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Abstract

Corneal fibrosis develops in response to injury, infection, postsurgical complications, or underlying systemic disease that
disrupts the homeostasis of the tissue leading to irregular extracellular matrix deposition within the stroma. The mechanisms
that regulate corneal scarring are focused heavily on the canonical transforming growth factor-p pathway and relevant
activators, and their role in promoting myofibroblast differentiation. In this paper, we discuss the biochemical pathways
involved in corneal fibrosis in the context of different injury models—epithelial debridement, superficial keratectomy, and
penetrating incision. We elaborate on the interplay of the major pro-fibrotic factors involved in corneal scar development
(e.g., transforming growth factor-f1, thrombospondin-1, and avp6), and explore a novel role for extracellular vesicles
secreted by the wounded epithelium and the importance of the basement membrane.

Introduction

Corneal scarring may be caused by infection, injury, or
disease and result in restricted passage of light that reaches
the retina, thus often leading to detrimental effects on visual
acuity. The World Health Organization estimates that cor-
neal opacity accounts for over 4% of blindness worldwide
leading to over 1.5-2 million cases each year [1, 2]. To-
date, the only effective treatment for vision loss due to
corneal scarring is corneal transplantation.

In general terms, corneal haze that reduces the trans-
parency of the tissue may be caused by sub-clinical oedema,
inflammatory cell flux, or the presence of fibroblasts or
myofibroblasts that deposit modest amounts of extracellular
matrix (ECM). The severity of scar formation can be
evaluated by assessing the corneal backscatter as a measure
of the mean reflectivity of the tissue. Recovery of corneal
transparency following the presentation of corneal haze may
occur with the remodelling and removal of excess ECM
over the course of months to years. This regenerative
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process is determined by the severity of the original injury
and the recovery of proper barrier function, which influence
the inflammatory cell influx and penetrance of pro-fibrotic
factors that promote the persistence of myofibroblasts.
Severe scar tissue, as a result of excess deposition of a
highly disorganized ECM, gives rise to irregular fibril
structure and organization that cannot readily be remodelled
under physiological conditions. Therefore, close regulation
of the pathways involved in tissue regeneration and wound
closure is required to maintain corneal transparency, as well
as prevent infection and permanent tissue damage.

Corneal injury models

The mechanisms important in corneal wounding have been
largely unravelled by studies using three major corneal
injury models: (1) Epithelial debridement; (2) Superficial
keratectomy; (3) Penetrating incision (Fig. 1) [3, 4]. The
wound size varies between species depending on corneal
diameter and thickness in the model organism. In this
review, we focus on wound models using mice, given the
broad availability of knockout models to study the role of
specific factors involved in corneal wound healing. Epi-
thelial debridement generally involves the removal of the
epithelium from the central cornea via manual scraping with
a blunt blade, while leaving the basement membrane intact.
In mice, this type of wound ranges from 1 to 2mm in
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Fig. 1 Mechanisms involved in a
corneal fibrosis following
injury. a Epithelial debridement

leaves an intact basement
membrane, which may play a
role in restricting diffusion of
pro-fibrotic factors, including
TGF-B1 and EVs secreted by the
wounded epithelium. b A more
severe wound induced by a
keratectomy, which removes the
epithelium, basement

membrane, and a portion of the b

anterior stroma, often leads to

corneal fibrosis characterized by migrate
myofibroblast differentiation. —
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diameter and 10-20 um deep [4]. Generally, the corneal
epithelium recovers from a debridement within 18-48 h,
depending on the species, with no stromal or inflammatory
cell involvement or scar development, though recurrent
erosion of the epithelium may occur in mice [5]. In contrast,
a superficial keratectomy is performed by placing a trephine
on the central cornea, applying gentle pressure, and rotating
2-3 times to demarcate the region of injury, followed by the
manual removal of the epithelium, basement membrane,
and anterior stroma with sharp forceps [3]. A keratectomy
tends to be 1.5-2mm in diameter in mice and ranges
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between 20 and 50 pm in depth, depending on species [4].
Following a superficial keratectomy, the basement mem-
brane generally regenerates by 1 month in mice [6] and
rabbits [7]. This type of wound will form a scar; however,
the abundance of myofibroblasts usually peak at 1 month in
rabbits and resolve by 3 months [8]. The most severe cor-
neal injury model of these three is a penetrating incision,
which in mice is induced using a 1-mm length knife that is
applied to the central cornea with gentle pressure so that the
knife penetrates through the entire cornea (epithelium,
basement membrane, stroma, Descemet’s membrane, and
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endothelium) through to the aqueous humor [3]. This type
of injury forms a gap that takes about 40 days to heal in
mice. A large number of myofibroblasts are associated with
this type of wound and are observed within the region of
injury [9], thus leading to significant scar development that
does not resolve with time [10].

