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Abstract: Ocular fibrosis leads to severe visual impairment and blindness worldwide, being a major
area of unmet need in ophthalmology and medicine. To date, the only available treatments are
antimetabolite drugs that have significant potentially blinding side effects, such as tissue damage
and infection. There is thus an urgent need to identify novel targets to prevent/treat scarring and
postsurgical fibrosis in the eye. In this review, the latest progress in biological mechanisms underlying
ocular fibrosis are discussed. We also summarize the current knowledge on preclinical studies based
on viral and non-viral gene therapy, as well as chemical inhibitors, for targeting TGFβ or downstream
effectors in fibrotic disorders of the eye. Moreover, the role of angiogenetic and biomechanical factors
in ocular fibrosis is discussed, focusing on related preclinical treatment approaches. Moreover, we
describe available evidence on clinical studies investigating the use of therapies targeting TGFβ-
dependent pathways, angiogenetic factors, and biomechanical factors, alone or in combination with
other strategies, in ocular tissue fibrosis. Finally, the recent progress in cell-based therapies for
treating fibrotic eye disorders is discussed. The increasing knowledge of these disorders in the eye
and the promising results from testing of novel targeted therapies could offer viable perspectives for
translation into clinical use.

Keywords: ocular fibrosis; ocular inflammation; age-related macular degeneration; diabetic retinopathy;
glaucoma; optic neuropathy; TGFβ/Smad pathway; gene therapy; chemical inhibitors; angiogenesis;
biomechanics; cell-based therapy

1. Introduction

Ocular fibrosis is a complex biological process responsible for the pathogenesis or
treatment failure of many blinding eye diseases, including corneal and conjunctival scarring,
open-angle glaucoma and failure of glaucoma filtration surgery (GFS), fibrosis in the lens
capsule post-cataract surgery, scarring in the tissue around the extraocular muscles in the
strabismus surgery, subretinal fibrosis in neovascular age-related macular degeneration
(nAMD), fibrovascular proliferative tissue in diabetic retinopathy, and failure of retinal
detachment surgery due to proliferative vitreoretinopathy (PVR) [1,2].

In these conditions, the main components of the disease process include inflammation,
fibroblast activation and extracellular matrix (ECM) accumulation, and resultant tissue
contraction. Moreover, deficiency in the limbal stem cells is involved as it leads to the
formation of vascularized scar tissue of conjunctival origin on the corneal surface [1].

Advances in our understanding of the biological mechanisms underlying ocular
fibrosis is leading to the introduction of new therapeutic agents targeting a wide range of
key processes.
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This review provides current and futures perspectives on different approaches for
treating fibrotic eye disorders and focuses on recent progress in the area of gene and
cell-based therapies.

2. The Fibrogenic Process

The nature of fibrotic disease in the eye is quite similar to that seen in fibrotic disorders
in other tissues of the human body. However, in the eye, fibrosis can have disastrous conse-
quences for vision, mechanically disrupting the visual axis [1] or sufficiently disturbing the
tissue microenvironment such that proper cellular functioning is no longer possible.

Similar to tissues elsewhere in the human body, homeostasis in the eye is based on
the presence normal vasculature, organized extracellular matrix (ECM) structure, and
various cell types. If homeostasis is disturbed by infections, inflammations, or metabolic
dysfunctions, a wound healing response is activated that involves alteration of vascular
permeability, infiltration of inflammatory cells, proliferation and activation of fibroblasts,
ECM accumulation, and tissue contraction [3–5].

ECM synthesis, in the process of tissue repair, can result from activated fibroblasts
converting to myofibroblasts or from epithelial cells undergoing epithelium–mesenchymal
transition (EMT). ECM synthesis is balanced by ECM degradation from matrix metallopro-
teinases (MMPs) for maintenance of normal tissue architecture.

In physiological wound healing, myofibroblasts disappear by apoptosis after restoring
tissue integrity. However, severe or repetitive tissue injury can result in persistence of
myofibroblast activity leading to excessive accumulation and contraction of disorganized
ECM. The end result is formation of irreversible fibrotic scar, which ultimately represents
some sort of resolution of the damaged tissue (Figure 1).
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Figure 1. Schematic representation of the cellular mechanisms underlying fibrosis. Two pathways
are depicted: (i) epithelial cells transforming into myofibroblasts via EMT or (ii) activated fibroblasts
differentiating into myofibroblasts. In physiological wound healing, myofibroblasts disappear by
apoptosis. Conversely, the persistence of myofibroblasts activity in pathological wound healing
process results in excessive accumulation of ECM.
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3. Fibrotic Disorders in the Eye

Fibrosis of the cornea can occur following infectious, traumatic, metabolic, or immune-
mediated injury involving the epithelium and underlying stroma and/or the endothelium
and posterior stroma. The resultant disturbance of stromal transparency thereby leads to
loss of vision [6,7].

In the conjunctiva, causes of cicatrization include immune-mediated disorders such
as ocular mucous membrane pemphigoid (OMMP), thermal and chemical burns, post-
infectious conjunctivitis, Stevens–Johnson syndrome (SJS), and toxic epidermal necrolysis
(Lyell syndrome). Common to these disorders are the development of cicatricial entropion
and trichiasis, fornix foreshortening, symblepharon, ocular dryness, and limbal stem cell
deficiency (Figure 2). These changes can lead to formation of vascularized scar tissue
of conjunctival origin on the corneal surface, corneal ulceration, super-infection, and
perforation [8] (Figure 3).
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In addition, tissue fibrosis at the level of trabecular meshwork (TM), lamina cribrosa
(LC), and Schlemm canal (SC) cells has been identified as prerequisite for glaucoma onset
and progression, resulting in reduced outflow of aqueous humor and increased intraocular
pressure (IOP) [9].

Moreover, excess fibroblast proliferation and subconjunctival fibrosis is reported in
filtering bleb failure after GFS [10]. Topical mitomycin C (MMC) is applied to local tissue
after trabeculectomy to prevent excess proliferation of subconjunctival fibroblasts.

Excess matrix synthesis by lens epithelial cells (LECs) is responsible for opacification
of the anterior lens capsule in response to eye trauma or uveitis, as well as opacification
and wrinkle of the posterior capsule secondary to residual LECs after cataract surgery [11].

