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Abstract

Introduction: Integrins are a family of multi-functional cell-adhesion molecules,
heterodimeric receptors that connect extracellular matrix (ECM) to actin in the cell cortex,
thus regulating cellular adhesion, migration, proliferation, invasion, survival, and
apoptosis. Consequently, integrins play a role in inflammation, angiogenesis and fibrosis.
Areas Covered: Integrin receptors have been implicated in the pathogenesis of diabetic
retinopathy (DR) and age-related macular degeneration (AMD). Anti-integrin strategies
have demonstrated signs of efficacy in both preclinical and clinical studies of these
disorders. For each anti-integrin agent, this review discusses its chemical nature, route
of administration, anti-integrin action, and summary of preclinical and clinical studies.
Clinical candidates include risuteganib, THR-687, SF-0166, which have shown promise
in treating diabetic macular edema (DME) and non-neovascular AMD in early clinical
studies. Preclinical candidates include SB-267268, JNJ-26076713, Cilengitide and
Lebecetin, which exhibit a decrease in retinal permeability, angiogenesis and/or choroidal

neovascularization (CNV).

Expert Opinion: Anti-integrin therapies show potential in treating retinal diseases. Anti-
integrin agents tackle the multi-factorial nature of DR and AMD and show promise as

injectable and topical agents in preclinical and early clinical studies. Integrin inhibition has
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potential to serve as primary therapy, adjunctive therapy to anti-vascular endothelial

growth factor agents, or secondary therapy in refractory cases.



Article Highlights

Diabetic retinopathy (DR) and age-related macular degeneration (AMD) represent
the leading causes of irreversible legal blindness in the industrialized world.
Despite anti-vascular endothelial growth factor (anti-VEGF-A) therapy, there
remains a persistent unmet need to improve visual outcomes and to address the
treatment burden.

Integrins have been involved in the pathogenesis of multiple diseases, including
cancer, DR and AMD. Named for their function as ‘integrators’ of cell surface and
extracellular matrix (ECM), integrins are a family of multi-functional cell-adhesion
molecules that connect ECM molecules to actin in the cell cortex.

Composed of a and B subunits and serving as cell adhesion and cell signaling
receptors, integrins regulate the shape, orientation, and movement of cells.
Integrins also control a variety of cellular interactions with their microenvironment,
such as migration, proliferation, invasion, survival, and apoptosis. Consequently,
integrins play a role in pathologic processes, such as inflammation, angiogenesis
and fibrosis.

Integrins have shared pathogenic roles in both DR and AMD through the vitreous
interphase and at neovascular fronds. Intravitreal anti-integrin therapy may
promote vitreous liquefication and posterior vitreous detachment, which may limit
vitreous scaffolding that normally facilitates retinal neovascularization, vitreoretinal
traction, and traction retinal detachment. Similarly, targeting neovascular fronds

with anti-integrin agents may interfere with proteolytic degradation of ECM and



tissue remodeling, necessary components of new vessel formation and common
pathologic features of both AMD and DR.

Anti-integrin therapies that have undergone early clinical study include risuteganib
(Allegro Ophthalmics, CA, USA), THR-687 (Oxurion, Leuvin, Belgium), SF-0166
(SciFluor Life Science, MA, USA), Volociximab (Ophthotech Corporation, now
Iveric Bio, NY, USA) and JSM-6427 (Jerini AG & Shire Pharmaceuticals, now
Takeda Pharmaceutical Company, Tokyo, Japan), all of which have shown some
signs of biologic activity.

Anti-integrin candidate therapeutics being assessed preclinically include SB-
267268, AXT-107 (AsclepiX Therapeutics, NJ, USA), JNJ-26076713 (Johnson &
Johnson Pharmaceutical, PA, USA), and Cilengitide (Merck-Serono, Germany).
Integrin inhibition shows promise in early clinical studies of AMD and DME. With a
unique mechanism of action, it could serve as primary therapy, adjunctive therapy
to anti-VEGF-A agents, or potentially play a role in refractory cases. Further

research is warranted.



