fibrotic activity of AAV5-Id3 is attributed to reduced
myofibroblast formation by disrupting the binding of E-box
proteins to the promoter of a-SMA, a transforming growth fac-
tor-b signaling downstream target gene. In conclusion, these
results indicate that localized AAV5-Id3 delivery in stroma
caused no clinically relevant ocular symptoms or corneal
cellular toxicity in the rabbit eyes.

INTRODUCTION
Corneal blindness is a global leading cause of blindness. About 10
million people have bilateral corneal blindness, 39 million people
have no vision, and more than 246 million people have moderate/se-
vere vision impairment worldwide.1–3 Eye trauma and corneal ulcer
are among the top insults and are linked to causing 1.5–2 million
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new cases of corneal blindness each year.4 Corneal disorders instigate
vision loss in roughly 4% of the United States population. According
to the National Eye Institute, the annual economic burden of ocular
disorders including blindness in America alone is $139 billion.2,5 At
present, there are limited treatment modalities available for effectively
treating corneal scarring in patients. In terms of topical treatment
modalities, the current pharmaceutical options still rely on intraoper-
ative drugs and steroids such as mitomycin C (MMC) for the preven-
tion of corneal haze.4–8 These treatments can have numerous adverse
effects, and there is a debate among clinicians about the correct dosing
and duration of use for such medications as safe treatments for
corneal scarring.9–11 Recently, limbal stem cell therapy appeared as
a promising treatment choice. However, the success of stem cell ther-
apies relies on the availability of donor ocular tissues in addition to
considerations of maintenance, transportation, cell-culturing tech-
niques, long-term storage, and expansion. These are the major hur-
dles to the viability of limbal stem cell therapy as a readily available
treatment option.12–14 Current topical therapies for corneal haze or
scarring provide only short-term relief, require multiple applications,
cause a variety of side effects, and often fail. Currently, donor cornea
transplant surgery is a standard of care to restore corneal function and
vision. However, 53% of the world’s population have no access to
donor corneas for surgical intervention and 12.7 million people
around the world are waiting for corneal transplantation.1 The suc-
cessful use of donor corneal tissues always depends on the screening
parameters, preservation techniques, storage, transport, and the
detailed clinical evaluation of the donor corneas, which are the major
hurdles of this process. Furthermore, the supply of transplantable
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Figure 1. AAV5-Id3 gene therapy regulates corneal fibrosis and maintains corneal transparency

(A–F) Stereo-biomicroscopic images show the progress of alkali trauma in the AAV5-naked vector group in a time-dependent manner. (G–L) Stereo-biomicroscopic images

show the progress and efficacy of AAV5-Id3 gene therapy after alkali trauma in the AAV5-Id3 group in a time-dependent manner. (M) Haze quantification graph on the Fantes

scale shows the impact of AAV5-Id3 gene therapy in corneal tissue. There were six samples in each group, and error bars represent ±SEM. *p < 0.05; **p < 0.01; ***p < 0.001.

Scale bars, 3.0 mm.
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donor corneas is depleting because of HIV infection and refractive
laser surgeries such as PRK, LASIK, and LASEK in the United States
and other developed countries. Therefore, the development of non-
surgical efficacious and safe modalities for corneal scarring and other
prevalent corneal disorders is important.

Corneal transplantation remains the most feasible choice for the suc-
cessful treatment of corneal scarring through surgical interven-
tion.15–17 However, high cost along with the limited supply of good
donor corneas, potential surgical complications, and graft rejections
restrict the widespread use of surgical intervention for corneal
disorders.18

The etiology and underlying molecular mechanism of corneal scar-
ring have been explored over the last several decades. Keratocyte
migration, proliferation, and differentiation play a dominant role in
corneal wound healing, remodeling, and transparency resurgence.
Under traumatic stress, disruption of the homeostatic balance of cy-
tokines, chemokines, growth factors, and transcription factors leads
to pathological conditions in the cornea such as scarring and
impaired vision.1–3 The decisive role of transforming growth factor
b (TGF-b), suppressor of mothers against decapentaplegic signaling
(Smad), and bone morphogenetic proteins (BMPs) in fibrotic
signaling regulating keratocyte differentiation is documented in the
literature.19–21 These upstream regulators govern cell-cycle arrest,
inhibit cellular proliferation, and promote differentiation or apoptosis
by targeting numerous transcription factors, which include runt-
related transcription factor 1 (RUNX1), basic-helix-loop-helix
(bHLH), forkhead transcription factor, specificity protein 1, activator
protein 1, and inhibitor of differentiation (Id) genes.22–24 The bHLH
proteins and Ids play an essential role in directing cell fate by regu-
lating the transcription of various genes. Id proteins are a subfamily
of regulatory dimeric bHLH transcription factors that bind to
E-box (CANNTG) sequences on the promoter region of target gene
factors to regulate cellular events such as cell growth, proliferation,
and differentiation.25–27 Earlier, we characterized all four Ids in the
human cornea and reported their role in differentiation cascades
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through targeting of TGF-b/Smad signaling via bHLH protein and
E-box sequences using an established in vitro corneal fibrosis
model.23,24

Our previous work suggested that TGF-b/Smad hyperactivity syn-
chronizes the differentiation cascades and that the HLH protein Id3
controls the transcription machinery of the differentiation process
by modulating the heterodimer with E-box protein in corneal wound
healing.23,24 The findings of our in vitro research led to a novel postu-
late that the Id3 gene delivered into corneal stroma in a tissue-targeted
manner with an AAV5 vector via a reported topical technique can
offer an effective gene therapy method to treat corneal fibrosis in vivo.
This study tested the therapeutic potential, safety, and tolerability of
AAV5-Id3 gene therapy in preventing excessive wound-healing pro-
cess and as a successful treatment modality for corneal scarring using
an established preclinical rabbit in vivo model.