In the orbit, fibrotic tissue remodeling is involved in the spectrum of dysthyroid
orbitopathies, whereas excess scarring in the tissues adjacent to the extraocular muscles
can affect the outcome of strabismus surgery.

In the posterior segment of the eye, uncontrolled retinal vascular proliferation, as
a result of diabetes-associated retinal hypoxia, can lead to fibrosis and tractional retinal
detachment [12]. Under the retina, similar fibrosis can result subsequent to subretinal
hemorrhage associated with nAMD [13]. Moreover, fibrosis can occur following retinal
detachment or previous vitreoretinal surgery leading to PVR and tractional retinal de-
tachment [14] (Figure 4). In all the cases, excessive deposition of ECM and appearance of
myofibroblasts and inflammatory cells are reported in the eye.
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Figure 4. Ultra-wide field retinography image showing retinal detachment with PVR.

Inflammatory/fibrogenic/angiogenetic growth factors/cytokines produced by injured
tissues in the eye, as well as biomechanical factors, play a pivotal role in fibrotic tissue
formation.

4. Molecular and Cellular Mechanisms Underlying Ocular Fibrosis: Upstream and
Downstream Regulators
4.1. Growth Factors—TGFβ

The ocular fibrogenic process, either derived from fibroblast–myofibroblast conversion
(i.e., subconjunctival fibroblasts, keratocytes, or bone marrow-derived cells) or from EMT
(i.e., lens or retinal pigment epithelium), is strictly regulated by growth factors including
the transforming growth factorβ (TGFβ) [15,16].

TGFβ is the most important ligand involved in the regulation of cell proliferation and
differentiation, ECM production, angiogenesis, and immune modulation in ocular tissues
in physiological or pathological processes of development or tissue repair [17,18]. Aberrant
TGFβ signaling has been associated with unfavorable inflammatory responses and fibrotic
disease in the eye [18].

Three isoforms of TGFβ, namely, β1, β2, and β3, are known in mammals. TGFβ
isoforms play distinct functions in wound healing, with TGF-β1/2 having predominantly
pro-scarring roles and TGFβ3 having mainly anti-scarring effects [19–21]. All TGFβ iso-
forms and receptors are present in ocular tissues [17].

All TGFβ1-β3 isoforms utilize the small mothers against decapentaplegic (Smad)
signaling pathway, which is specific to the members of the TGFβ superfamily [17].

4.1.1. The SMAD Pathway

The Smad family includes three different functional classes: receptor-activated Smads
(R-Smads), common mediator Smads (Co-Smads), and inhibitory Smads (I-Smads). Smad2
and Smad3 are the R-Smads phosphorylated upon TGFβ binding to receptor type I ki-
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nase [22]. Smads2/3 then partner with the Co-Smad4 and translocate to the nucleus, where
they modulate the expression of TGFβ-responsive genes. Smads6/7 are known to be
I-Smads that block phosphorylation of Smads2/3 [23].

The expression of the majority of the ECM components involved in matrix structure re-
organization depends on Smad3, whereas expression of MMPs is Smad2-dependent [24–26].
Accordingly, lack of Smad3 has been associated to reduced secretion of ECM components
including αSMA, fibronectin, and collagen type I in human LECs [27]. Furthermore, mice
null for Smad3 exhibited lower expression of ECM components in corneal stromal cells,
LECs, and in RPE cells following injury, compared to WT mice [28–31]. On the other
hand, the TGFβ/Smad2 axis upregulated the expression of MMP-2 and MMP-13 in corneal
epithelial cells [24].

Other growth factors/cytokines are known to further modulate the TGFβ/Smad
activity in ocular tissues. Tumor necrosis factor α (TNFα) counteracts the activities of
TGFβ/Smad in the process of wound healing. Loss of TNFα in a model of healing-corneal
alkali burn in mice resulted in increased inflammation, fibrosis, and neovascularization
promoted by TGFβ [32]. In addition, TNFα inhibited the induction effects of both TGFβ1
and VEGF on cultured vascular endothelial cells and blocked corneal stromal neovas-
cularization in mice [33]. Moreover, interferon-γ-activated STAT signal was reported to
hinder the TGFβ/Smad signal by up-regulating Smad7 in cultured human subconjunctival
fibroblasts [34,35]. The connective tissue growth factor (CTGF), a fibrogenic cytokine, is
a downstream mediator of TGFβ/Smad-induced fibrosis. CTGF was found to be over-
expressed in the filtration blebs after trabeculectomy [36]. Moreover, CTGF activity was
associated with the process of EMT and ECM synthesis by human RPE cell line ARPE19
in vitro [37]. A possible cross-talk is also proposed between the nerve growth factor (NGF)
and TGFβ. NGF modulates TGFβ activity by promoting survival/apoptosis of TGFβ1-
activated myofibroblasts on the basis of surface trkANGFR/p75NTR rate expression in vitro
experiments [38]. Interestingly, NGF was reported to affect αSMA/p75NTR expression and
TGFβ1 release in conjunctival fibroblasts from human OMMP [39].

4.1.2. Non-Smad Pathways

While the Smad pathway represents the canonical signaling pathway for TGFβ, several
non-Smad intracellular signaling cascades have been implicated in mediating the cellular
effects of TGFβ in ocular fibrosis.

TGFβ also signals through the mitogen activated protein kinase (MAPK) pathways [40].
The TGFβ-signaling cascades via MAPK include three subfamilies, the extracellular signal-
regulated kinases (ERKs), the c-Jun N-terminal kinases (JNKs), and the p38 mitogen-
activated protein kinases (p38s) [41,42]. In general, the ERKs are activated by growth
factors, while cellular stresses and inflammatory cytokines rather activate JNKs and p38s.
These signaling pathways mediate different biological responses in the fibrotic process in
the eye. For example, activation of ERKs mediated the TGFβ1-induced EMT and fibrosis in
ARPE-19 cells [42]. Moreover, the JNKs were identified to promote in vivo corneal epithe-
lial migration following injury [43]. Similarly, the p38s were demonstrated to serve a key
role in corneal endothelial wound healing, being involved in human corneal endothelial
cell migration induced by TGFβ2 [44]. Additionally, p38 pathway was found to mediate
the expression of type I collagen induced by TGFβ2 in ARPE-19 cells [45].

