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Abstract

Retinal fibrosis, characterized by dysregulation of extracellular matrix (ECM) protein deposition by retinal endothelial cells, pigment
epithelial cells, and other resident cell-types, is a unifying feature of several common retinal diseases. Fibronectin is an early
constituent of newly deposited ECM and serves as a template for assembly of other ECM proteins, including collagens. Under
physiologic conditions, fibronectin is found in all layers of Bruch’s membrane. Proliferative vitreoretinopathy (PVR), a complication
of retinal surgery, is characterized by ECM accumulation. Among the earliest histologic manifestations of diabetic retinopathy (DR)
is capillary basement membrane thickening, which occurs due to perturbations in ECM homeostasis. Neovascularization, the
hallmark of late stage DR as well as exudative age-related macular degeneration (AMD), involves ECM assembly as a scaffold for
the aberrant new vessel architecture. Rodent models of retinal injury demonstrate a key role for fibronectin in complications
characteristic of PVR, including retinal detachment. In mouse models of DR, reducing fibronectin gene expression has been
shown to arrest the accumulation of ECM in the capillary basement membrane. Alterations in matrix metalloproteinase activity
thought to be important in the pathogenesis of AMD impact the turnover of fibronectin matrix as well as collagens. Growth factors
involved in PVR, AMD, and DR, such as PDGF and TGFj, are known to stimulate fibronectin matrix assembly. A deeper under-
standing of how pathologic ECM deposition contributes to disease progression may help to identify novel targets for therapeutic
intervention.
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Introduction

A unifying feature of an array of retinal disorders, particu-
larly at late stages of disease states, is the dysregulated
accumulation of extracellular matrix (ECM) protein charac-
teristic of retinal fibrosis. This can occur as the result of an
aberrant wound-healing response, as in the case of post-
surgical complications of proliferative vitreoretinopathy
(PVR) and epiretinal membrane (ERM) formation. In the
most severe cases, these fibroproliferative membranes can
lead to tractional retinal detachment. The role of fibrosis in
other retinal diseases is less well-characterized, but such
conditions are only increasing in prevalence, including dia-
betic retinopathy (DR) and age-related macular degener-
ation (AMD).

Fibronectin, an important constituent of the vertebrate
ECM, is ubiquitously expressed in human tissues. It is a
230-270kDa glycoprotein, secreted as a dimer, which
ranges in size due to alternative splicing events
(Figure 1)." The N-terminal portion of the fibronectin mol-
ecule contains a self-assembly domain that allows for
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individual fibronectin dimers to come together in a process
termed fibrillogenesis, resulting in the assembly of a three-
dimensional (3D) matrix.> In contrast to collagen self-
assembly, fibronectin fibrillogenesis is a non-spontaneous
cell-mediated process.? Fibronectin is secreted in a compact
conformation and must be engaged by cell-surface integ-
rins, most notably a5p1 integrin, in order to reveal the cryp-
tic self-association domains necessary to form a definitive
3D matrix.* In vitro studies have demonstrated that other
ECM proteins, including types I, 1II, and IV collagen,
depend on a previously assembled fibronectin matrix for
incorporation into the ECM.>® As such, fibronectin matrix
assembly may play a key role in a range of fibrotic diseases,
representing an early step in pathologic ECM protein accu-
mulation. In summarizing the existing literature on fibro-
nectin in retinal homeostasis and pathology, we hope to lay
the groundwork for further elucidating the mechanism by
which fibronectin may contribute to fibrotic disease pro-
gression in PVR, DR, AMD, and other diseases affecting
the retina.
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Fibronectin. Fibronectin is a multi-domain glycoprotein consisting of 3 different modules (types |, Il, and Ill) comprising several binding sites including an FN

self-association domain, collagen-binding domain, cell-binding domain, and heparin-binding domain. Three alternatively spliced regions include the extra domain-A
(EDA) and EDB regions, both type Ill repeats, and a variable (V) region. The protein is secreted as a dimer, linked by disulfide bonds (adapted from Mao and

Schwarzbauer"). (A color version of this figure is available in the online journal.)
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Figure 2 Anatomy of the retina. The thin sheet of neural tissue that comprises the retina lines the globe of the eye, overlying the retinal pigment epithelium (RPE),
Bruch’s membrane, and the vessels of the choroid. The sclera is a connective tissue layer that encases all of these structures. The macula is the portion of the retina
responsible for central vision, owing to the high concentration of cone cells within the fovea — a depression within the macula (adapted from Yuan et al.®*). (A color

version of this figure is available in the online journal.)