1. Introduction

Since their discovery in the 1980s, integrins have been shown to play a key role in multiple
diseases, including cancer, diabetic eye disease, and age-related macular degeneration
(AMD). Named for their function as ‘integrators’ of cell surface and extracellular matrix
(ECM), integrins are a family of multi-functional cell-adhesion molecules that connect
ECM molecules to actin in the cell cortex. Composed of alpha and beta subunits and
serving as cell adhesion and cell signaling receptors, they regulate the shape, orientation,
and movement of cells. Integrins also regulate a variety of cellular interactions with their
microenvironment, such as adhesion, spreading migration, proliferation, invasion,
survival, and apoptosis [1]. Consequently, integrins play a role in pathologic processes,
such as inflammation, angiogenesis and fibrosis. This report reviews the role of integrins

in vitreoretinal disease and investigational retinal treatments targeting integrins.

2. Integrins

Integrins are heterodimeric receptors that exist in 24 unique combinations of non-
covalently interacting a (18 types) and [ (8 types) subunits. While some subunits appear
only in a single heterodimer, 12 integrins contain 1 subunits, and five integrins contain
ov subunits. This heterogeneity in integrins facilitates binding to a variety of ECM
components and cell surface receptors [1]. Both o and B integrins are type-1
transmembrane proteins consisting of a large extracellular domain, a single-pass
transmembrane helix and a short cytoplasmic domain. The integrin a and 3 subunits are
heterodimerized in the endoplasmic reticulum and are expressed as obligatory

heterodimers on the cell surface [2].



Integrins bind to a variety of ligands, including ECM proteins such as fibronectin,
vitronectin, laminin, collagen, bone matrix protein, thrombospondin and von Willebrand
factor. The Arginine-Glycine-Aspartate (RGD) sequence on ECM proteins, for example,
fibronectin, vitronectin and fibrinogen, is the primary binding site for 8 of the 24 known
integrins [3]. In this way, integrins play a primary role in cell-to-cell and cell-to-extracellular
interactions. In addition, integrin may serve as counter-receptors where they help in
mediating cell-cell interactions, and even some microorganisms may utilize integrins to
gain entry into the cells [4]. For integrins to initiate their cellular function, binding is
necessary to regulate the signal transduction. Integrins provide a transmembrane link due
to coupling extracellular and intracellular ligands, and this link enables the bidirectional
transmission of mechanical force and biochemical signals across the plasma membrane
[5]. The cell regulates integrin signaling by controlling the integrin signaling inside out.
Signals generated inside a cell can either enhance or inhibit the ability of integrins to bind
to their ligands outside the cell. This is, in particular, relevant to platelet and leukocyte
signaling where integrin activation is essential prior to their adhesion. In the other cell
types, the integrins are maintained in a competent adhesion state. Because of the lack
of enzymatic activity in integrins, the signaling is instead induced by the assembly of
signaling complex on the face of the plasma membrane via increasing molecular

interactions and induction of conformational changes [6].

3. Vitreoretinal diseases and pathophysiology



Although integrins likely play a role in a variety of vitreoretinal conditions, such as
vitreomacular traction (VMT), macular pucker, macular hole, and proliferative
vitreoretinopathy, this review will focus on diabetic retinopathy (DR) and AMD, the leading
causes of irreversible legal blindness in the industrialized world. Relentlessly rising
globally, diabetes now afflicts 34.2 million Americans, approximating 10.5% of the US
population, and DR afflicts 7.7 million Americans, with 14.6 million projected by 2050.
Currently, 11.7% of all American diabetics report vision disability, including blindness [7].
While DR represents the leading cause of legal blindness among working-age adults,
AMD represents the leading cause of legal blindness among seniors, affecting 14% of

those aged 80 or older [8-10]. By 2050, AMD will affect 5.44 million Americans [11].

While AMD and DR pathophysiology is beyond the scope of the review, integrins play
some common roles in both disorders through the vitreous interphase and at neovascular
fronds. Notably, targeting vitreous using anti-integrin therapy can promote vitreous
liquefication and posterior vitreous detachment, to limit the vitreous scaffolding that
normally facilitates retinal neovascularization, vitreoretinal traction, and traction retinal
detachment. Similarly, targeting neovascular fronds with anti-integrin agents may reduce
proteolytic degradation of ECM and tissue remodeling, to limit new vessel formation in

both AMD and DR.