The potentiality for corneal scar development is largely
dependent on the integrity of the epithelial and endothelial
layers and their respective basement membranes, which
influence the penetrance of pro-fibrotic factors [e.g., trans-
forming growth factor-p (TGF-p), thrombospondin-1 (TSP-
1), and extracellular vesicles (EVs)] into the stroma (Fig. 1).
Injuries, such as epithelial debridement, which leave the
basement membrane intact, usually do not result in scar
formation; however, more severe injuries where the base-
ment membrane(s) may be damaged (e.g., superficial ker-
atectomy or penetrating incision), often result in a corneal
scar, which may not resolve depending upon the severity of
the wound. Scarring susceptibility may also be influenced
by species-differences in corneal structure, such as the
presence or absence of Bowman's layer in humans and
mice, respectively. Bowman's layer in humans may provide
some protection against corneal scarring simply by
increasing the spatial distance between keratocytes found
within the stroma and the ocular surface, thus limiting direct
cell damage to the stroma caused by superficial ocular
trauma. However, the basement membrane found in both
humans and mice likely plays a more significant role in
preventing scar development via direct protein—protein
interactions between basement membrane proteins and
secreted pro-fibrotic factors that are conserved between
species. Certain pro-fibrotic factors, such as TSP-1, contain
binding domains to basement membrane proteins (e.g.,
heparan sulfate proteoglycans) that may restrict diffusion
through the basal lamina, thus hampering growth factor-
mediated keratocyte activation. These potential binding
interactions between pro-fibrotic factors and the basement
membrane emphasize the importance of this conserved cell-
free layer in scar development.

In this review, we discuss myofibroblast differentiation,
TGF-B1, TSP-1, and integrin avf6, and their roles in cor-
neal wound repair and regeneration in the mouse model,
thereby examining the role of the corneal basement mem-
brane and injury severity in scar development independent
of the Bowman's layer.

Myofibroblast differentiation

Myofibroblasts are a contractile cell type that are pre-
dominately derived in the cornea from resident keratocytes
which have undergone activation in response to pro-fibrotic
factors secreted following injury, such as TGF-p1, platelet-

derived growth factor, and connective tissue growth factor,
thus promoting myofibroblast differentiation. The term
“myofibroblast differentiation” is utilized in this sense
according to the definition proposed by Tomasek et al., in
reference to “the elaboration of particular characteristics that
are expressed by an end-stage cell type or by a cell en route
to becoming an end-stage cell” [11]; in this case, differ-
entiation refers to the process leading to the expression of
key myofibroblast markers, such as a-smooth muscle actin
(x-SMA) and collagen type III, rather than cell commit-
ment. Following a full-thickness penetrating incision of the
cornea, a-SMA-positive cells appear within the corneal
stroma at 7 days post injury and disappear by 28-42 days
[9]. The presence of myofibroblasts during corneal wound
healing provides an essential role in wound closure via
cellular and tissue contraction, as well as acute ECM
deposition, to limit intraocular exposure to the external
environment. In addition, myofibroblasts are temporally and
spatially regulated by key pro-fibrotic factors, which influ-
ence the rate and degree of corneal repair following injury.

The downside of myofibroblasts is they are the primary
cell responsible for irregular ECM deposition and scar
development in the cornea. As keratoctyes differentiate to
myofibroblasts, a loss in cellular transparency occurs due to
the downregulation of crystallin proteins, aldehyde dehy-
drogenase class 1, and transketolase, which are highly
expressed in the resident keratocyte [12]. The loss in tissue
transparency is further accompanied by excess ECM
deposition by myofibroblasts. The development of a corneal
scar or opacity within the visual axis is detrimental to
vision, and the goal of many scientists is to limit or reverse
fibrosis. One idea to assist in reducing scar development is
to focus on TGF-fl1, which is a potent inhibitor of
interleukin-1-induced apoptosis of myofibroblasts; there-
fore, if TGF-P1 is restored to its basal levels within the
stroma, the myofibroblasts within the healing corneal
stroma would then be allowed to undergo apoptosis, thus
potentially limiting the opacity caused by wounding [13].
Another possible avenue of treatment would be to stimulate
the mature myofibroblasts to revert back to a quiescent
phenotype [14]; however, to the authors’ knowledge, there
are no reports to-date of transdifferentiation of myofibro-
blasts to keratocytes within the corneal stroma in vivo.