RESULTS
Clinical-level evaluation of AAV5-Id3 on corneal fibrosis and

transparency

AAV5-Id3 gene therapy delivered 24 h post alkali trauma into corneal
stroma significantly attenuated existing corneal fibrosis and restored
corneal transparency in vivo (Figures 1A–1L). The central corneas of
all rabbits were transparent before alkali injury (Figures 1A and 1G)
and subsequently developed severe opacification within 1 day of alkali
injury (Figures 1B and 2H). AAV5-Id3 or AAV5-naked vector was
topically administered into stroma 24 h after alkali injury. Rabbit cor-
neas receiving Id3 gene therapy (AAV5-Id3) demonstrated clinically
significant amelioration of corneal fibrosis/opacification and a con-
current time-dependent increase in corneal transparency on day 7
(Figure 1I), day 14 (Figure 1J), day 21 Figure 1K), and day 28 (Fig-
ure 1L) compared with the corneas that received no gene therapy
(AAV5-naked) (Figures 1C–1F). In addition, the rabbit eyes that
received Id3 gene therapy showed marked reductions in clinical
corneal edema, ocular inflammation, scleral hyperemia, and ocular
discharge after day 14. Quantitative clinical corneal haze scores on
Fantes grading were evaluated by at least two masked observers



Figure 2. AAV5-Id3 gene therapy does not impact corneal re-epithelialization

(A–L) Fluorescein eye test microscopic images show that the re-epithelialization patterns were the same in the AAV5-naked vector and AAV5-Id3 gene-delivered groups of

animal corneal tissue in a time-dependent manner. (B) and (H) show that corneal epithelium was not a present post-alkali injury at day 1 in AAV5-naked vector and AAV5-Id3

gene-delivered groups. (C) and (I) show the regular turnover of the corneal epithelium post alkali injury at day 7 in AAV5-naked vector and AAV5-Id3 gene-delivered groups.

Scale bars, 3.0 mm.
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(Figure 1M). The AAV5-Id3 gene therapy produced a statistically sig-
nificant reduction in corneal haze at day 7 (2.1-fold; p < 0.001), day 14
(2.5-fold; p < 0.001), day 21 (3.4-fold; p < 0.001), and day 28 (3.5-fold;
p < 0.001) compared with the corresponding AAV5-naked delivered
corneas. No significant differences in haze scores were noted in the
AAV5-Id3 and AAV5-naked groups on day 1 and day 3. The slit-
lamp-based subjective clinical evaluations (Figure S1) concurred
with the stereo biomicroscopy evaluations and the respective Fantes
haze scores shown in Figure 1. AAV5-Id3 gene delivery led to clinical
resolution of corneal fibrosis but did not adversely affect typical phys-
iological wound healing (Figures S1A–S1L). Representative slit-lamp
images showed no evidence of corneal haze at baseline (Figures S1A
and S1G) and a dense haze on day 1 post injury (Figures S1B and
S1H). A significant decrease in the haze was detected from day 7 on-
ward until day 28 in AAV5-Id3-delivered corneas (Figures S1I–S1L)
compared with AAV5-naked corneas (Figures S1C–S1F). On day 28,
corneal haze scores were 0.7 versus 2.6 (p < 0.001) in the AAV5-Id3
and AAV5-naked groups, respectively.

Fluorescein staining showed that AAV5-Id3 gene therapy is not dele-
terious to corneal re-epithelialization (Figure 2). Fluorescent bio-
microscopic images displayed normal epithelium at baseline
(Figures 2A and 2G) and a focal loss of epithelium in the central
cornea 1 day after alkali injury (Figures 2B and 2H), and complete
re-epithelialization and negative fluorescein staining by day 7
(Figures 2C and 2I). Overall, AAV5-Id3 gene therapy did not impact
corneal re-epithelialization compared with the AAV5-naked or
balanced salt solution (BSS)-treated animal groups.

Optical coherence tomography (OCT) images of rabbit corneas
collected 28 days post alkali injury exhibited pathologic changes
including increased epithelial reflectivity, focal regions of hyperinten-
sity within the stroma, and increased corneal thickness compared
with naive corneas (Figure 3). The sequelae to corneal injury were
markedly attenuated in the AAV5-Id3 group compared with the
AAV5-naked group (Figures 3B and 3C).
Themid-stromal region (central corneal injury zone) on confocal bio-
microscopy showed a prominent arrangement of the basal nerve
plexus in the naive control group (Figure 3D). In the AAV5-naked
group the keratocyte population was not visible, while in the
AAV5-Id3 group the keratocyte population and nerve plexus were
organized in an improved manner (Figure 3F) compared with the
AAV5-naked group at day 28. The gross OCT analysis found the ker-
atocyte population and stromal reorganization to be close to naive
controls in AAV5-Id3-treated corneas. At the same time, the mid-
stromal region (peripheral non-injury zone) showed no prominent
difference in the arrangement of the nucleus, basal nerve plexus,
and keratocyte organization pattern in naive, AAV5-naked, and
AAV5-Id3-treated groups (Figures 3G–3I).

Effect of AAV5-Id3 gene therapy on corneal fibrosis

AAV5-Id3 gene therapy to rabbit corneas post alkali trauma resulted
in improved wound healing. The fibrotic markers, mRNA, and pro-
tein levels supported the clinical observations seen in live animals.
The quantitative real-time PCR (qRT-PCR) mRNA expression of
four profibrotic marker genes (a-smooth muscle actin [a-SMA],
fibronectin, collagen I, and collagen III) were evaluated in the corneas
of naive, AAV5-naked, and AAV5-Id3 groups post euthanasia at day
28 (Figures 4A–4D). Alkali trauma significantly elevated the expres-
sion of four tested profibrotic genes in the AAV5-naked corneas
compared with the naive corneas (5.38 ± 0.34-fold; p < 0.001), while
AAV5-Id3 gene transfer significantly reduced expression of a-SMA
(2.08 ± 0.47-fold; p < 0.001), fibronectin (3.11 ± 0.29-fold;
p < 0.001), collagen I (1.69 ± 0.33-fold; p < 0.001), and collagen III
(2.07 ± 0.41-fold; p < 0.001) compared with the non-therapy corneas
(AAV5-naked).

Histological analysis further revealed that AAV5-Id3 gene therapy
had a profound inhibitory effect on myofibroblast formation
(Figures 4E–4H) and collagen levels (Figures 4I–4L). Immunofluores-
cence analysis of a myofibroblast marker, a-SMA, found significantly
reduced a-SMA-positive cells in AAV5-Id3 corneas (Figure 4F)
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Figure 3. AAV5-Id3 gene therapy abolishes alkali

trauma and conserves corneal integrity

(A–C) SPECTRALIS confocal images show that treatment

with AAV5-Id3 minimized the fibrotic effects associated

with alkali burn injury compared with AAV5-naked. A small

strip of hyper-reflectivity was recorded in the anterior

stroma and normal keratocyte density in AAV5-Id3-

treated animals compared with AAV5-naked vector con-

trol group corneal tissues, which showed high reflectivity

indicating the presence of haze post-alkali trauma on

day 28. (D–F) Ultrastructural HRT3-RCM confocal images

show that the AAV5-Id3 group cornea conserves the stro-

mal keratocyte organization in the central stromal (injury)

zone, while in the AAV5-naked vector group the kerato-

cyte and basal nerve plexus were not visible in central

stromal (injury) zone on day 28. (G–I) Ultrastructural

HRT3-RCM confocal images of the peripheral corneal region (non-injury zone) show that the stromal keratocyte, extracellular matrix (ECM), and basal nerve plexus organi-