3.1 Integrins and the Vitreoretinal Interface
The human vitreous, which occupies 80% of the eye, is composed of well-organized

collagen fibers, along with water and hyaluronic acid [12]. The vitreoretinal interface



consists of an internal limiting membrane (ILM), posterior vitreous cortex, and intervening
ECM. The ILM mediates adhesion between the neural retina and vitreous body [13], and
comprises the basement membrane of retinal Muller cells, with a smooth anterior side
and an irregular posterior surface [14]. The ILM consists of the three distinct strata: lamina
rara interna (immediately adjacent to the Muller cell end feet); the lamina densa and
lamina rara externa (adjoining with the vitreous cortex). During aging, there is physiologic
liquefication and separation of vitreous, as well as changes in the internal limiting
membrane and extracellular matrix, all leading to posterior vitreous detachment (PVD)
[13] However, VMT, which results from incomplete PVD, can exacerbate DR and

exudative AMD [15].

Integrins are intimately involved with the ILM, which consists of ECM, and are critical for
cell-cell and cell-matrix interactions. The ECM is comprised of components such as
fibronectin, laminin, collagen type | and IV. The fibronectin and laminin play a vital role in
the attachment of vitreous to ILM on the anterior side and Muller cells to ILM on the
posterior side [13]. While these glycoproteins are expressed throughout the ILM, there
are some topographical differences in intensity and pattern. Interestingly,
immunofluorescence studies demonstrate alterations in laminin-fibronectin in aged eyes,
which could precipitate PVD. Some integrins are implicated in systemic diseases such
as cancer and auto-immune disorders, while some are closely associated with vitreolysis,
choroidal and pre-retinal angiogenesis, as well as ocular surface diseases [16].
Consequently, targeting integrins in the eye has the potential to halt vision loss,

independent of anti-vascular endothelial growth factor (VEGF) therapies.



3.2 Integrins and Diabetic Retinopathy

Capillary basement membrane thickening is a histologic hallmark of DR. Furthermore, the
basement membrane in DR is modified by advanced glycation end (AGEs) products that
disturb cellular interaction with the basement membrane [17]. The thickened capillary
basement membrane in DR leads to an increase in integrin expression [18]. In the eye,
two integrin dependent pathways were proposed to be involved in angiogenesis; (i) in
corneal or chorioallantoic angiogenesis models involving basic fibroblast growth factor
(bFGF) and tumor necrosis factor o (TNF-a), angiogenesis is mediated by a3 integrin
and (ii) angiogenesis initiated by transforming growth factor a (TGFa) or VEGF is mainly
mediated by ovBs integrin [19]. The avBs integrins are expressed on both basal and
luminal surfaces of endothelial cells, as well as on actively proliferating endothelial cells
[20, 21] and inflamed cells in DR [20]. Activation of avf33 integrin maintains macrophage
inflammatory response processes [22]. Increased levels of ovfBs3-, avBs- and as-integrins
have been reported in fibrovascular membranes (FVM) of individuals with proliferative
diabetic retinopathy (PDR) [23]. Therefore, the avf33 and ovf35 integrins may play key roles
in the pathogenesis of DR (Figure 1) and therapies that inhibit the binding of vascular

endothelial cells to ECM may hold promise.

Previous studies demonstrate a higher abundance of 1 integrin in the capillaries and
thickened basement membrane among individuals with at least 8 years of diabetes. It is
suggested that an increase in 1 is mediated via the upregulation of TGFB1 induced

basement membrane thickening [24] [25]. Increased expression of a131 and a231integrins



have been reported on non-endothelial regions of FVMs [23]. The as integrins under

pathological conditions promote angiogenesis and inflammation [26].