The RhoA/Rho-kinase pathway is another non-Smad intracellular signaling pathway
for TGFβ involved in ocular fibrosis. RhoA downstream main effectors are the Ras-related
C3 botulinum toxin substrate 1 (Rac1) and the Rho-associated, coiled-coil-containing ki-
nases (ROCK), which play a critical role in the regulation of cellular actomyosin cytoskeletal
organization and motility. The RhoA/Rho-kinase pathway was shown to mediate the
expression of type I collagen induced by TGFβ2 in human RPE cells ARPE-19 [46]. The
myocardin-related transcription factor-A/serum response factor (MRTF-A/SRF) pathway
is activated in response to RhoA activation. This pathway was demonstrated to regulate
TGFβ-induced EMT, as well as αSMA expression, in LECs [47,48].
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There are various forms of cross-talks between Smad and non-Smad signaling path-
ways. Specifically, the middle linker region of Smad2 or Smad3 can be phosphorylated
by MAPKs and RhoA in response to various ligands. There are in vivo and in vitro evi-
dences suggesting that phosphorylation in the Smad middle liker region by such signals
further promoted or suppressed Smad-dependent gene expression [49–51]. In addition, the
phosphatidylinositol-3-kinase (PI3K)/Akt pathway was identified to mediate the expres-
sion of type I collagen induced by TGFβ2 in ARPE-19 cell line through Smad-dependent
and Smad-independent pathways [52]. These results suggest a crosstalk also between
PI3K/Akt, the Smad, and the non Smad MAPK and RhoA/Rho-kinase pathways in fibrotic
disorders to the eye.

The main TGFβ/Smad- and non-Smad-regulated pathways involved in ocular fibro-
genic disorders are shown in Figure 5.
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5. Preclinical Studies with Drugs Affecting TGFβ for Prevention/Treatment of
Ocular Fibrosis

TGFβ/Smad signaling is the most investigated target to be inhibited in the preven-
tion/treatment of inflammatory/fibrotic diseases in the eye. Smad7, which effectively
blocks Smads2/3 signaling, exhibits promising therapeutic effect in ocular fibrotic disease
in experimental animals. Specifically viral and non-viral gene transfer techniques based
on TGFβ/Smads2/3/7 have been studied in vitro and in vivo animal models. Moreover,
non-gene transfer techniques based on TGFβ/Smads2/3/7 have been investigated in
preclinical studies.

5.1. Anti-TGFβ/Smad Viral and Non-Viral Gene Transfer Treatment Strategies for
Prevention/Treatment of Ocular Fibrosis

It has been reported that blocking the activity of TGFβ by systemic expression of
soluble type II TGFβ receptor by adenoviral gene transfer resulted in suppressed scarring
and neovascularization in healing after alkali burn rat cornea [53]. In addition, small
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interference RNAs (siRNAs) transfection of type II TGFβ receptor into cultured human
corneal fibroblasts and in eyes of a mouse model of ocular inflammation and fibrosis effec-
tively suppressed the fibrogenic/inflammatory reaction in vitro and in vivo [54]. However,
therapies that target TGFβ expression/activation or binding of TGFβ to its receptor may
potentially perturb healing of the epithelial component by interfering with the p38MAPK
activity, which is critical for migration of epithelial cells during tissue repair [55,56]. In ad-
dition, such strategies may induce a number of unwanted side effects due to the pleiotropic
biological actions of TGFβ mediated by multiple signaling pathways.

Compounds that selectively target signaling pathways downstream of the TGFβ re-
ceptor are expected to achieve the desired effects while avoiding complications. Specifically,
the blockage of TGFβ activity at the level of Smad signaling may obtain a more favorable
result since the other TGFβ signaling cascades would remain intact.

Using a mouse corneal alkali burn model, knocking out of Smad3 by gene target-
ing suppressed tissue fibrosis of the healing cornea in association with a reduction of
macrophage infiltration, myofibroblast generation, and growth factor expression [2,57]. In
accordance, adenoviral gene transfer of Smad7 cDNA by topical application suppressed
scarring and neovascularization in a healing mouse cornea after alkali exposure in as-
sociation with significant decrease in expression of profibrogenic and proinflammatory
cytokines [58]. The effects were more marked than those seen in Smad3-null mice, probably
because Smad7 also suppresses the nuclear factor-κB (NF-κB) pathway, which leads to
suppression of inflammation cascades [58]. Specifically, Smad7 does block nuclear translo-
cation of NF-κB, a signal transmitter related to inflammation [17]. Moreover, transfer of
Smad7 by adenoviral vector suppressed TGFβ1-mediated up-regulation of fibrogenic and
inflammatory components in cultured human subconjunctival fibroblasts [59]. In addition,
Smad7 gene transfer reduced the fibrogenic reaction in healing, incision-injured mouse
conjunctiva, suggesting a therapeutic potential in the prevention of excess scarring in the fil-
tering bleb post-trabeculectomy [59]. To prevent fibrous capsular opacification, researchers
investigated Smad7 gene transfer by adenoviral vector to an injured lens epithelium in mice.
This resulted in suppressed injury-induced lens epithelium EMT [60]. These favorable
results indicate that strategies that promote Smad7 activity might have a therapeutic poten-
tial to prevent secondary cataracts. In addition, inhibition of the TGFβ/Smad signaling was
investigated for the prevention and treatment of PVR. Specifically, it was demonstrated that
the Smad7 gene transfer inhibited fibrogenic responses to TGFβ2 by RPE cells in vitro and
in vivo [61]. In detail, gene introduction of Smad7 in ARPE-19 human RPE cells inhibited
the TGF-β2/Smad signaling and expression of collagen type I and TGFβ1. Moreover,
Smad7 overexpression suppressed EMT and fibrogenic responses in RPE cells after retinal
detachment in mice [61].

5.2. Other Anti-TGFβ/Smad Viral and Non-Viral Gene Transfer Treatment Strategies for
Prevention/Treatment of Ocular Fibrosis

The inhibition of pathways modulating the TGFβ/Smad signaling has also been
investigated in inflammatory/fibrotic diseases in the eye.