zation remain the same between the naive, AAV5-naked, and AAV5-Id3 group corneal tissues on day 28. All HRT3-RCM confocal images (D–I) are 400 � 400 mm.
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compared with the AAV5-naked corneas (Figure 4E). Quantification
showed a 23.78% ± 3.56% reduction of a-SMA in the AAV5-Id3
group compared with the AAV5-naked group (p < 0.001; Figure 4H).
The collagen expression in naive, AAV5-naked, and AAV5-Id3 cor-
neas was analyzed with Masson’s trichrome staining (Figures 4I–
4K). The stroma of the injured corneas (Figures 4I and 4J) showed
higher collagen expression compared with the naive corneas (Fig-
ure 4K) while among two injured groups, AAV5-Id3 corneas
(Figure 4J) showed markedly reduced collagen than the AAV5-naked
corneas (Figure 4I). The quantification of collagen by measuring the
pixel area of the blue color showed a 1.86 ± 0.27-fold reduction by
AAV5-Id3 therapy (Figure 4I).

Quantity of delivered Id3 gene copies

The amount of delivered Id3 gene copies in corneas was quantified by
real-time PCR following the published method.19 Rabbit corneas
treated with the AAV5-Id3 showed 4.12 � 107 ± 0.47 copies of Id3
per 1 mg of DNA (Figure S2); at the same time, AAV5-naked vector
control group corneas showed Id3 gene expression similar to that
of naive control corneas.

Suitability of AAV5-Id3 gene therapy for the rabbit eye

To gauge the acceptance of AAV5-Id3 therapy, Modified MacDon-
ald-Shadduck score, tear volume, central corneal thickness, and
intraocular pressure (IOP) were measured in live rabbits in a time-
dependent manner, and corneal tissue sections were subjected to he-
matoxylin and eosin (H&E) and immunofluorescence staining post
euthanasia. The cumulative scores of the standard Draize and modi-
fied MacDonald-Shadduck tests recorded in live animals by two or
more researchers in a blinded manner are presented in Table 1. As ex-
pected, both AAV-5 naked and AAV5-Id3 eyes showed significantly
increased (p < 0.001) clinical scores up to day 3 in injured eyes
compared with naive counterparts, owing to alkali wounding. From
day 7 onward, the AAV5-Id3 gene therapy group animals’ scores
were reduced significantly (p < 0.01) compared with AAV5-naked
group animals and trended toward those of naive control animals.
Similar trends were observed at day 14 (p < 0.05) and day 21
3260 Molecular Therapy Vol. 30 No 10 October 2022
(p < 0.001). No significant differences were detected in the central
corneal thickness, IOP, or tear volume across time points between
AAV5-Id3 and AAV5-naked groups, suggesting that the given
AAV5-Id3 dosing does not result in iatrogenic corneal edema, ocular
hypertension, or dry eye conditions (Figures 5A–5C).

Histological H&E staining showed no noticeable immune cell infiltra-
tion or foreign bodies in corneal tissue (Figures 6A–6C). In H&E, a
mild aberration in morphology and presence of fibrosis/scarring
was observed in AAV5-naked corneal sections attributable to the
alkali injury while AAV5-Id3 therapy markedly attenuated these ef-
fects. CD11b (Figures 6D–6F) and F4/80 (Figures 6G–6I) immuno-
fluorescence staining revealed unremarkable infiltration of immune
cells in naive, AAV5-naked, and AAV5-Id3 corneal tissue sections.
On a similar note, a TUNEL apoptosis assay detected few TUNEL-
positive cells (<5) in the corneal stroma of all three groups
(Figures 6J–6L), suggesting that AAV5-Id3 treatment is non-toxic
and does not adversely affect keratocyte density. Detection of several
TUNEL-positive cells in the corneal epithelium of all groups is due to
physiological turnover of the squamous and wing cells of the epithe-
lium. These results suggest that topical AAV5-Id3 treatment is toler-
able for in vivo corneal therapeutic uses.

Association of Id3 with E-box protein

Our earlier in vitro studies showed regulation of E-box proteins by the
Id3 gene while reducing keratocyte differentiation.23 Thus, we at-
tempted to verify whether this mechanism is part of the anti-fibrotic
response delivered by the AAV5-Id3 gene therapy in rabbit cornea
in vivo using immunofluorescence and qRT-PCR techniques (Fig-
ure 7). The immunofluorescence analysis acknowledged the role of
E-box proteins in corneal fibrosis, as increased E-box protein levels
were detected in AAV5-naked corneas (Figure 7A) compared with
naive corneas (Figure 7C) while AAV5-Id3-delivered corneas showed
greatly decreased expression of E-box proteins (Figure 7B). The
mRNA quantification data offered further support to this notion by
showing significantly decreased mRNA expression of E2A (2.71 ±

0.47-fold; p < 0.001) and E2-2 (1.79 ± 0.41-fold; p < 0.001) genes in



Figure 4. AAV5-Id3 gene therapy regulates profibrotic genes and regulates ECM organization

(A–D) qRT-PCR data reflect that AAV5-Id3 gene therapy attenuates the mRNA expression of profibrotic genes (a-smooth muscle actin (a-SMA], fibronectin [FN], collagen I

[Col-I], and collagen III [Col-III], respectively) in corneal tissues compared with AAV5-naked vector control group corneal tissues on day 28. (E–G) Immunofluorescence stain-

ing of fibrosis marker a-SMA. Images of corneal tissue sections show that AAV5-Id3 gene therapy governs the fibrotic response at the protein level compared with AAV5-

naked vector control group corneal tissues on day 28. (H) Quantification graph shows that AAV5-Id3 gene therapy significantly reduces the a-SMA level compared with

AAV5-naked vector control group corneal tissues. (I–K) Masson’s trichrome staining images of corneal tissue sections show that AAV5-Id3 gene therapy regulates collagen

formation andmaintains collagen-ECM organization compared with the AAV5-naked vector control group corneal tissues, as evident from a higher level of blue color intensity

on day 28. (L) Quantification graph shows that AAV5-Id3 gene therapy significantly reduces the collagen level compared with AAV5-naked vector control group corneal tis-

sues. Tissues were collected on day 28. There were six samples in each group, and error bars represent ±SEM. ***p < 0.001; ****p < 0.0001. Scale bars, 100 mm.
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the AAV5-Id3 group compared with the AAV5-naked group (Fig-
ure 7D) and an unremarkable change in HEB mRNA levels in naive,
AAV5-naked, and AAV5-Id3 groups (Figure 7D).