Integrins may play a role in inflammation-mediated microvascular changes, based on
preclinical DR models, with integrin-mediated adherence of leukocytes to retinal
vasculature [27, 28]. Ultimately, leukocyte migration to the retina contributes to the early
retinal vascular changes of DR [29, 30]. When cellular adhesion inhibitors such as anti-
ICAM-1 or anti-B2-integrins are used to treat diabetic rats, there is decreased leukocyte
adhesion, less endothelial cell death, and limited blood-retinal barrier breakdown [31].
Furthermore, several studies show that integrin-blocking agents prevent retinal

angiogenesis in preclinical models [32-35].

3.3 Integrins and Age-Related Macular Degeneration

AMD is classified into early, intermediate and advanced forms based on the severity of
the disease; the early and intermediate forms of AMD are characterized by an
accumulation of yellowish-lipid rich protein content (drusen) in between retinal pigment
epithelial cells (RPE) and Bruch’s membrane. Drusen formation leads to functional loss
of retinal photoreceptors. The more advanced form of the AMD is associated with
geographic atrophy (GA), thinning in the areas of retinal pigment epithelium (RPE) and
underlying choriocapillaris, which leads to photoreceptor degeneration and subsequent
loss of the visual function [36]. Alternatively, in neovascular AMD (nAMD), choroidal
neovascularization develops, which is responsible for about 90% of the cases of severe

vision loss due to AMD [37]. Anti-VEGF treatments are effective in treating the
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neovascular form of the disease. For non-neovascular AMD, there are no approved
treatments, except for nutritional supplements; a large study, Age-Related Eye Disease
Study (AREDS) and the follow-on study AREDS2 conducted by National Eye Institute
demonstrated that vitamin supplement contained Vitamins E and C, Lutein, Zeaxanthin

and Zinc were beneficial in reducing the risk intermediate to advanced AMD [38].

RPE cells undertake multiple functions, including processing and shedding of outer
segments of the photoreceptors. In the case of early and intermediate AMD, RPE cells
potentially play an integral role in drusen formation along with extracellular and serum-
derived factors. RPE cells express a variety of factors such as vitronectin, clusterin serum
amyloid P, complement proteins and apolipoprotein E (APOE), which aid in drusen
formation. Moreover, RPE cells express a variety of integrins, such as integrina au1-5, aw,
and B1 in cell culture studies [39]. In an animal model of AMD, the RPE surface has been
shown to express integrin avfs, which facilitates interactions between photoreceptors and
the RPEs [40]. Mice deficient in Bs integrin subunits lack functional integrin awf3s, and
exhibit a decrease in retinal adhesion and phagocytosis of photoreceptor outer segments,
and with aging, show accumulation of autofluorescent storage bodies in the RPE, along

with a reduction of retinal photoresponses [40].

The pathogenesis of nAMD is a complex process involving a variety of cytokines and
inflammatory molecules, including VEGF, platelet-derived grown factor, FGF, TGF and
interleukins. In some cases, nAMD involves persistent attachment of the posterior

vitreous cortex to the macula, which may pose a risk for developing nAMD via vitreoretinal
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traction [41, 42]. This vitreomacular adhesion could foster an inflammatory milieu by
macular exposure to cytokines, increase in free radicals in vitreous gel, and interference
with transvitreal oxygenation, all of which could incite a pro-angiogenic microenvironment
leading to nAMD. In such conditions, inducing PVD could potentially provide some
prophylactic benefit against nAMD, or facilitate treatment of existing nAMD, as these eyes
with vitreomacular adhesion have been shown to require more intense treatment with
anti-VEGF agents [43]. Pharmacological vitreolysis with intravitreal RGD peptides has
been demonstrated in the rabbit model, in which 24 hr incubation with these integrin-

based agents facilitated PVD [44].