The bone morphogenic protein-7 (BMP-7) is a member of the TGFβ superfamily,
which has antagonistic effects on TGFβ/Smad signal in tissue fibrosis. Specifically, BMP-7
facilitates the expression of the inhibitors of differentiation 2 and 3 (Id2 and Id3), both
of which block Smads2/3 phosphorylation. Gene introduction of BMP-7 has shown a
therapeutic effect on corneal alkali burn model in mice, although its efficacy is less than
that of Smad7 [62]. In another report, adenoviral gene transfer of Id2, Id3, or BMP-7
suppressed injury-induced EMT in mouse LECs in vivo [63]. Moreover, BMP-7 gene
therapy to treat preformed corneal fibrosis using established rabbit in vivo and human
in vitro models significantly restored transparency of the cornea [64].

In addition, the peroxisome proliferator-activated receptor (PPAR) family has a role
in attenuating the TGFβ/Smad signal in fibrotic eye diseases. The PPAR family con-
sists of three isoforms, namely, PPARα, β/δ, and γ, which are involved in control of
the inflammatory response, fibrogenic reaction, and cell proliferation during wound



Int. J. Mol. Sci. 2021, 22, 11748 9 of 22

healing [65,66]. PPARγ gene transfer was shown to suppress activation of ocular fibroblasts
and macrophages in vitro upon exposure to TGFβ/Smad signal [67]. In vivo experiments
showed that PPARγ gene transfer suppressed monocytes/macrophages invasion and sup-
pressed the generation of myofibroblasts, as well as cytokines/growth factors and MMP
upregulation in an alkali-burned mouse cornea [67].

The family of small leucine-rich proteoglycans (SLRPs) is also involved in the ocular
wound healing process. The SLRPs are natural inhibitors of TFGβ/Smad activity. Decorin
is an SLRP implicated in regulating assembly of collagen fibrils and ECM structure in the
eye [68]. Transfection of decorin through mammalian expression vector inhibited TGFβ-
driven elevated expression of profibrogenic genes, as well as formation of myofibroblasts
in human corneal fibroblasts [68]. The same authors later demonstrated that decorin gene
transfer with adeno-associated virus serotype 5 (AAV5) in vivo rabbit model of corneal
fibrosis significantly reduced corneal haze [69]. Moreover, decorin gene therapy delivered
to the rabbit corneal stroma with AAV5 suppressed corneal neovascularization in vivo [70].

The role of NADPH oxidase 4 (Nox4), a facilitator of TGFβ-induced fibrotic responses
in the eye, was assessed in Nox4 knockout (KO) mouse model of GFS, demonstrating
decreased post-surgical scarring [71]. Selective target of Nox4 gene expression by an
adenovirus carrying a Nox4 small interfering RNA (siRNA) (Ad-Nox4i) in human Tenon’s
fibroblasts (HTFs) was observed to reduce TGFβ1-mediated proliferation in HTFs [71].
Activation of Smads2/3 by phosphorylation of MAPK at its middle linker region is an
additional target of inhibition of TGFβ for prevention of ocular fibrosis. Adenoviral gene
transfer of dominant-negative p38MAPK abolished the post-retinal detachment fibrotic
reaction of the RPE in vivo in a mouse model of PVR [72], supporting its effectiveness in
preventing/treating PVR.

5.3. Anti-TGFβ/Smad Treatment Strategies by Non-Gene Transfer Techniques

There is evidence suggesting there is potential efficacy of blocking Smad signaling
also by non-gene transfer techniques.

On the basis of Smad7 blockage of NF-κB activity, researchers investigated the use
of NF-κB inhibitors for prevention of ocular fibrosis [73]. Specifically, it was confirmed
that inhibiting NF-κB by a peptide inhibitor, SN50, produced a therapeutic effect on alkali-
burned corneas in mice [73]. The mechanism of action of SN50 is based on inhibition of the
inflammatory response and promotion of epithelial cells proliferation through activation of
TNFα/JNK signal [73].

The aldehyde dehydrogenase (ALDH) superfamily, composed of enzymes that cat-
alyze aldehyde oxidation, has been identified to be involved in several profibrotic pathways,
including TGFβ, in order to control fibroblast activation and tissue fibrosis [74]. There
are studies demonstrating ALDH1 to be upregulated in OMMP conjunctiva and cultured
fibroblasts [75]. Treatment with ALDH inhibitors, including disulfiram, to human OMMP
fibroblasts proved effective in restoring their functionality in vitro. Moreover, topical appli-
cation of disulfiram decreased fibrosis in vivo mouse model of scarring allergic eye disease
(AED), used as a surrogate for OMMP [75].

It has also been reported that components of herbal medicines exert anti-fibrogenic/
inflammatory effects by disrupting the TGFβ/Smad signaling. Halofuginone, a deriva-
tive of febrifugine, which is an herbal extract originally isolated from the plant Dichroa
febrifuga, reportedly blocked tissue fibrosis by upregulating the expression of Smad7
and downregulating the expression of TGFβ receptor type II from in vitro and in vivo
studies [76]. The antifibrotic potential of halofuginone was investigated in human corneal
fibroblasts in vitro. Specifically, halofuginone downregulated the protein expression of
Smad3 and reduced the expression of the fibrotic markers α-SMA, fibronectin, and type I
collagen in human corneal fibroblasts [77]. In addition, components of an herbal medicine,
Inchin-Ko-Tou; genipin [78]; and emodin [79] demonstrated antifibrogenic inflammatory
effects in vitro in cultured ocular cells including LEC line and human subconjunctival
fibroblasts, and in vivo in the healing of an alkali-burned cornea in mice. Tetrandrine,
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the major component of an herbal medicine, Boui, also suppressed fibrogenic reaction
of cultured subconjunctival fibroblasts via blocking Smads2/3 signal by upregulation of
Smad7 [80]. In addition, pirfenidone, an anti-fibrotic drug reported to decrease TGFβ
expression and enhance the protective role of PPARs, was investigated in human ocular
fibroblasts in vitro, demonstrating decreased cell proliferation and matrix synthesis [81].

Moreover, molecules aimed at blocking CTGF were identified to play an important
role in the prevention of ocular fibrosis related to the TGFβ/Smad axis. The group of Wang
et al. demonstrated that subconjunctival injection of a CTGF antibody was able to maintain
larger bleb areas and lower intraocular pressures in a rabbit model of GFS [82].