DISCUSSION
Previous studies have shown that Id proteins inhibit myofibroblast for-
mation through bHLH class A and E proteins.23–27 This study demon-
strated that AAV5-mediated Id3 gene therapy administered to the
corneal stroma after alkali injury prevents corneal fibrosis formation
and restores corneal transparency in vivo by attenuating TGF-b-medi-
ated differentiation through E-box protein. Chemical, mechanical, and
surgical insults to the cornea initiate a complex wound-healing
response that promotes the upregulation of the endogenous corneal
epithelial cell-derived cytokine TGF-b.28 TGF-b is a multifunctional
cytokine that contributes to a variety of pathophysiological processes
involving cellular proliferation, differentiation, migration, and
apoptosis.29 In corneal injury, TGF-b plays a pivotal role in the
wound-healing process by inducing the mesenchymal differentiation
of activated keratocytes to myofibroblasts, which characteristically ex-
press a-SMA with contractile properties.28–30 Under normal corneal
wound-healing conditions, TGF-b expression returns to baseline levels
and myofibroblasts are cleared from the healed wound bed through
apoptosis. During aberrant corneal wound healing, TGF-b hyperactiv-
ity supports the generation of excessive and persistent myofibroblasts
and the accumulation of excessive and disorganized extracellular ma-
trix proteins, which contributes to the establishment of fibrotic lesions
or scars.31 The presence of a scar in the normally translucent cornea is a
primary cause of decreased visual acuity following corneal injury. In
addition to directing the transdifferentiation of activated keratocytes
to myofibroblasts during the corneal wound-healing response, TGF-
b interacts with a variety of transcription factors including, but not
limited to, RUNX1, bHLH, and Ids.23,24,32–34 bHLH and Ids also
play an essential role in directing cellular fate by regulating the tran-
scription of various genes.24,35,36 Id3 is implicated in the differentiation
Molecular Therapy Vol. 30 No 10 October 2022 3261
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Table 1. Draize and modified MacDonald-Shadduck scores showing ocular health assessment

Groups

Draize cumulative score Modified MacDonald-Shadduck cumulative score

Baseline Day 7 Day 14 Day 28 Baseline Day 7 Day 14 Day 28

Naive 0 0 0 0 0 0 0 0

AAV5-naked 0 38.4 ± 3.06 28.3 ± 3.04 16.8 ± 3.07 0 1.21 ± 0.14 0.81 ± 0.08 0.67 ± 0.09

AAV5-Id3 0 12.8 ± 2.67 8.5 ± 2.51 3.9 ± 2.68 0 0.55 ± 0.11 0.48 ± 0.08 0.29 ± 0.12

The cumulative Draize and modified MacDonald-Shadduck scores showed significant differences in AAV5-Id3 group animals compared with AAV5-naked group counterparts
(p < 0.005). Cumulative scores are presented as mean ± SEM.
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of various stem/precursor cells into other cells during injury and
wound healing. Ids are HLH transcriptional repressors that modulate
multiple cellular processes including proliferation, migration, differen-
tiation, and apoptosis in ocular and non-ocular tissue-derived
cells.24,32,37–40 Therefore, Ids could potentially be utilized to therapeu-
tically modulate TGF-b overexpression and mitigate an aberrant
wound-healing response following injury.

Currently, no effective therapies are available in clinics to treat
corneal fibrosis without adverse side effects. We have reported several
novel findings on wound healing, factors/genes, disease mechanisms,
and development of novel therapies in preclinical animal models—
BMP7, Decorin, Id3, and Smad7 gene therapies, BMP7 + HGF
combination gene therapy, and two multimodal eye drops, SAHA
and pirfenidone—and establishing their efficacy and short- and
long-term safety.4,5,19–21,24,28,29,41–47 Novel anti-fibrosis nanomedi-
cine approaches that we have identified from cornea tissue were
used to treat fibrosis in another ocular (conjunctiva) and non-ocular
tissue (peritoneal) where fibrosis is a substantial clinical problem.42,47

Our previous studies characterized the presence of Id proteins in
ocular tissue and also uncovered the TGF-b-mediated and differenti-
ation-related molecular mechanism in vitro.23,24 We have demo-
nstrated that Id3 operates as a molecular switch and modulates
TGF-b hyperactivity through interactions with the E-box protein.24

This interaction between Id3 and TGF-b determines the cellular
fate through temporal regulation of cellular proliferation and differ-
entiation events during the corneal wound-healing process.

The known but previously unassociated mechanisms of Id3 and TGF-
b in the wound-healing response prompted us to hypothesize that
therapeutic overexpression of Id3 through targeted gene therapy could
be an ideal candidate for directing the corneal wound-healing response
and ameliorating established corneal scars by inhibiting TGF-b. We
have successfully delivered various candidate genes through AAV5-
mediated viral vectors to inhibit TGF-b-mediatedmyofibroblast differ-
entiation and reduce the expression of profibrogenic genes tominimize
fibrosis in ocular and non-ocular tissues.19,41–43

In the present study, the time-dependent clinical evaluation and
multimodal imaging of rabbit eyes demonstrated that delivery of
the Id3 gene into stromal fibroblasts via AAV5 significantly reduced
corneal opacity at 28 days post alkali injury. These clinically signifi-
cant findings indicate that topical AAV5-mediated Id3 gene transfer
3262 Molecular Therapy Vol. 30 No 10 October 2022
following severe corneal trauma can mitigate corneal scarring and
restore transparency. Furthermore, we also found through clinical
evaluation with fluorescein staining that AAV5-mediated Id3 gene
transfer does not adversely influence the normal re-epithelialization
process. Additionally, confocal imaging confirmed this observation
at the ultrastructural level and supports that Id3 overexpression re-
stores the corneal fibroblast arrangement and reduces inflammation
and scarring.

The pro-wound-healing and anti-fibrotic effects of Id3 gene therapy
following severe corneal injury were further validated with a signifi-
cant reduction in mRNA or protein levels of profibrotic genes
including a-SMA, fibronectin, collagen type I, and collagen type III,
suggesting that Id3 overexpression inhibits TGF-b-induced corneal
fibrosis in the rabbit. This is similar to our previous report that Id3
is involved in the anti-fibrotic action of ITF2357 in rabbit corneal
fibrosis.44 Our findings were similar to those of previous reports
that the administration of Id2 or Id3 suppresses lens epithelial cell
injury-induced a-SMA and collagen generation inmice in eyes in vivo
or inhibits the profibrotic activity of TGF-b and fibronectin in trabec-
ular network cells in the human eye.48,49 Additional evaluation with
fluorescence microscopy highlighting the fibrosis marker a-SMA
further corroborated our mRNA data.