Studies also have reported that myofibroblasts found
within the cornea postkeratectomy may also originate from
fibrocytes [15], which are bone-marrow-derived cells found
in circulation that express markers of hematopoietic cells
(e.g., CD34%, CD59%, and CD90/Th1™), as well as the
leukocyte marker, CD45%. Roughly, 30-50% of resident
myofibroblasts in mice appear to be derived from fibrocytes,
which maintain co-expression of CD45, vimentin, and o-
SMA up to 21 days post-wounding, at which point they
likely undergo apoptosis [15].
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Pro-fibrotic factors involved in corneal scarring
TGF-B

TGF-f is a growth factor that regulates diverse pathways in
the body, including cellular differentiation, immune mod-
ulation, and ECM deposition and remodeling. It is secreted
in an inactive form that is bound to the latency-associated
protein (LAP), and a number of ligands—TSP-1, integrins,
plasmin, and matrix metalloproteinases-2 and -9—bind to
the LAP, which leads to the release of active TGF-f [16].

There are three known isoforms of TGF-f expressed in
mammalian cells (TGF-p1, -p2, and -p3) and each isoform
performs diverse functions depending on the cell type and
localization. For example, the presence of TGF-Pl is
required for proper growth and development. TGF-p1~/~
mice exhibit high intrauterine lethality (>50%), and those
that are born, usually do not survive past 3—5 weeks post-
natal due to chronic inflammation and necrosis [17]. In
contrast, overexpression of TGF-f1 by linkage to an
epidermal-specific promoter in mice leads to death <24 h
postnatal due to severe epithelial defects and heart
abnormalities [18]. Furthermore, overexpression of TGF-f1
within the central nervous system leads to hydrocephalus
and increased ECM production, including elevated laminin
and fibronectin expression [19]. Clearly, close regulation of
TGF-B1 levels is required for proper organismal growth and
development.

In addition to being vitally important during embryonic
development, TGF-f also plays an essential role in med-
iating the response to injury in adult organisms. As seen
with corneal wound healing, TGF-$1 levels dramatically
increase within the tear film [20], with parallel elevation in
the primary TGF-f1 receptors, TGF-fRI and -BRII [21].
Free-diffusion of TGF-P1 and -f2 to the stroma in injuries
involving the disruption of basement membrane integrity
(Fig. 1b), such as photorefractive keratectomy, has been
purported as a mechanism of fibrosis by driving myofi-
broblast differentiation and persistence [16]. In agreement,
stimulation of keratocytes and fibroblasts with sub-
nanomolar concentrations of TGF-fl in vitro leads to
myofibroblast differentiation [22]. This mechanism of
fibrosis is primarily through the canonical signalling path-
way, where TGF-B1 or -2 bind to the serine-threonine
kinase receptors, TGF-PRI and -BRII, which leads to the
recruitment of the cytosolic proteins, SMAD?2 and 3, to the
plasma membrane. SMAD2 and 3 are then phosphorylated,
bind to SMADJ4, translocate to the nucleus, and activate the
transcription of genes associated with collagen deposition
and stress fiber formation [23]. The less abundant isoform,
TGF-f3, has been identified to play an important role dur-
ing development [24] and scarless tissue regeneration [25],
which is likely mediated via a noncanonical pathway.
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Studies for blocking fibrosis or slowing its progression
are currently being investigated at the TGF-p level, as well
as further down the signalling pathway. Inhibition of TGF-
signalling via overexpression of the regulatory SMAD7
following corneal injury has been found to be associated
with blunted scar formation [26]. In addition, blocking the
downstream effectors of the canonical TGF-f pathway,
including TSP-1 and awf6, have likewise been found to be
associated with the inhibition of myofibroblast differentia-
tion, though a parallel delay in wound closure has been
observed, supporting a fundamental role for this pathway
during corneal regeneration [6, 27, 28].