With reference to the RhoA/Rho-kinase pathway, the AMA0526, Rho kinase inhibitor
was found to inhibit proliferation of HTFs and TGFβ1-induced fibroblast-to-myofibroblast
differentiation. Moreover, the effects of AMA0526 were investigated on wound healing
process in a rabbit model of GFS, demonstrating improved surgical outcome [83]. Similarly,
the role of Y-27632, a specific inhibitor of the RhoA/ROCK pathway, was evaluated in
HTF activities including proliferation, adhesion, contraction, migratory response, and my-
ofibroblast transdifferentiation. Results showed that use of Y-27632 significantly reduced
collagen gel contraction and α-SMA expression in HTFs. Y-27632 also increased HTF motil-
ity. Effects of Y-27632 on prevention of postoperative scar formation were also examined
in a rabbit model of GFS, showing significantly improved surgical outcome compared
with the vehicle [84]. A Rac1 inhibitor also efficiently abolished fibroblast-mediated matrix
contraction and MMP-1 expression in conjunctival tissue [85]. Furthermore, the role of
Y-27632 was investigated to prevent fibrosis in human RPE cells. Specifically, Y-27632
suppressed the expression of ECM components induced by CTGF or TGFβ in ARPE-19
cells in vitro, suggesting a potential approach for prevention of PVR [86].

Moreover, several chemical inhibitors of the PI3K/Akt signaling were investigated
in vitro and in vivo for prevention of TGFβ-mediated scar formation in eye disorders.
Specifically, sulforaphane, a molecule capable of modulating PI3K/Akt activity, inhibited
proliferation, migration, and synthesis of the ECM in human conjunctival fibroblast [87].
Similarly, lithium chloride was shown to abolish myofibroblast transdifferentiation via
PI3K/Akt signal in HTFs [88]. Moreover, 3-methyladenine, a selective inhibitor of PI3K,
exerted antifibrotic effects on experimental subretinal fibrosis in mice [89].

The therapeutic efficacy of SB202190, a p38MAPK chemical inhibitor, was evaluated in
a ARPE-19 human RPE cell line, demonstrating reduced TGFβ2-mediated migration and
ECM production [72]. In accordance, pharmacologic inhibition of p38 with SB203580 was
found to suppress TGFβ-induced myofibroblast transdifferentiation in HTFs after GFS [90].

Moreover, Notch signaling is involved in the regulation of ocular fibrosis through
TGFβ1/Smad, and its inhibition may have therapeutic value in the prevention and treat-
ment of retinal fibrosis [91]. Inhibition of the Notch signaling by the γ-secretase inhibitors
including RO4929097, LY411575, and DAPT demonstrated prevention of retinal fibrosis
in in vitro and in vivo experiments [92,93]. In detail, intravitreal injection of RO4929097
inhibited retinal glial (Müller) cell gliosis and limited overexpression of ECM proteins
in a murine model of retinal fibrosis [92]. LY411575 significantly attenuated the EMT of
RPE cells in vitro and inhibited mouse PVR formation in vivo [91]. Blockade of the Notch
pathway with DAPT suppressed TGFβ2-induced EMT in human RPE cells [93].

The main preclinical studies with gene transfer and non-gene transfer techniques
targeting TGFβ/Smad in Ocular Fibrosis are summarized in Table 1.
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Table 1. Preclinical studies with Gene transfer and non-gene transfer techniques targeting TGFβ/Smad in ocular fibrosis.

Target Treatment Strategy In Vitro and In Vivo Models References

Gene transfer techniques

TGFβ Adenoviral gene transfer of soluble human
type II TGFβ receptor

In vitro in COS cells, in vivo in mouse
alkali-burned cornea. Sakamoto et al., Gene Ther. 2000

TGFβ siRNAs transfection of type II TGFβ receptor
In vitro in cultured human corneal fibroblasts.
In vivo in mouse model of ocular inflammation and
fibrosis.

Nakamura et al., Mol Vis. 2004

Smad3 Knocking out of Smad3 by gene targeting In vivo in mouse alkali-burned cornea. Saika et al., Am. J. Pathol. 2005b

Smad7 Adenoviral gene transfer of Smad7

In vivo in mouse alkali-burned cornea. Saika et al., Am. J. Pathol. 2005b

In vitro in cultured human subconjunctival
fibroblasts, in vivo in mouse injury-induced wound
healing of conjunctiva.

Yamanaka et al., Mol Vis. 2006

In vivo in mouse injured lens epithelium. Saika et al., Lab Invest. 2004

In vitro in ARPE-19 human RPE cells, in vivo
PVR mouse model.

Saika et al., Arch Ophthalmol.
2007

BMP-7 Adenoviral gene transfer of BMP-7

In vivo in mouse alkali-burned cornea.
In vitro in human corneal fibroblasts and
myofibroblasts, in vivo in rabbit model of corneal
fibrosis.

Saika et al., Lab Invest. 2005
Gupta et al., Invest Ophthalmol
Vis Sci. 2018

BMP-7
Id2
Id3

Adenoviral gene transfer of BMP-7,
Id2, or Id3 In vivo in mouse injured lens epithelium. Saika et al., Am J Physiol Cell

Physiol. 2006

PPARγ Adenoviral gene transfer of PPARγ
In vitro in mouse ocular fibroblasts and
macrophages, and in human corneal epithelial cell
line, in vivo in mouse alkali-burned cornea.

Saika et al., Am J Physiol Cell
Physiol. 2007

Decorin
Mammalian vector gene transfer of Decorin
Adenoviral gene transfer of Decorin
Adenoviral gene transfer of Decorin

In vitro in human corneal fibroblasts.
In vivo rabbit model of corneal fibrosis.
In vivo rabbit model of corneal fibrosis.