The clinical evaluation of rabbit eyes in this study demonstrated that
the overexpression of Id3 attenuated corneal fibrosis and the wound-
healing process without any adverse effects on normal ocular pressure
or tear production levels, similar to a previous study reporting that
Id3 is implicated in inhibiting TGF-b-induced IOP in mouse eyes.50

In addition, evaluation employing the Draize ocular irritancy criteria
and modified MacDonald-Shadduck scoring system indicates that
ocular toxicity stemming from topical AAV5-Id3 administration is
negligible, as reported in Table 1. Furthermore, using CD11b, a
pan-myeloid/leukocyte marker, and F4/80, a macrophage marker,
immunofluorescence was performed to evaluate immunogenicity of
AAV5-Id3 gene therapy to corneal tissue. CD11b is expressed on
many immune cells of myeloid lineages such as monocytes, macro-
phages, and granulocytes while F4/80 is a general macrophage
marker. We did not evaluate cell-specific markers against individual
immune cells, as no clinically relevant inflammation was observed
during slit-lamp examination in rabbit eyes in vivo after gene therapy.
These observations indicate that AAV5-Id3 gene therapy does not
induce inflammation and is non-immunogenic to the cornea. After



Figure 5. Corneal physiological parameters were not compromised during

AAV5-Id3 gene therapy to the corneal tissues

(A) Schirmer tear test graph shows that AAV5-Id3 gene therapy does not vary the

normal secretion of ocular flow compared with the naive and AAV5-naked vector

groups. The tear flow manifestly increased after day 1 and reverted to normal on

day 3 in well-defined limitation of topical gene therapy. (B) Pachymetry graph shows

that corneal thickness was constant throughout the study in a time-dependent

manner in naive, AAV5-naked, and AAV5-Id3 corneal tissue groups. The corneal

thickness increased after day 1 and reverted to normal on day 7 in well-defined lim-

itation of topical gene therapy. (C) Tonometry graph shows that intraocular pressure

(IOP) is not a potential concern of AAV5-Id3 gene therapy. The IOP was constant

and within the normal range in naive, AAV5-naked, and AAV5-Id3 groups of animals

in a time-dependent manner. There were six samples in each group, and error bars

represent ±SEM.
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administration, the Id3 gene remained in the injured rabbit cornea for
up to 4 weeks with no deleterious morphological changes, inflamma-
tion, or cytotoxicity as determined through corneal histology, CD11b
staining, F4/80 staining, and TUNEL apoptosis assay. These data are
consistent with those of our previous report whereby Id3 overexpres-
sion did not cause any cytotoxicity in human corneal stromal fibro-
blasts (hCSFs), and inhibits a-SMA expression and differentiation
of hCSFs in vitro through E2A protein.23 The present study revealed
that HLH proteins, Id3, and E-box proteins can form hetero-oligo-
meric complexes that modulate the cellular differentiation cascade.
These findings corroborate previous reports which demonstrate the
ability of Id proteins to inhibit myofibroblast formation through as-
sociation with bHLH class A and E proteins including E12, E47,
E2-2, and HEB.23,38,44–53

A previous report indicates that Id3 inhibits scar-associated collagen
production from fibroblasts that are implicated in fibrosis.54 The
current study suggests that Id3 suppresses corneal myofibroblast dif-
ferentiation through control of the bHLH protein. This proposed
mechanism whereby Id3 interacts directly with the bHLH protein
or prevents the interaction of E2A proteins has been previously
demonstrated in studies involving preadipocytes.33 Our results were
well aligned with the findings of ocular and non-ocular tissue inves-
tigations showing that Id3 regulates TGF-b-mediated profibrotic
pathways and establishes the direct role of Id3 with bHLH- and
E-box-driven differentiations.48–56

This study supports our previous findings that suggested a mechanistic
role for Id3 and E-box proteins during TGF-b-induced fibroblast to
myofibroblast differentiation but did not conclude a causal relation-
ship, localization, nuclear-cytoplasmic shuttling of Id3, and stimulus
of E-box proteins.23,24 Our future studies will address these limitations
by categorizing the mechanistic and functional influence of Id3 and
E-box proteins on fibroblast proliferation, differentiation, and fate.

To our knowledge, this is the first study to demonstrate that the tran-
scription factor Id3 regulates fibrosis following injury and serves to
maintain corneal transparency in vivo. This innovative approach utiliz-
ing localized Id3 overexpression is anticipated to foster the develop-
ment of tissue-targeted gene therapies to resolve pre-existing corneal
fibrosis safely and efficiently without additional surgical procedures.

The long-term safety and tolerability of AAV5-mediated Id3 gene
transfer on stromal keratocyte density and anterior segment
morphology are unknown and represent the limitations of our cur-
rent investigation. These will be evaluated with in vivo confocal mi-
croscopy and OCT in cross-sectional and longitudinal studies in
the future.

Clinical eye evaluations demonstrated a time-dependent resolution of
corneal opacity following Id3 gene therapy. However, molecular anal-
ysis revealed a trend for profibrotic genes to remain slightly elevated
across time points following corneal injury in AAV5-Id3-treated
corneas compared with naive corneas. This multidimensional thera-
peutic approach to targeting different fibrotic signaling pathways in
the corneal wound-healing process may offer the potential to
completely abolish persistent subclinical haze represented by mildly
elevated expression of profibrotic genes.

In conclusion, this study demonstrated that AAV5-mediated Id3 gene
therapy administered locally to the corneal stroma after alkali insult
eliminates corneal fibrosis and restores transparency in vivo by atten-
uating TGF-b-induced directed myofibroblast differentiation
through interactions with the E-box protein.

MATERIALS AND METHODS
Chemicals and reagents

Standard research-grade chemicals and reagents were used to
perform this study. In brief, topical artificial tears were purchased
from the Rugby Laboratories (Livonia, MI). Sterile Weck-Cel
ophthalmic spears were purchased from Beaver-Visitec International
Molecular Therapy Vol. 30 No 10 October 2022 3263
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Figure 6. AAV5-Id3 gene therapy is adequate for