The blood vessels of NAMD patients exhibit an increase in avBsintegrins [23] and targeting
ovB3 and owvBs could potentially represent a useful therapeutic strategy for nAMD [45, 46].
In addition, inhibiting asB1 has been shown to inhibit endothelial cell proliferation and
produce regression of choroidal neovascular membranes [47, 48]; therefore, it could
represent a future therapeutic target. Tenascin-C, a glycoprotein expressed in the
extracellular matrix and CNS during developmental stages, has shown to play a role in
disease states, including CNV pathogenesis. Tenascin-C levels are upregulated in CNV
membranes of AMD patients [49]. Tenascin-C colocalizes with integrin a3 in individuals
with AMD and laser-induced CNV. Conversely, genetic deletion of, or siRNA mediated
deletion of Tensacin-C results in a significant reduction in CNV formation [50]. Tenascin-
C also promotes retinal neovascularization in PDR patients [51]. Table 1 summarizes

different integrins involved in DR and AMD pathogenesis.
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4. Anti-integrin strategies

4.1 Clinical candidates

Table 2 describes key features of anti-integrin therapeutic candidates that have been or
currently in clinical trials

a. Risuteganib (Luminate)

Risuteganib (Luminate, Allegro Ophthalmics, CA, USA) is an integrin inhibitor that binds
to multiple integrin sites. It is a synthetic RGD class peptide with a molecular weight of
less than 1.0kD. Pharmacokinetic studies show a half-life of risuteganib in the rabbit retina
as 21 days, but it localizes in RPE cells for several months [52]. Pharmacodynamically,
risuteganib inhibits cell-to-cell and cell-to-endothelial cell membrane adhesion, which
otherwise can lead to posterior vitreous detachment. In addition, risuteganib may
suppress migration and inflammation under hypoxic conditions as well as improve

mitochondrial function in RPEs [53, 54].

Risuteganib has been assessed in phase Il trials for DME, VMT, and AMD treatment.
The phase 2b trial for DME showed promising results, especially in the subgroup of
patients that were poor responders to anti-VEGF therapy [55]. The double-masked,
placebo-controlled, randomized, multi-center dose-ranging study enrolled 136 subjects
and evaluated the safety and non-inferiority of three risuteganib arms (1, 2 and 3 mg)
treated with 3 monthly loading intravitreal injections followed by 12 weeks off treatment,
compared to an anti-VEGF arm of 6 monthly 1.25 mg bevacizumab injections. In stage 1,
this study demonstrated promising visual acuity gains and reduction in central macular
thickness (CMT) that were non-inferior to bevacizumab monotherapy, with no drug-
related toxicity. In stage 2, this trial evaluated non-inferiority of intravitreal risuteganib (0.5
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mg and 1 mg) to bevacizumab as a sequential therapy or in combination therapy in 80 at
20 weeks in patients with DME. For the patients that were inadequate anti-VEGF
responders, the mean gain in BCVA was 7.5 letters in the risuteganib (1 mg) with
bevacizumab pre-treatment (sequential) group compared to 5.2 letters in the
bevacizumab control group. Intravitreal risuteganib was well-tolerated with no drug
toxicity or intraocular inflammation and showed 12-week durability after the completion of

three loading doses [55].

In 2019, a phase 2a study prospective, randomized, double-masked, placebo-controlled,
multi-center study of risuteganib for the treatment of intermediate nonexudative AMD was
completed. At baseline, 40 patients were randomized to receive either intravitreal 1 mg
risuteganib or sham injection. At 16 weeks, the patients crossed over to receive either of
the above treatments. The primary endpoints of the study included the percentage of
patients =8 letters ETDRS best-corrected visual acuity (BCVA) gain from baseline to week
28 in the risuteganib arm vs baseline. At week 28, 48 % individuals met the primary
endpoint in risuteganib arm and 7 % individuals in the sham group at week 12, gaining >
8 letters (p = 0.013 for difference) [56]. This threshold of 8 letters exceeds test variation,
as one study showed that only 11% of patients with AMD had a 5-letter reduction or more
in visual acuity at the 1 week compared with baseline.[57] The percentage of patients with
210 letters and 215 letters showed similar trends, but the difference between the treated
and control groups were not statistically significantly different. Overall the risuteganib was
found to be safe with no severe adverse drug reactions. Allegro plans a larger Phase 2b/3

study in the U.S.
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Risuteganib was also assessed for its safety and efficacy after intravitreal injections in
patients with symptomatic focal VMT or vitreomacular adhesion (VMA). In Phase 2,
randomized, prospective clinical trials (NCT02153476) [58], three doses of Risuteganib
(2 mg, 2.5 mg and 3.2 mg) and vehicle control (balanced salt solution placebo) group
were evaluated in 106 subjects. The intravitreal injections of Risuteganib were found to
be well-tolerated with no drug-related toxicity or intraocular inflammation. Ninety days
after treatment, 65 percent eye treated with the highest dose (3.2 mg) achieved the

release of VMT or VMA, compared to 9.7 percent of eye in the placebo control group [59].