Fibronectin in the retina

The importance of fibronectin in retinal homeostasis
begins with embryonic development, during which fibro-
nectin can be found in the choroid, retinal pigment epi-
thelium (RPE), and transiently in the neuroblastic layer.
The choroid and RPE serve essential functions in support-
ing and nourishing the retina itself and the neuroblastic
layer contains retinal progenitor cells that differentiate
into a host of cell types, including the rod and cone
photoreceptors of the retina (Figure 2).” Artificial disrup-
tion of fibronectin during development has catastrophic
consequences for the structure of the retina overall."”
The inner limiting membrane stains strongly for fibronec-
tin in the postnatal period. The same authors documented
a role for the fibronectin receptor, a5p1 integrin, in neurite
outgrowth from retinal ganglion cells grown on various
ECM substrates in vitro as a model for retinal ganglion
cell regeneration in the mature retina."" While there is no
appreciable fibronectin staining in the inner limiting
membrane of healthy adult retinas, age-matched samples
from diabetic patients show prominent fibronectin stain-
ing of the inner limiting membrane.'*>"

Bruch’s membrane. Bruch’s membrane, which underlies
the basal surface of the RPE and together with it comprise
the blood-retinal barrier, itself consists predominantly of
ECM protein.“’15 Indeed, fibronectin has been identified

in each of the five layers of Bruch’s membrane - the RPE
basal lamina itself, the inner collagenous layer, the elastic
layer, the outer collagenous layer, and finally the basement
membrane of the choriocapillaries, which as the outermost
layer of Bruch’s membrane underlies the basal surface of
the choroidal endothelium.'® In the basement membrane of
retinal vessels, fibronectin is a key structural component, as
it is in vascular basement membranes in other tissues.'” "
The central three layers of Bruch’s membrane are physically
linked by collagen fibers that can traverse the elastic layer,
linking the inner and outer collagenous layers.”’ Along with
fibronectin, the collagenous layers share types I, III, and V
collagen as constituents, in addition to proteoglycans,
amongst which lipoproteins accumulate with age.”! The
impact of Bruch’s membrane ECM components on the
retina itself is perhaps most directly mediated by the RPE
basal lamina, which is engaged by cell-surface integrins of
the RPE cells themselves.”** Amongst these, the o5 integ-
rin subunit has been visualized in sections of human retina,
which together with the f1 subunit form the so-called fibro-
nectin receptor.”> The importance of fibronectin as a struc-
tural component of the RPE and its basement membrane is
underscored by in vitro data, which demonstrate that RPE
cells spread more on fibronectin than laminin, type I colla-
gen, or even the major basement membrane protein type IV
collagen.?®



Complications of vitreoretinal surgery

As many as 10% of surgeries for retinal detachment fail due
to the development of proliferative vitreoretinopathy (PVR)
post-operatively.®” It is the most common cause of recurrent
retinal detachment after primary retinal detachment repair,
accounting for 75% of such cases; however, the surgical
management of PVR is challenging.”® A deeper understand-
ing of the mechanism of disease will be important to help
reduce the development of PVR, since at present surgical
success in treating PVR is modest at best.” Furthermore,
due to the increased rate of complications related to PVR
with successive surgeries, non-surgical treatments are
needed.’® The disease process is characterized by a fibrocel-
lular proliferation that occurs in the post-operative period.
These proliferations form ERMs that can exert traction on
the retina, compromising visual acuity, and potentially pre-
cipitating repeat retinal detachment.”® Primary prevention
of PVR is an important goal, as at present, patients requiring
additional surgery have poor visual potential.**