rabbit corneal tissue

(A–C) H&E staining images show that no noticeable al-

terations were recorded in gross morphology of corneal

tissue anatomy after AAV5-Id3 gene therapy corneal

tissue sections compared with naive and AAV5-naked

vector control group corneal sections. No infiltration of

macrophages, neutrophils, and external bodies appeared

in any tissue sections. (D–F) CD11b immunofluorescence

staining images confirm that no macrophages/integrins

were recorded after AAV5-Id3 gene therapy in corneal

tissue sections compared with naive and AAV5-naked

vector control groups in corneal sections. (G–I) F4/80

immunofluorescence staining images confirm that no

macrophage infiltrations were recorded after AAV5-Id3

gene therapy in corneal tissue sections compared with

naive and AAV5-naked vector control groups in corneal

sections. (J–L) TUNEL apoptosis staining images confirm

that AAV5 Id3 gene therapy shows no apoptosis in the

corneal stromal region. The TUNEL+ cells (apoptotic/

necrotic) appear in the outer squamous and wing cells

and are part of the regular turnover process of corneal

epithelial cells, and are consistent in naive, AAV5-naked

vector, and AAV5-Id3 gene therapy corneal tissue sec-

tions. Tissues were collected on day 28. Scale bars,

100 mm.
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(Waltham, MA). Surgical forceps, wire speculum, and sharpWestcott
scissors were purchased fromWorld Precision Instruments (Sarasota,
FL). Ketamine hydrochloride (JHP Pharmaceuticals, Rochester, MI),
xylazine hydrochloride (XylaMed, Bimeda, Oakbrook Terrace, IL),
0.5% proparacaine hydrochloride (Alcon, Fort Worth, TX), BSS (Al-
con), and pentobarbital (Diamondback Drugs, Scottsdale, AZ) were
obtained from the pharmacy of the Harry S. Truman VA Medical
Center (Columbia, MO). H&E solutions were procured from
StatLab Medical Products (McKinney, TX). 2-Methyl butane
(Thermo Fisher, Waltham, MA) and anti-fade mounting medium
containing 40,6-diamidino-2-phenylindole dihydrochloride (DAPI)
(H1200; Vector Laboratories, Burlingame, CA) were obtained from
commercial vendors.

Animals

All animals were treated according to the Association for Research in
Vision and Ophthalmology Statement for the Use of Animals in
Ophthalmic and Vision Research. The Institutional Animal Care
and Use Committees (IACUC) of the University of Missouri and
the Harry S. Truman Memorial Veterans’ Hospital approved the
study. Twenty-four 2- to 3-month-old male and female New Zealand
White rabbits (Charles River Laboratory, Wilmington, MA) weighing
2.5–3.0 kg, were used in this study to avoid any sex-variable impact.57

During the procedure the animals were anesthetized by intramuscular
3264 Molecular Therapy Vol. 30 No 10 October 2022
injection of a mixture of ketamine hydrochlo-
ride (50 mg/kg) and xylazine hydrochloride
(10 mg/kg). In addition, ophthalmic 0.5% prop-
aracaine hydrochloride was topically applied to
the corneas for local anesthesia before any procedure. Eyes were
kept moist with topical artificial tears during anesthetic events to pre-
vent corneal desiccation.

Generation of AAV5-Id3

The Id3 gene was PCR-amplified from rabbit corneal fibroblast cDNA
and cloned into the AAV5 plasmid pTRUF11. The expression cassette
contained a hybrid promoter (cytomegalovirus enhancer and chicken
b-actin promoter) and the simian virus 40 polyadenylation site. Mul-
tiple clones were sequenced to rule out any potential mutations intro-
duced during PCR. Recombinant AAV5-Id3 virus was generated by
the Gene Therapy Core, University of Florida (Gainesville, FL) using
a two-plasmid co-transfection packaging method as previously re-
ported.19,41–43,45

Corneal scarring and transduction of AAV5-Id3

Corneal scarring was induced in one eye of each rabbit, and the contra-
lateral eye served as a naive control. To induce corneal scarring, rabbits
were anesthetized before the procedure, and an alkali-treated filter pa-
per (8 mm, soaked in 0.5 N sodium hydroxide solution) was placed
onto the central cornea for 30 s with the aid of a surgical microscope
(Leica Wild Microscope MEL53; Leica, Wetzlar, Germany). The
wounded corneas were immediately and copiously rinsed with sterile
BSS to remove residual alkali solution. This standardized method of



Figure 7. AAV5-Id3 gene therapy regulates corneal

fibrosis through E-box proteins

(A–C) Decreased level of expression of E-box proteins

(E2A, E2-2, and HEB) in immunofluorescence images of

corneal tissue sections of the AAV5-Id3 group confirmed

that Id3 regulates the fibrotic response via E-box protein

compared with AAV5-naked vector control group corneal

tissue sections. The used E2A antibody detected the E2A

and E2A isoforms E12 and HEB. (D) Quantification graph

shows that AAV5-Id3 gene therapy significantly reduces

the mRNA expressions of E2-A and E2-2 genes

compared with AAV5-naked vector control group corneal

tissues, and at the same time the HEB expression levels

were not impacted in naive, AAV5-naked, and AAV5-Id3

corneal tissues. Tissues were collected on day 28. There

were six samples in each group, and error bars

represent ±SEM. *p < 0.001; #p < 0.01. Scale bars,

100 mm.
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injury triggered wound healing and produced dense corneal scarring
and peak fibrosis at 3–4 weeks as reported previously.20

The AAV5-Id3 transduction was administered to the corneal stroma
with epithelial debridement 24 h after alkali injury with our customized
cloning cylinder method as reported previously.19,41–43,45 The animals
were divided into four groups. Group I corneas were exposed topically
to 100 mL of AAV5-Id3 titer (6.5� 1012 mg/mL) for 5 min via a custom
cloning cylinder technique after alkali injury (AAV5-Id3 group).
Group II corneas received 100 mL of AAV5-naked titer (3.8 � 1012

mg/mL) as detailed above (AAV5-naked group). Group III corneas
from contralateral eyes represented naive corneas and served as a naive
control (naive group). Group IV corneas from contralateral eyes rep-
resented naked AAV5 only and served as a negative control (vector
control group). Our earlier study found that not showing inflamma-
tory response 4 weeks after the alkali injury (0.5 M) used in the study
was noteworthy.20 Therefore, in this study, as per the IACUC guide-
lines following the 3R rule of the American Association for Laboratory
Animal Care, we have used the contralateral eyes as naive controls. In
brief, corneal epithelium was debrided by gentle scraping with a #64
Beaver blade (BD Biosciences, Franklin Lakes, NJ) and the AAV5-
Id3 gene was delivered to an anesthetized rabbit. Under a surgical mi-
croscope, a wire eyelid speculum (10 � 4 mm) was inserted to expose
the corneal surface for customized gene delivery into the corneal
stroma. Proparacaine hydrochloride solution (0.5% solution, 2–3
drops) was topically applied before the procedure.