TSP-1

TSP-1 is a large homotrimeric, multidomain protein with a
number of binding partners, including heparan sulfate pro-
teoglycans, collagen, fibronectin, pro-TGF-f1, and integrins
[29]. TSP-1 plays an important role in ECM deposition and
myofibroblast differentiation via regulation of TGF- activity
[30]. Binding of TSP-1 to the LAP-TGF- complex results in
the release of active TGF-f [31], which then binds to its
respective receptors (Fig. 2a). Basal expression of TSP-1 in
the cornea is primarily localized to the endothelium, though
injury via debridement or superficial keratectomy leads to
induced expression at the basal epithelium and anterior
stroma, respectively [32]. The upregulation in TSP-1 post-
wounding may influence the stromal response depending on
the presence or absence of the basement membrane, as TSP-1
contains binding domains for heparan sulfate proteoglycans
(e.g., perlecan and agrin) and collagen (e.g., type IV), which,
in addition to laminin and nidogen, are major components of
the epithelial basement membrane [33].

In agreement with the role of TSP-1 in promoting
myofibroblast differentiation in the absence of the basement
membrane, co-localization of TSP-1 and a-SMA in the
wounded region following a keratectomy or penetrating
incision is readily apparent in the anterior stroma [27, 32].
Furthermore, TSP-1'~ mice show reduced a-SMA
expression by 4 days post keratectomy [32] and lower
numbers of myofibroblasts following penetrating incision
[27] compared to wild-type mice, in a process that is likely a
result of blunted TGF-p-mediated activation due to the
absence of TSP-1. Consistent with the importance of
myofibroblasts in tissue contraction and subsequent closure,
TSP-1""" mice also exhibit poor corneal repair following a
penetrating incision, characterized by the presence of a
gaping wound and persistent oedema [27]. The functional
role of TSP-1 in the uninjured adult cornea is unknown but
may influence corneal endothelial cell migration [34].
Moreover, deficiency in TSP-1 expression leads to defective
endothelial barrier regeneration following injury, and Des-
cemet's membrane does not appear to re-form in TSP-1""~



Biology of corneal fibrosis: soluble mediators, integrins, and extracellular vesicles 275

a LAP

o

Latent TGF-$3

+ e
TSP-1

Fig. 2 Activation of TGF-f§ by TSP-1 and owp6. TGF-1 is secreted
as an inactive protein bound to LAP. a TSP-1 binds to the LAP protein
via interactions between the Lys-Arg-Phe-Lys (KRFK)-peptide
sequence found within the Type 1 repeats of TSP-1 and Leu-Ser-Lys-
Leu (LSKL) domain of LAP. b The integrin, avp6, may bind to the
Arg-Gly-Asp (RGD)-domain found in LAP leading to release of active

mice, as evident by the development of severe edema
compared to wild-type mice, which recover barrier integrity
by 2 weeks post penetrating injury [27]. These studies
suggest that TSP-1 is a dominant factor in promoting scar
development and corneal repair post wounding.

avp6

A number of integrins are expressed by the corneal epi-
thelium, including o2f1, o3pl, a6fl, and owp5 [35].
Similar to TSP-1, avp6 is expressed by the epithelium pri-
marily after corneal injury, where it plays an important role
in mediating epithelial-cell migration and adhesion via
binding to the Arg-Gly-Asp (RGD) domain of fibronectin
[36]. The role of avP6 in wound healing is also associated
with its regulatory function of TGF-f signalling via the
release of active TGF-$ by binding to the RGD domain of
LAP (Fig. 2b) [37]. In addition, mice with avf6 deficiency
(B6'7) have a significant delay in corneal wound healing
following a keratectomy, with reduced epithelial basement
membrane formation and adhesion, which is likely attrib-
uted to lower laminin production [6]. Moreover, morpho-
logical defects in corneal structure in the form of blister-like
structures on the surface, as a result of poor epithelial
adhesion to the underlying basement membrane, can be
found in the p6'~ mice by 1 week post keratectomy [6].
Given the prominent role of TGF-f in tissue contraction and

b s
+ §
| Rt |

Latent TGF-(

Cytoskeleton

TGF-B1, which is then able to bind to TGF-BRI and -pRII leading to
phosphorylation of the SMAD proteins. Translocation of this complex
leads to the transcription of genes associated with myofibroblast dif-
ferentiation, including a-SMA and collagen type III [23, 43]. Adapted
from [31, 44] and re printed with permission.

scar development, p6 '~ mice also exhibit delayed wound
closure, which may contribute to increased risk for infection,
as well as scarring accompanied by inflammatory cell influx.
While the presence or absence of avp6 clearly influences
regeneration of the corneal epithelium, this integrin also
directly influences myofibroblast differentiation following
injury. The spatial and temporal expression of owf6 by 24 h
post wounding preludes the expression of a-SMA and TSP-1.
Following induction of a more severe wound induced via a
penetrating incision, the absence of avp6 likewise leads to a
subsequent delay in both a-SMA and TSP-1 peak expression
by 28 days compared to 14 days in wild-type mice, sup-
porting a functional role for avp6 expression as a pro-fibrotic
factor [28]. These results suggest that a6 may initiate the
repair response that leads to wound closure with direct reg-
ulation of downstream mediators, TSP-1 and TGF-p1.