b. THR-687

THR-687 (Oxurion, Leuven, Belgium) is a novel pan integrin receptor antagonist that
binds the integrins a3, owBs and asB+1 at a nanomolar concentration. In in vitro studies,
the THR-687 has prevented cell migration in human umbilical vein endothelial cells
(HUVECs) and vascular sprouting in an ex vivo mouse choroidal explant model.
Furthermore, in animal studies, the THR-687 has decreased retinal vascular permeability

and choroidal neovascular-induced vascular leakage[60] [61].

The safety and early clinical efficacy of THR-687 were assessed in an open-label, multi-
center, single dose-escalation Phase 1 study in 12 DME patients who were responsive to
prior anti-VEGF and/ or corticosteroid. Three doses (0.4 mg, 1 mg, and 2.5 mg) of THR-
687 were administered via a single intravitreal injection to 3, 3, and 6 patients,
respectively. In this Phase 1 study, rapid onset of action (mean BCVA improvement of

+3 letters) was observed on day 1, improved at month 1 (+9.2 letters), and maintained at
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month 3 (+8.3 letters). The greatest effect (+11.2 letters at day 14, and +12.5 letters at
month 3) was observed at the highest dose (2.5 mg) of THR-687. Moreover, the highest
dose of THR-687 resulted in a decrease in the peak mean central subfield thickness on
day 14. In this Phase 1 study, TR-687 was found to be safe and well-tolerated with no

dose-limiting toxicities or serious adverse events[62] [63].

c. SF-0166

SF-0166 (SciFluor Life Science, MA, USA) is a small molecule inhibitor of integrin owfs.
Due to its optimized physicochemical properties, SF-0166 can distribute to the posterior
segment of the eye after topical administration, and the drug concentration was
maintained for more than 12 hours [64]. In in vitro studies, SF-0166 was shown to inhibit
cell adhesion to vitronectin across a variety of cell lines of rat, rabbit, dog origin, and
shown to inhibit integrin-ligand interactions for the human dermal microvascular
endothelial cells. In addition to avBs, SF-0166 also inhibits integrins avBs, and avBs at
nanomolar concentrations; however, it does not inhibit binding to avBs or fibronectin via
asB1 integrins [64]. SF-0166 was found to inhibit neovascularization in the oxygen-induced
retinopathy mouse model after topical administration. In the laser-induced CNV animal
model, SF-0166 decreased lesion area; this decrease was comparable to bevacizumab.
In the rabbit model of VEGF-induced vascular leakage model, topically delivered SF-0166

exhibited a dose-dependent reduction in vascular leakage [64].

A prospective, randomized, double-masked multicenter Phase1/2 clinical study of SF-

0166 in 42 AMD patients was completed [65]. The patients were randomized 1:1 to self-
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administer an eye drop containing 2.5 % or a 5% solution of SF-0166 twice-a-day for 28
days. This study reported no drug-related serious adverse events, throughout the 28-day
course of treatment or during the 28-day follow up period. Five individuals reported mild
to moderate adverse events, with one considered possibly as a drug-related event. Nine
out of the 42 individuals demonstrated a decrease in retinal thickness and/or subretinal
fluid by spectral-domain optical coherence tomography (SD-OCT). Visual acuity was
improved approximately by five letters during the treatment period among the treatment
naive group [66]. A similar clinical trial (NCT02914613) for diabetic macular edema (DME)
was performed for SF-0166 in 40 subjects with DME [67]. Treatment with SF-0166 was
associated with a reduction in retinal thickness of 53% of patients with improvement in

visual acuity [68].