Mohan et al., Exp Eye Res. 2010
Mohan et al., Invest Ophthalmol
Vis Sci. 2011
Mohan et al., PLoS One. 2011

Nox4 Adenoviral gene transfer of Ad-Nox4i In vitro in HTFs, in vivo in mouse model of GFS. Shah et al., Antioxidants (Basel).
2020

p38MAPK Adenoviral gene transfer of DN p38MAPK In vivo in a mouse model of PVR. Saika et al., Lab Invest. 2005

Non-gene transfer techniques

SN50 Inhibition of NF-κB In vivo in mouse alkali-burned cornea. Saika et al., Am. J. Pathol. 2005c

Disulfiram Inhibition of ALDH In vitro in human OMMP fibroblasts, in vivo in
mouse model of scarring AED. Ahadome et al., JCI Insight 2016

Halofuginone Up-regulation of Smad7 and
down-regulation of TβR-II In vitro in human corneal fibroblasts. Nelson et al., Mol Vis. 2012

Genipin Inhibition of Smad2, p38 MAPK and CTGF In vitro in lens epithelial cell line alpha-TN4. Kitano et al., J Cataract Refract
Surg. 2006

Emodin Inhibition of TNFα In vitro in human subconjunctival fibroblasts,
in vivo in mouse alkali-burned cornea.

Kitano et al., Invest Ophthalmol
Vis Sci. 2007

Tetrandrine Upregulation of Smad7 and downregulation
of Smad2 In vitro in human subconjunctival fibroblasts. Kitano et al., Curr Eye Res. 2008

Pirfenidone Inhibition of TGF-β1, β2, and β3 In vitro in human ocular fibroblasts. Stahnke et al., PLoS One. 2017

CTGF Inhibition of CTGF In vivo in a rabbit model of GFS. Wang et al., Int. J. Ophthalmol.
2011

AMA0526
Y-27632

NSC23766
Inhibition of Rho-kinase

In vivo in a rabbit model of GFS.
In vitro in HTFs, in vivo in a rabbit model of GFS.
In vitro in ARPE-19 human RPE cells.
In vitro in HTFs.

Van de Velde et al., Prog Brain Res.
2015
Honjo et al., Invest Ophthalmol Vis
Sci. 2007
Zhu et al., Int J Ophthalmol. 2013
Tovell et al., Invest Ophthalmol Vis
Sci. 2012
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Table 1. Cont.

Target Treatment Strategy In Vitro and In Vivo Models References

Sulforaphane
LiCl

3-MA
Inhibition of PI3K/Akt

In vitro in human conjunctival fibroblasts.
In vitro in HTFs.
In vivo in mouse model of subretinal fibrosis.

Liu et al., Int J Ophthalmol. 2020
Chung et al., Biotechnol Lett. 2014
Bo et al., J Ocul Pharmacol Ther.
2020

SB203580
SB202190 Inhibition of p38MAPK In vitro in HTFs.

In vitro in ARPE-19 human RPE cells.

Meyer-Ter-Vehn et al., Invest
Ophthalmol Vis Sci. 2006
Saika et al., Lab Invest. 2005

RO4929097
LY411575

DAPT
Inhibition of Notch

In vitro in human MIO-M1 Müller cells, in vivo
in a murine model of retinal fibrosis.
In vitro in RPE cells, in vivo in mouse model of
PVR.
In vitro in ARPE-19 human RPE cells.

Fan et al., Theranostics. 2020
Zhang et al., Histochem Cell Biol.
2017
Chen et al. Curr Mol Med. 2014

TGFβ, transforming growth factor β; siRNAs, small interference RNAs; Smad, small mothers against decapentaplegic; RPE, retinal pigment
epithelium; PVR, proliferative vitreoretinopathy; BMP-7, bone morphogenic protein-7; Id2 and Id3, inhibitors of differentiation 2 and 3;
PPARγ, peroxisome proliferator-activated receptor γ; Nox4, NADPH oxidase 4; Ad-Nox4i, Nox4 small interfering RNA (siRNA); p38 MAPK,
p38 mitogen-activated protein kinase; DN, dominant-negative; NF-κB, nuclear factor-κB; ALDH, aldehyde dehydrogenase; OMMP, ocular
mucous membrane pemphigoid; AED, allergic eye disease; TβR-II, TGF-β receptor type II; TNFα, tumor necrosis factor α; CTGF, connective
tissue growth factor; HTFs, human Tenon’s fibroblasts; GFS, glaucoma filtration surgery; PI3K/Akt, phosphatidylinositol-3-kinase/Akt;
LiCl, lithium chloride; 3-MA, 3-methyladenine.

6. Clinical Trials with Drugs Affecting TGFβ/Smad for Prevention/Treatment of
Ocular Fibrosis

Currently, treatment of fibrotic disorders to the eye is mainly based on administration
of systemic steroids and immunosuppressive agents such as azathioprine, methotrexate,
cyclophosphamide, and mycophenolate mofetil, as well as monoclonal antibodies. How-
ever, some patients have contraindications, fail to respond to these conventional therapies,
or experience intolerable side effects. Moreover, patients may develop resistance to their
use. In addition, fibrotic disorders to the eye ultimately require challenging surgical treat-
ments, which often result in poor functional and anatomical outcomes. For these reasons,
alternative treatment modalities are urgently needed.

Currently, only a few clinical trials are available that are based on agents targeting
TGFβ/Smad for prevention and treatment of fibrotic disorders to the eye.

A large, controlled, multicenter, randomized phase III clinical trial evaluated the
efficacy of subconjunctival CAT-152 (lerdelimumab), a monoclonal antibody to TGFβ2, in
preventing the progression of bleb scarring in glaucomatous patients undergoing first-time
trabeculectomy. However, there was no reported difference in surgical success between
CAT-152 and placebo [94].

In addition, a multicenter, multidose, dose escalation phase I/II study is currently
active to evaluate the safety, tolerability, and clinical activity of intravitreally injected RXI-
109, a self-delivering RNAi (sd-rxRNA) compound that selectively targets CTGF to reduce
progression of subretinal fibrosis in subjects with advanced nAMD [95].

7. Angiogenic Factors

The increase in local hypoxic conditions and impaired cellular responses to hypoxia
are critical factors that contribute to a delay in wound healing. Angiogenesis serves a major
role in delayed wound healing response.

Vascular endothelial growth factor (VEGF) is a key mediator of angiogenesis and
stimulates both fibroblasts and endothelial cells in late tissue repair. Several preclinical
and clinical studies have shown promising results of anti-VEGF therapies (bevacizumab,
ranibizumab) in preventing corneal vascularization [96]. Cho et al. showed that knocking
down of VEGF improved corneal graft survival by decreasing angiogenesis in a murine
penetrating keratoplasty model [97].