Early animal models of PVR were established, in part,
based on the observations that fibronectin was a constituent
of both epiretinal and subretinal membranes and that plate-
let-derived growth factor (PDGF) receptor and ligand stain-
ing were increased in PVR patient samples as compared to
control samples of RPE.***¢ Intravitreal administration of
fibronectin together with PDGF was sufficient to induce
intraocular membrane formation and resultant retinal
detachment.”” Multiple cell types have been identified
within such induced ERM’s, as well as those isolated from
clinical PVR samples, including RPE cells, glial cells, macro-
phages, fibroblasts, and myofibroblasts. Myofibroblasts
from PVR are a-smooth muscle actin positive and have
been shown to express extra domain (ED)-A fibronectin, a
splice variant of fibronectin known to be enriched in patho-
logic fibrosis and important in promoting the myofibroblas-
tic phenotype.®®*® RPE cells treated with transforming
growth factor (TGF)-B2, a pro-fibrotic growth factor
known to be elevated in the vitreous of eyes with PVR,
are induced to express ED-A fibronectin and this effect is
further amplified by co-treatment with connective tissue
growth factor (CTGF).*! Importantly, ED-containing fibro-
nectin is necessarily cellular in origin, as opposed to the
plasma-derived splice variant of fibronectin, which impli-
cates the aforementioned resident cell types of PVR in its
production in situ. Thus, both plasma fibronectin, which
appears as a result of vascular leakage, and cell-derived
fibronectin can be found in PVR.*?

Amongst the different cellular constituents of PVR, RPE
cells have been noted to be the most consistently present in
clinical samples and the most abundant.*> An important
step in the progression from an initial defect in the native
RPE cell layer to the development of PVR is the transition of
quiescent RPE cells to detached, migratory cells, which
divide readily and contribute to ECM accumulation.*' A
relevant consequence of this shift is an altered integrin
expression profile in PVR-derived RPE. The o5 integrin is
present in PVR tissue, but the same authors observed no
staining in the RPE of normal retina**** An intriguing
potential explanation for this discrepancy in the integrin
expression profile of healthy versus PVR-derived RPE
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cells may be related to changes in gene expression with
disease. In vitro quiescent RPE cells, analogous to those in
normal retinal tissue, express less than one-tenth the level of
both o5 and P1 integrins than their actively proliferating
counterparts.”” These data suggest that the RPE cells of
PVR eyes may be better equipped to engage fibronectin
protein and thus to initiate fibronectin matrix assembly
leading to ECM accumulation.

Past efforts at enhancing outcomes of PVR surgery used
anti-mitotic agents or molecules thought to bind culprit
plasma-derived initiators of PVR, namely 5-fluorouracil
and heparin, respectively. Despite initially promising
results, these were later found to result in worse visual out-
comes than surgery without adjuvant therapy.***” Efforts to
prevent PVR formation using more targeted therapies are
warranted. Elevated PDGF levels are associated with devel-
opment of PVR following surgery for retinal detachment.*®
A treatment strategy aimed at inhibiting a PDGF family
ligand, which showed promise in vitro by inhibiting the
migration of RPE cells, was observed to be ineffective
when cells were plated on fibronectin.*’ This suggests that
novel therapies aimed at inhibiting fibronectin deposition
could be synergistic with growth factor-directed therapies,
like anti-PDGF biologics that have shown promise in a
mouse model of PVR and in a phase 1 clinical trial for
neovascular AMD.”"*" One proposed method of inhibiting
fibronectin deposition in the context of PVR is the use of a
novel single chain variable fragment (scFv) antibody
designed to inhibit fibronectin self-association as well as
the fibronectin cell-binding domain, which has been exam-
ined in vitro.”> Recent studies have validated the use of gen-
omic data and analysis of biomarkers from samples taken
during retinal detachment surgery, in combination with
traditional clinical parameters, to better identify patients
at risk for development of PVR.>>** Such methods will be
crucial in selecting retinal detachment patients who might
benefit from the application of novel preventative strategies
administered intraoperatively or in the immediate post-
operative period.