Future perspectives: role of EVs

EVs are secreted membrane-bound vesicles composed of
different sub-types, including microvesicles, ectosomes, exo-
somes, and others, that may serve important roles in cellular
communication [38]. The contents contained within EVs are
enriched in select peptides, proteins, and microRNA that may
differentially regulate the transcriptional and translational
properties of the target cell. A recent study has suggested that
EVs isolated from limbal stromal cells promote limbal
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Fig. 3 Effects of wounding on EV release in the cornea. a TEM
image of a rat cornea at = 18 h post epithelial debridement. b TEM
image of a rabbit cornea at # = 48 h post keratectomy. ¢ TEM image of

epithelial-cell proliferation and migration in vitro [39].
Additional work has shown that corneal fibroblast-derived
EVs contain matrix metalloproteinase-14, which may pro-
mote angiogenesis by vascular endothelial cells in vitro,
suggesting that EVs secreted within the cornea may play a
functional role during corneal homeostasis and wound healing
[40]. In our studies, we have found that corneal wounding
promotes EV release by the migrating epithelium in rat and
rabbit injury models [41]. EVs released by the corneal epi-
thelium postepithelial debridement appear to be restricted to
the apical side of the basement membrane; however, in a
keratectomy wound, EVs freely disperse into the stroma in the
absence of a basement membrane (Fig. 3). These results
suggest that the basement membrane may provide an
important structural barrier that may prevent passage of EVs.
We have also identified the presence of EVs in corneal
stromal-endothelial co-cultures and the diffusion of EVs
through the Descemet’s membrane in rabbit corneas ex vivo
[42]. In terms of bioactivity, epithelial-cell derived EVs iso-
lated in vitro appear to promote increased fibroblast pro-
liferation and angiogenesis, as assessed using aortic tissue
explants [41]. While diffusion of pro-fibrotic factors, such as
TGF-p1 and TSP-1, may also be restricted by the basement
membrane [16], diffusion of EVs by this laminin-rich barrier
may be a key feature that determines whether the cornea
develops a scar or regenerates postinjury. The corneal
microenvironment following injury is permeated by the
expression and secretion of a number of factors that promote
wound repair. Further investigation of the interplay between
free, unbound pro-fibrotic factors, and EVs during corneal
wound healing is warranted to identify if these encapsulated
vesicles mediate differential responses that may be key to
myofibroblast persistence and scar development.

Summary
TGF-B1

e Secreted as an inactive form bound to the latency-
associated protein (LAP).
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an uninjured rat cornea. Arrowheads denote the appearance of secreted
EVs. Figure obtained from [41] based on a Creative Commons
Attribution 4.0 International License.

e Activation occurs via release from LAP may be
mediated by a number of factors, including TSP-1
and avp6.

e Promotes myofibroblast differentiation via the canonical
TGF-B1 signalling pathway involving SMAD proteins.

TSP-1

e Secreted as a homotrimeric protein that may bind ECM
proteins, including heparan sulfate proteoglycans, col-
lagen, fibronectin, as well as pro-TGF-P1 and integrins.

e Increased expression by the corneal epithelium follow-
ing debridement or keratectomy.

e May promote myofibroblast differentiation by activating
TGF-B1 via binding to the Leu-Ser-Lys-Leu (LSKL)-
domain of LAP.

e In the absence of TSP-1, a reduced number of myofibro-
blasts are present in the comeal stroma following
keratectomy or penetrating incision.

avf6

o Integrin upregulated by the corneal epithelium following
debridement, thereby aiding in epithelial-cell migration.

e Activates pro-TGF-pf1 by binding to the Arg-Gly-Asp
(RGD)-domain of LAP.

e In the absence of avp6, a delay in myofibroblast
differentiation is observed following keratectomy or
penetrating incision.

EVs

e Membrane-bound vesicles secreted by the corneal
epithelium postdebridement or keratectomy.

e Migration appears restricted by the epithelial basement
membrane.

e May promote fibroblast proliferation and angiogenesis.
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