On the other hand, the role of anti-VEGF therapies in reducing scarring and fibrosis
after GFS remains controversial. A randomized clinical trial was performed to compare
trabeculectomy with adjunctive intracameral bevacizumab versus intraoperative MMC.



Int. J. Mol. Sci. 2021, 22, 11748 13 of 22

Results reported that intracameral bevacizumab was as effective in increasing trabeculec-
tomy success as MMC; however, it was associated with an increased risk of filtering bleb
leakage [98]. Moreover, the use of intracameral bevacizumab was investigated as an adjunct
to MMC trabeculectomy in several trials. A prospective, randomized, placebo-controlled
trial reported that administration of intracameral bevacizumab in MMC trabeculectomy
significantly reduced the need for needling interventions and led to a higher success rate
after surgery [99]. However, a recent prospective, randomized, controlled trial reported
that adjuvant use of intracameral bevacizumab during MMC trabeculectomy is not justi-
fied as it does not improve surgical success rates [100]. Thus, further RCTs are needed to
investigate the efficacy and safety of anti-VEGF therapies after GFS.

Interestingly, Bergen et al. showed that intracameral injection of a monoclonal anti-
body to placental growth factor (PlGF), a VEGF-homolog that binds to VEGF-R1, resulted in
increased bleb area and survival in a mouse model of glaucoma surgery [101]. Furthermore,
anti-PlGF treatment was reported to enhance the efficacy of VEGF inhibitors, suggesting
possible combinatory strategies [102].

A number of intravitreal anti-VEGF agents are currently used in clinical practice
for treatment of active nAMD, demonstrating some beneficial effect in reducing related-
subretinal fibrosis [103,104]. An open-label, safety phase II trial to study subretinal fibrosis
in nAMD patients treated with intravitreal Fovista®(E10030), a platelet-derived growth
factor (PDGF) antagonist, in combination with anti-VEGF therapy, has recently completed
with published results [105].

Moreover, a multi-center, randomized, controlled phase II study assessing the change
in subretinal fibrosis of intravitreal injections of RBM-007, a fibroblast growth factor 2 (FGF2)
antagonist, as a monotherapy or in combination with intravitreal anti-VEGF therapy in
nAMD, is currently active [106].

8. Biomechanical Factors

A crucial event during the wound healing process is the contraction of newly formed
connective tissue by myofibroblasts. Myofibroblasts are highly contractile fibroblasts
expressing α-smooth muscle actin (α-SMA), an actin isoform that contributes to cell-
generation of mechanical tension. Myofibroblasts serve as a key role in tissue restoration
as they provide both ECM components and mechanical strength to allow for wound
contraction [107]. Wound contraction is necessary to reduce the size of the wound defect
so that closure will occur. Myofibroblasts typically disband in apoptosis after successful
repair. Persistent myofibroblast activation within the remodeling wound space can lead to
stiff ECM collagen contractures, resulting in debilitating contractile scarring with dramatic
consequences for organ function [107–110].

In an in vitro model of connective tissue remodeling, fibroblast-mediated contraction
of collagen gels was reported in response to TGFβ [111,112]. Moreover, this process was
observed to be strictly dependent on Smad3 [113,114]. Specifically, overexpression of
Smad3 in the fibroblasts increased collagen gel contraction, while Smad7 overexpression
reduced it [113]. Furthermore, TGFβ augmented contraction of Smad2 knockout (S2KO),
Smad2 wildtype (S2WT), and Smad3 wildtype (S3WT), but not Smad3 knockout (S3KO)
mouse fibroblasts [114]. Thus, the Smad3 gene may represent a target for blocking TGFβ-
promoted fibrotic tissue contraction.

In the cornea, stromal rigidity was identified as a critical factor in TGFβ-induced
promotion of corneal epithelial wound healing in transwell and wound healing assay
studies [24]. In vivo animal studies demonstrated elevation in the matrix stiffness of the
anterior corneal stroma following wounding, and it correlated initially with the develop-
ment of edema and inflammation, and later with stromal haze development and filling of
the wound space with myofibroblasts [115]. Moreover, from the same study, stromal cells
treated with TGFβ1 in vitro were stiffer than untreated cells, and their stiffness was signifi-
cantly determined by the matrix stiffness of the corneal wound microenvironment [115].
Crosslinking (CXL) with riboflavin and hyaluronidase to stiffen or soften the corneal
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stroma, respectively, is an expanding strategy for modulating corneal biomechanics [115].
CXL is reported to promote anterior keratocyte apoptosis/necrosis and transformation
of fibroblasts into myofibroblasts around the area of treatment [116]. CXL procedures are
currently employed to treat degenerative corneal diseases.

Biomechanical properties also have relevance in glaucoma pathogenesis. In glaucoma,
the LC, TM, and SC tissues demonstrated considerable ECM fibrotic changes and associated
stiffness [117,118] upon stimulation with TGFβ [119] and cyclic stretch from in vivo and
in vitro studies [120]. These remodeling events in the LC affected mechanical integrity,
which in turn alters tissue response to chronic elevation of IOP. Stiffening in the LC was
associated to progression of LC morphology from a normal state to that of a cupped,
excavated glaucomatous state from computational and numerical modeling studies and
mechanical testing of ocular tissues [121]. Increased stiffness of glaucomatous human
TM and SC was correlated with an increased resistance to aqueous humor outflow and
elevated IOP, thus influencing the onset and progression of glaucoma [121]. Moreover,
the increased ocular rigidity in glaucoma was identified as a critical mechanical driver of
the optic neuropathy as it influences outflow resistance and daily changes in IOP, from
theoretical models and in vivo studies [122–125].