Clinical assessment and live biomicroscopy

Slit-lamp microscopy and haze quantification

To minimize variations, the level of corneal haze and gross ocular
health in anesthetized rabbits was evaluated through visual clinical
Molecu
examination including slit-lamp microscopy at
regular intervals before and after gene therapy
(1, 3, 7, 14, 21, and 28 days) as reported pre-
viously.19,20,45,57–59 A slit-lamp microscope
(SL-15 portable slit-lamp; Kowa, Torrance, CA) fitted with a high-
definition digital imaging system (portable VK-2 Ver. 5.50; Kowa)
was used to record clinical ocular health assessment data. A stereomi-
croscope (Leica MZ16F; Leica Microsystems, Buffalo Grove, IL)
equipped with a digital camera (SpotCam RT KE; Diagnostic Instru-
ments, Sterling Heights, MI) was used to assess and record the effect
of gene therapy progression in a time-dependent manner for haze
evaluation using the Fantes scale.19,20,45 The intensity of corneal
haze as documented by the images was graded by a minimum of three
independent observers (S.G., E.A.G., L.M.M., N.P.H., or R.R.M.)
masked to the treatment group, as reported earlier.19,20,45 In brief,
the grading system was the following: grade 0, completely clear
cornea; grade 0.5, trace haze seen with careful oblique illumination;
grade 1, more obvious haze but not interfering with the visualization
of fine iris details; grade 2, mild obscuration of iris details; grade 3,
moderate obscuration of the iris and lens; and grade 4, complete opa-
cification of the stroma in the area of ablation. In vivo, clinical exam-
inations were performed by at least two independent observers (S.G.,
E.A.G., L.M.M., N.P.H., or R.R.M.) in a blinded manner.19,20,45

Fluorescein eye test for the assessment of corneal epithelial

health

Corneal epithelial defects were observed with a topically applied com-
mercial ophthalmic fluorescein stain (Altafluor Benox). The epithelial
defects were assessed under a cobalt light blue filter and recorded un-
der a GFP light filter using a slit-lamp microscope equipped with an
image-capturing system (Leica MZ16F) using a digital camera
(SpotCam RTKE). The clinical findings were documented by photog-
raphy and the images were scored by a minimum of two independent
observers (S.G., E.A.G., L.M.M., N.P.H., or R.R.M.) in a blinded
fashion. The size of corneal epithelial defects in rabbit eyes was
lar Therapy Vol. 30 No 10 October 2022 3265
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digitally computed by counting pixels of the defect areas in images
taken with a stereomicroscope at 7.1� magnification using ImageJ
and Photoshop software following the procedure reported earlier.20

Intraocular pressure, corneal thickness, and tear production

Administration of therapeutic genes into the corneal stroma has the
potential to induce secondary alterations in aqueous humor produc-
tion or in tissues of the anterior chamber, which is a significant
concern after gene therapy. During the entire study the variations
in IOP, corneal thickness, and ocular discharge were recorded in a
time-dependent manner. The IOP measurements in rabbit eyes
were recorded using a tonometer (Tono-Pen AVIA; Reichert Tech-
nologies, Depew, NY, USA); the corneal thickness was recorded using
an ultrasonic pachymeter (AccuPach VI Pachymeter; Accutome,
Malvern, PA) to assess corneal thickness; and tear production was re-
corded using Schirmer tear test strips (Fisher Scientific) at regular
timed intervals on days 1, 3, 7, 14, 21, and 28 and before each clinical
biomicroscopy evaluation as reported previously.20,41,43,53 To avoid
the normal diurnal variation and operator variability, all measure-
ments were performed between 9 AM and noon by one observer
(S.G.).

Live ultrastructural assessment using confocal microscopy

Confocal microscopy was employed to capture serial images of the
cornea at different depths in a real-time manner. The high-resolution
confocal imaging systems SPECTRALIS (Heidelberg Engineering,
Dossenheim, Germany) Anterior Segment Module and HRT3-
RCM (Heidelberg Engineering) were used to record the corneal de-
tails and assessment of overall corneal anatomy at an ultrastructural
level as detailed previously.41,43

Draize and modified MacDonald-Shadduck eye test

The ocular health and anomalies were evaluated independently at
selected times by at least three observers (S.G., E.A.G., L.M.M.,
N.P.H., or R.R.M.) using the established Draize and modified Mac-
Donald-Shadduck ocular scoring assessments. The Draize eye test
became a governmentally endorsed method to evaluate the safety of
materials for use in or around the eyes. The test involves a standard-
ized protocol for instilling agents onto the cornea and conjunctiva of
laboratory animals. A sum of ordinal-scale items of the outer eye gives
an index of ocular morbidity.20,60 Additionally, the ocular health was
also assessed with a modified MacDonald-Shadduck ocular scoring
system for detailed evaluation of the AAV5-Id3 gene therapy in
corneal tissue as reported earlier.20,61

Corneal tissue collection

At the termination point of the study, the rabbits were humanely
euthanized with an intravenous injection of pentobarbital (150 mg/
kg) while animals were under general anesthesia. Eyes were enucle-
ated with surgical forceps and Westcott scissors under a dissecting
microscope (Leica Wild M690; Leica Microsystems). The corneal tis-
sues were immediately placed into molds containing optimal cutting
temperature compound and snap-frozen in a container of 2-methyl
butane immersed in liquid nitrogen or directly placed into cryovials
3266 Molecular Therapy Vol. 30 No 10 October 2022
and immersed in liquid nitrogen for molecular analysis at mRNA
level. Frozen tissues were maintained at �80�C until sectioning and
further evaluation. Optimal cutting temperature embedding of un-
fixed tissue was also done for subsequent immunostaining analysis
of sections. Tissues were sectioned at 8-mm thickness with a cryo-
microtome, mounted on glass microscopic slides, and preserved at
�80�C for subsequent analysis.

Extraction of mRNA, cDNA synthesis, and quantitative real-time

PCR

RNeasy kit (Qiagen, Valencia, CA) was used to extract mRNA from
rabbit corneal tissues and reverse transcribed into cDNA using a com-
mercial kit (Promega, Madison, WI) following the vendor’s instruc-
tions. qRT-PCR was performed using an All-in-One qPCR mix
(GeneCopoeia, Rockville, MD) according to the vendor’s instruc-
tions. In brief, each 20-mL reaction contained 10 mL of 2� All-in-
One qPCR mix, 2 mL of cDNA (0.5 mg), 2 mL of forward primer
(0.2 mM), 2 mL of reverse primer (0.2 mM), and 4 mL of RNase and
DNase free water. The reaction ran at universal cycle (95�C for
3 min, 40 cycles of 95�C for 30 s, followed by 60�C for 60 s) following
the published protocol.42,46,57,59,62 The nucleotide sequences of
primers (forward and reverse) used for amplification in this study
are provided in Table S1. Beta-actin (b-actin) was used as a house-
keeping gene to normalize the qRT-PCR data and verify the quality
of cDNA. The threshold cycle (Ct) was used to detect the increase
in the signal associated with the exponential growth of PCR product
during the log-linear phase. The relative mRNA expression was calcu-
lated using the 2DDCt method and reported as a fold change relative to
the corresponding control values.