Diabetic retinopathy

Among the earliest changes that occur in the microvascu-
lature of diabetic patients is thickening of the endothelial
basement membrane as a result of increased deposition of
type IV collagen, laminin, and fibronectin.®® Animal models
of DR, as well as samples from diabetic patients, show
increased fibronectin staining in the retinal microvascula-
ture and increased expression of fibronectin at the mRNA
level.’”®® In addition to fibronectin, type IV and other col-
lagens are detected at elevated levels in the retinal endothe-
lial basement membrane, as well as in the inner limiting
membrane at the vitreoretinal interface.”” Increased gene
expression and tissue staining for these ECM proteins
have been observed in response to intravitreal vascular
endothelial growth factor (VEGF) administration in a
mouse model.” These changes likely begin in a subclinical
phase of the disease, prior to what would be termed back-
ground DR, and data suggest that there is a mechanistic link
between such changes in basement membrane morphology,
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as well as composition, and disease progression. Excessive
ECM deposition secondary to hyperglycemia has been
linked to increased vascular permeability, a hallmark of
the earliest clinically detectable phase of DR.”” Intravitreal
injection of diabetic rats with antisense oligonucleotides to
fibronectin, collagen IV, and laminin decreases hyperglyce-
mia-induced vascular leakage.®” The distribution of proteo-
glycans and glycosaminoglycans associated with these
ECM proteins, including heparan sulfate - known to inter-
act with fibronectin and impact its binding properties - is
significantly altered in diabetic patients.** Increased vas-
cular permeability is also thought to be hastened by ele-
vated matrix metalloproteinase (MMP) activity, as
documented in mouse models of DR.%*

In the late stages of disease, termed proliferative DR,
fibrovascular proliferations (and to a lesser extent avascular
proliferations) contribute to tractional retinal detachment
and increased risk of rhegmatogenous retinal detachment
as well.®* Myofibroblasts have been identified in ERM'’s
harvested from patients with proliferative DR and their
contractile phenotype is thought to play a role in exerting
traction on the retina.®® Fibronectin has been shown to play
a dual role in angiogenesis, the hallmark of proliferative
DR.?® First, as a component of vascular basement mem-
branes, fibronectin is structurally important to new vessel
architecture.®” In addition, the 11112-14 binding domain of
fibronectin has been shown to interact with VEGEF, the key
modulator of neovascularization and currently the major
therapeutic target in proliferative DR and neovascular
AMD.*

Intravitreal injection of fibronectin siRNA to diabetic rats
prevents the basement membrane thickening usually asso-
ciated with DR as well as other markers of vascular com-
promise.’”®? These data help to validate fibronectin as a
relevant therapeutic target in DR. Increased fibronectin
expression, however, is not the only consequence of chronic
hyperglycemia that may impact fibronectin matrix depos-
ition. Indeed, increased staining for o5 integrin has been
documented in the retina of patients with proliferative
DR.®® In vitro, retinal endothelial cells were induced to
express higher levels of a5 integrin, alongside elevated
fibronectin and type IV collagen, when grown under high
glucose conditions and were more adherent than cells
grown under normal glucose conditions.”’ In an in vitro
model of diabetic nephropathy, high glucose induced
increased integrin activity.” A novel therapy currently
under investigation that could impact fibronectin depos-
ition is ALG-1001 (“Luminate,” Allegro Ophthalmics LLC,
NCT02348918), an integrin inhibitor designed to effect
avp3, avps, and a5p1 in’cegrins.71 This raises the possibility
that a therapeutic strategy aimed at preventing fibronectin
matrix assembly, which would address ECM changes
downstream of both increased fibronectin gene expression
and altered integrin activity, could offer a greater likelihood
of altering the clinical course of disease.

Age-related macular degeneration

AMD is the most prevalent macular dystrophy in the USA
and the impact on public health is expected to worsen as the

population ages.”” The disease impacts Bruch’s membrane,
resulting in thickening of this structure and the develop-
ment of drusen, deposits which form between the RPE base-
ment membrane and the inner collagenous zone.”” Other
deposits that are hypothesized to be involved in the patho-
genesis of AMD include basal linear deposits that form
within Bruch’s membrane and basal laminar deposits,
which form between the RPE and its BM (the innermost
layer of Bruch’s membrane).”* While other basement mem-
brane components, including type IV collagen and lam-
inins, are consistently found in basal deposits, conflicting
data exist regarding the presence of fibronectin.””~”® CTGF,
a known mediator of basal deposit formation, has been
shown to induce fibronectin production by RPE cells.”’
Since inhibition of fibronectin matrix assembly in vitro
also prevents collagen IV accumulation, which suggests
that collagen IV deposition relies on a pre-existing fibronec-
tin matrix, it is likely that fibronectin is present in these
deposits at least at some stage.”