In addition, the filtering bleb after GFS is constantly subjected to mechanical stress
induced by the draining of the aqueous humor. High levels of TGFβ2 were detected in the
aqueous humor of patients with glaucoma [126], and TGFβ1 and β2 are also expressed in
local cells (conjunctival epithelium and fibroblasts) in the filtering bleb tissue [35,127]. In a
cellular model of conjunctival fibrosis, TGFβ2-Smad signaling was found to promote tran-
scription of fibrotic genes in human primary conjunctival fibroblasts through interaction
with the Yes-associated protein (YAP) and transcriptional coactivator with PDZ-binding
motif (TAZ) in the Hippo pathway [128]. The Hippo pathway is the most representative
mechanical stress-related signaling pathway. YAP and TAZ are key effectors of the Hippo
pathway. In the presence of mechanical stress, YAP/TAZ are stabilized and translocate
to the nucleus depending on TGFβ2, and subsequently interact with Smad2/3 transcrip-
tion factors driving the transcription of fibrotic genes [129]. Verteporfin, a YAP/TAZ
inhibitor, exerted potent antifibrosis effects by suppressing the TGFβ2-YAP/TAZ-Smad
axis in human TM cells [128,130,131].

In various diseases, including PVR and nAMD, the retina is subjected to mechanical
forces. Interestingly, substrates of varying elastic moduli were found to induce gene expres-
sion changes in rat Müller cells to promote expression of genes implicated in PVR [132]. In
addition, a recent study demonstrated that matrix stiffness induced activation of ARPE-19
cells through the RhoA/YAP pathway and development of a retinal fibrogenesis in vivo
PVR mouse model [133]. Interestingly, the upstream blockade of RhoA by C3 exoenzyme
or downstream blockade of YAP by verteporfin effectively suppressed MMP expression in
ARPE-19 cells and collagen gel contraction [133]. Furthermore, blockade of RhoA/YAP sig-
naling reduced PVR-induced retinal fibrogenesis and inhibited the TGFβ/Smad pathway
in vivo [133]. This suggests attractive novel therapeutic strategies targeting the RhoA/YAP
pathway for treatment of PVR.

Biomechanical factors are also involved in the pathogenesis of nAMD. Specifically,
changes in the biomechanical properties of the Bruch’s membrane were reported to af-
fect diffusion of nutrients and/or waste between outer retina and choriocapillaris, pos-
sibly leading to AMD onset [134]. Moreover, a reduction of retinal elastin and, conse-
quently, increased retinal stiffness was described in patients affected by moderate-to-severe
AMD [135].

9. Cell-Based Therapies

The recent development of stem cell technologies holds promise for the treatment of
diseases that are caused by cell degeneration or death, including fibrotic disorders to the
eye. Cell-based therapies modulate the pathological responses in the eye by using rescue
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activities of the cells themselves or by delivering transgenes expressing molecules useful in
the treatment of fibroproliferative disorders [136].

Autologous or allogeneic limbal epithelial stem cell transplantation is an accepted
procedure for the treatment of limbal stem cell deficiency (LSCD) in ocular surface fibrotic
disorders [137]. Limbal epithelial stem cells are transplanted into the eye of the diseased
patient after collection using biopsy and expansion in culture [138].

However, the inability to obtain an autologous transplant in the case of bilateral
disorders, as well as the need for immunosuppression after allogeneic grafting, forced
investigations into an alternative cell source or therapy [139].

Transplantation of cultured oral mucosal epithelial cell sheets in patients with total
LSCD resulted in complete stable epithelialization along with visual improvement [140].

Moreover, other than cornea, additional sources for stem cells in eye therapies include
the bone marrow and umbilical cord [141]. Transplantation of bone marrow-derived stem
cells resulted in being as equally efficient as limbal epithelial stem cell transplantation
to improve corneal epithelial damage in LSCD [142]. Moreover, a recent study reported
that subconjunctival injection of TNFα pre-stimulated bone marrow-derived stem cells en-
hanced anti-inflammatory and anti-fibrotic effect in ocular alkali burn in a rat model [143].
Moreover, bone marrow-derived stem cells, when injected directly in the eye, were demon-
strated to selectively localize to activated glial cells, which are involved in many ocular
retinal vascular and degenerative diseases [136]. The intravitreal administration of autolo-
gous bone marrow-derived CD34+ cells in patients with degenerative retinal conditions
showed the incorporation of new cells into the macula of the study eye [144]. A number of
clinical trials are currently investigating the efficacy and safety of bone marrow-derived
stem cell transplantation in patients with ocular fibrotic degenerative diseases, including
glaucoma, optic neuropathy, AMD, retinal diseases, and diabetic retinopathy [145–149].
However, results from a recent trial evaluating intravitreal injection of autologous bone
marrow-derived stem cells in patients with advanced glaucoma reported no ERG response
changes, no improvement in visual function, and significative side effects, suggesting
further investigation [150].

Human umbilical cord stem cells also show potential in regeneration of eye tis-
sues [151]. The effects of human umbilical cord stem cell-derived exosomes were investi-
gated on subretinal fibrosis in vivo and in vitro [152]. Exosomes are nano-sized vesicles
released from cells that deliver proteins, lipids, mRNA, and miRNA to neighboring or dis-
tant cells. Stem cell-derived exosomes showed potential in treatment ocular tissue fibrosis
by transferring their molecular contents [153]. Intravitreal injection of human umbilical
cord-derived exosomes effectively reduced subretinal fibrosis in vivo [152]. Moreover,
exosomes can be loaded with therapeutic miRNA. Human umbilical cord stem cell-derived
exosomal miR-27b repressed the EMT process in vitro RPE cells induced by TGFβ2 [154].
Moreover, a placebo-controlled, randomized, double-blind phase I/II trial is currently
evaluating the efficacy and safety of umbilical cord stem cells injection in the treatment of
corneal burn in human [155].

10. Conclusions

Ocular fibrosis is an irreversible process inevitably leading to blindness. Currently,
there are no available therapies targeting the fibrotic process in the eye. The only available
treatments include antimetabolite drugs that show significant potentially blinding side
effects. Thus, there is an urgent need to identify novel therapeutic targets in ocular
fibrosis. This review provides current and futures perspectives on different strategies for
the treatment of fibrotic eye disorders. As is evident from the numerous studies discussed
in this review, the increasing knowledge of TGFβ-regulated pathways, angiogenesis, and
biomechanics in ocular fibrosis and the promising results obtained from novel therapies,
especially in the area of gene therapy and cell-based therapy, could offer new perspectives
in clinical practice in order to prevent/treat ocular fibrosis.
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