Histology and fluorescence microscopy

H&E staining and Masson’s trichrome staining

The rabbit corneal tissue sections of all the groups were subjected to
H&E staining for the assessment of morphological alterations. H&E
staining was performed in our laboratory using the protocol reported
previously.20,53 Additionally, corneal sections were also sent to the
Veterinary Medical Diagnostic Laboratory (VMDL) at the University
of Missouri College of Veterinary Medicine for H&E histology.

Similarly, for the assessment of alterations in collagen content, a
primary component of the extracellular matrix, corneas underwent
Masson’s trichrome staining at the VMDL using an established
protocol.20,58

Characterization of fibrotic protein using immunofluorescence

microscopy

The changes in levels of fibrotic proteins were recorded using a my-
ofibroblast marker, a-SMA. The mouse monoclonal antibody was
used for a-SMA (Dako, Agilent Technologies, Santa Clara, CA),
to capture the changes in profibrotic protein levels as reported
earlier.19–21 In brief, the rabbit corneal tissue sections were washed
twice with 1� PBS (5 min each), followed by blocking with 2%
serum (30 min at room temperature), and finally incubated with
primary antibody at a 1:100 dilution for 90 min at room
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temperature. The tissue sections were washed three times with 1�
PBS (5 min each) and conjugated with secondary antibody Alexa
Fluor 594 goat anti-mouse IgG (Invitrogen, Molecular Probes, Life
Technologies, Eugene, OR) at a dilution of 1:500 for 1 h. Tissues
were mounted with Vectashield containing DAPI (Vector Labora-
tories) for the visualization of nuclei. Irrelevant isotype-matched
primary antibody, secondary antibody alone, and tissue sections
from naive eyes were used as negative controls. Stained cells were
visualized under a Leica fluorescence microscope and photographed
with a digital camera (SpotCam RT KE).

Safety and tolerability of AAV5-Id3 gene therapy in corneal tis-

sue

The possibility of immunologic reaction and cytotoxicity of AAV5-
Id3 gene therapy was evaluated by performing CD11b (BDB550
282; BD Pharmingen, San Jose, CA), F4/80 (SC-377009; Santa Cruz
Biotechnology, Dallas, TX), and TUNEL (ApopTag; Millipore, Bur-
lington, MA) immunostaining in rabbit corneal sections. For
CD11b staining, corneal tissue sections were incubated at room tem-
perature with the primary antibody at a 1:100 dilution in a 1�HEPES
buffer containing 2% BSA for 90 min, followed by goat anti-rat IgG
secondary antibody (Alexa Fluor 594; Invitrogen) at a 1:500 dilution
for 60 min. After completion of immunostaining, tissue sections were
mounted in a medium containing DAPI (Vectashield), viewed, and
photographed under a fluorescence microscope (Leica, Deerfield,
IL) equipped with a digital camera system (SpotCam RT KE).19,20,45

For the TUNEL assay to detect the apoptotic cells, tissue sections
were fixed in 1% paraformaldehyde at room temperature followed
by subsequent permeabilization with ethanol/acetic acid (2:1 ratio;
at �20�C) and treated with fluorescent detection assay kit reagents
to detect apoptosis and/or necrosis according to the manufacturer’s
instructions and as reported previously.19–21

E-box proteins driving AAV5-Id3-mediated anti-fibrotic

response

For characterization of the role of E-box proteins in AAV5-Id3-medi-
ated anti-fibrotic response in the corneal tissue, E2A immunofluores-
cence staining was performed using the E2A antibody (SC-416;
SCBT, Santa Cruz Biotechnology). The E2A antibody is recommen-
ded for the detection of E2A and E2A isoforms E12 andHEB. Corneal
tissue sections were incubated at room temperature with the primary
antibody at a 1:100 dilution in a 1�HEPES buffer containing 2% BSA
for 90 min, followed by Alexa Fluor 594 goat anti-mouse IgG (Invi-
trogen). After completion of immunostaining, tissue sections were
mounted in a medium containing DAPI (Vectashield), viewed, and
photographed under a fluorescence microscope (Leica) equipped
with a digital camera system (SpotCam RT KE).23

Statistical analysis

Statistical analysis was performed using one-way ANOVA followed
by a post hoc Bonferroni multiple comparison test for clinical and
molecular data assessment. The average results were expressed with
a standard error of the mean (±SEM). Statistical significance was
considered if p < 0.05.
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Figure S1. AAV5-Id3 gene therapy regulates corneal fibrosis and maintains corneal transparency. (A-F) The slit lamp 

microscopic images show the progress of alkali trauma in the AAV5-naked vector group in a time-dependent manner. (G-L) The 

slit-lamp microscopic images show the progress and efficacy of AAV5-Id3 gene therapy after alkali trauma in the AAV5-Id3 group 

in a time-dependent manner. The slit beam pattern in AAV5-Id3 group images shows that Inflammation and corneal scaring were 

reduced notably from day 7 onwards and much appreciable on day 28 to naïve corneal tissue. Scale bar = 3.0 mm. 

 

Figure S2. AAV5-Id3 gene copies are retained in corneal tissue. The qRT-PCR analysis showed that efficient delivery of Id3 

gene copies carried through AAV5 vectors was retained in corneal tissue via topical customized method after day -28. There 

were six samples in each group and error bars represent ± SEM. *p<0.001, and tissues were collected on day 28. 



 

 

Table S1. The sequence of primers used in the study 

Gene Name Gene Abbreviation Forward Primer (5’ to 3’) Reverse Primer (5’ to 3’) 

β-actin β-actin CGGCTACAGCTTCACCACCA CAGGCAGCTCGTAGCTCTTC 

α-Smooth muscle actin α-SMA TGGGTGACGAAGCACAGAGC CTTCAGGGGCAACACGAAGC 

Fibronectin FN CGCAGCTTCGAGATCAGTGC TCGACGGGATCACACTTCCA 

Collagen I Col-I TGTGGCCCAGAAGAACTGGTACAT ACTGGAATCCATCGGTCATGCTCT 

Collagen III Col-III TATCGAACACGCAAGGCTGTGAGA GGCCAACGTCCACACCAAATTCTT 

Transcription Factor-3 E2A GCAGGGTCCTCATGAGAGTG GGTAGGGCAGCAGTTTGT 

Transcription Factor-4 E2-2 CCATCCAGGAACTATGGAGATG GAAGAAGGAGCTAGGGAAAGTG 

Transcription factor-12 HEB GACCATACCAGCAGTAGTTTCC GCCTTTCCTTCTCCCTTTCTATC 

Id3-mCherry Id3-MCH CGCGTCATCGACTACATTCTC CCCATGGTCTTCTTCTGCATT 

The sequence of the forward and reverse primers was used in the study to confirm the mRNA expression of different proteins 

using PCR amplification. 
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