As in other tissues, the delicate balance of matrix turn-
over in Bruch’s membrane is impacted by age. Tissue
inhibitors of matrix metalloproteinases (TIMPs) help to
modulate MMP activity and are increased in the aging
retina - a phenomenon that is amplified in AMD. Samples
from patients with AMD exhibit increased staining for
TIMP-3 as compared to samples from healthy age-matched
controls.®’ In addition, MMP-2 and MMP-9 activity is
decreased in the early stages of AMD, which contributes
to buildup of type IV collagen.®*? In later stages of disease,
when choroidal neovascularization is predominantly
responsible for vision loss, there is a shift in the profile of
proteinase activity in Bruch’s membrane as retinal endothe-
lial cells begin to migrate and proliferate.*> MMP activity is
also increased in RPE cells, which helps to facilitate
reorganization of the surrounding ECM making it more
permissive to neovascularization, with fibronectin signal-
ing contributing to this shift®*® In addition, integrin
avB3 is known to be important in the formation of new
vessels, and the success of therapies directed at inhibiting
avB3 in animal models of choroidal neovascularization
underscores its importance.**®” Fibronectin is a ligand of
integrin avp3 and fibronectin matrix is known to impact
avp3 activity.®*®* As such, it is likely that these integrin-
directed therapies are impacting fibronectin in the retina
and a deeper understanding of these effects would help to
validate fibronectin as a therapeutic target.

Discussion

Preliminary in vitro studies have been performed to assess
the feasibility of targeting fibronectin fibrillogenesis in an
effort to treat PVR. Use of an scFv antibody to fibronectin
prevented matrix assembly by RPE cells and collagen gel
contraction by fibrosarcoma cells.”* Although to our know-
ledge fibronectin protein has not been targeted directly in
experimental models of DR or AMD, integrin-directed thera-
pies reviewed herein likely impact cell-fibronectin inter-
actions and thus the fibronectin matrix.”“®*%” Furthermore,
inhibition of fibronectin production at the mRNA level has
shown great promise in animal models of DR."”*’ Based on



these data, efforts at gaining a deeper understanding of the
importance of fibronectin in the pathogenesis of these retinal
diseases are warranted. The importance of fibronectin in
sequelae related to age-related posterior vitreous detach-
ment, the persistence of vitreomacular adhesions, and idio-
pathic macular hole all represent other avenues of
investigation that must be further explored.”

The vitreous humor has a collagenous component, which
gradually deteriorates with age and plays a role in liquefac-
tion of the vitreous gel. Advances in proteomic analysis are
allowing for novel insight into biomarkers within the vitre-
ous for diseases ranging from PVR to idiopathic macular
holes, retinal detachment, and DR.”' Mass spectroscopy in
particular has helped to identify upstream mediators of
ECM production, such as TGFp in the vitreous, as well as
a heretofore unrecognized contribution by ECM molecules,
including TIMP1 and SPARC.” Such in-depth analysis of
in vivo samples may help shed more light on the role of
fibronectin and other ECM proteins across the spectrum
of retinal disease. Three different fragments of the collagen
IV non-collagenous (NC1) head domain, Arresten,
Canstatin, and Tumstatin, act as potent inhibitors of angio-
genesis. This phenomenon demonstrates the importance of
interactions between ECM constituents in neovascular dis-
ease.” As the NC1 domain may be responsible for the inter-
action between type IV collagen and fibronectin, this
further warrants closer investigation of the potential for
fibronectin to serve as a therapeutic target in proliferative
DR and neovascular AMD.”

The diseases reviewed here, PVR, DR, and AMD, are far
from exhaustive as a list of the retinal pathologies in which
ECM is important. Furthermore, none of these phenomena
should be considered in isolation, particularly as they con-
verge in fibroproliferative disease states that can contribute
to retinal detachment and ultimately require surgery. An
ability to manipulate the ECM of the retina using targeted
molecular therapies would spare many patients the risks of
surgery and improve outcomes for those that still require
intervention. The retina represents a uniquely accessible
tissue for the introduction of such potential therapies
locally, via intravitreal injection. This fact should add
greater urgency to the search for a deeper understanding
of ECM in retinal disease, so that we can move closer to the
use of such novel therapies to help patients with these
vision-threatening conditions.
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