d. Volociximab

Volociximab (Ophthotech Corporation, NY, USA, now Iveric Bio) is a monoclonal antibody
that specifically blocks the binding of fibronectin to the asf1 integrin [69]. The safety and
pharmacokinetics of volociximab combined with ranibizumab were evaluated in Phase 1,
open-label, multicenter, dose-escalation study of eyeswith all subtypes of choroidal
neovascularization secondary to AMD (NCT00782093) [70]. Two monthly injections of the
combination of volociximab (0.5, 1.25 or 2.5 mg) and ranibizumab (0.5 mg) exhibited a
favorable safety profile without dose-limiting toxicity. The mean changes in VA were +9.5
letters and +5.3 letters in treatment-naive eyes (n=37), and in inadequate anti-VEGF

responder eyes (n=11), respectively. Despite early signs of improvement in BCVA and
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acceptable safety profile in this study, the individual contribution of volociximab could not

be delineated. No further clinical trials have been reported to date.

e. JSM-6427

JSM-6427 (Jerini AG & Shire Pharmaceuticals, now Takeda Pharmaceutical Company,
Tokyo, Japan) is a small molecule antagonist of asf1integrin receptor. In-vitro, JSM-6427
inhibited the migration of HUVEC, and growth factor-induced tube formation [71]. In in
vivo animal models, intravitreal JSSM-6427 inhibited prefiltration of Muller cells, microglia
and macrophages [72], and inhibited laser-induced and growth factor-induced choroidal
neovascularization [73]. Although some clinical benefits in Phase 1 clinical trial for
exudative AMD (NCT00536016) have been observed [74], no further clinical trials are

currently planned.

4.2 Preclinical candidates

Table 3 describes key features of anti-integrin therapeutic candidates that are currently
being assessed preclinically

a. SB-267268

SB-267268 (GlaxoSmithKline) is a small molecule antagonist of avf33 and avfs integrins,
which exhibits a 2-benzazepine template [75]. In in vitro studies, SB-267268 is found to
be 1000-fold selective in binding to awvf3 and avps receptors compared to other integrins
aibPs, asB1, and asB1. In another set of in vitro assays, SB-267268 effectively inhibited
vitronectin mediated adhesion and migration of human and rat aortic smooth muscle cells.

In an animal model of ROP, the SB-267268 reduced pathologic angiogenesis by 50%
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along with a decrease in VEGF and VEGFR2 mRNA [34]. Although it was reported to be

studied in Phase 1 clinical trial for AMD[75], no clinical trial results have been published.

b. AXT-107

AXT-107 (AsclepiX Therapeutics, NJ, USA) is a collagen IV-derived peptide with strong
anti-permeability activity; this effect is mainly mediated by the disruption of asf1 integrins
and activation of Ang2/Tie 2 signaling. The AXT-107 stimulates relocation of Tie2 and as
to cell junction, resulting in the activation of downstream survival signals. This leads to F-
actin rearrangement and strengthening of junctions, leading to a reduction of endothelial
permeability, and the potential to address macular edema and related disorders. In
addition, the AXT-107 inhibits VEGF2 signaling via receptor tyrosine kinase association
with specific integrins [76]. AXT107 inhibited vascular leakage in an Ang2-overexpression
transgenic model and an LPS-induced inflammation model via induction of Tie2
phosphorylation. It is therefore hypothesized that targeting as31 with AXT107 may provide
an effective treatment for ischemic ocular diseases, such as diabetic macular edema,
neovascular age-related macular degeneration, and uveitis. An intravitreal formulation,

with sustained duration, is being developed for clinical trials in DME and nAMD.

c. JNJ-26076713

JNJ-26076713 (Johnson & Johnson Pharmaceutical, PA, USA) is a potent, orally
bioavailable, as integrin antagonist that inhibits avf3 and avps binding to vitronectin in the
low nanomolar range. JNJ-26076713 is shown to prevent adhesion to human, rat, and

mouse endothelial cells and shown to block cell migration induced VEGF and FGF. In
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the chick chorioallantoic membrane model, JNJ-26076713 inhibited FGF-induced
angiogenesis. JNJ-26076713 was found to be effective in inhibiting retinal
neovascularization and retinal vascular permeability in an animal model of oxygen-
induced retinopathy of prematurity, and diabetic rats. Given this profile, JNJ-26076713 is
thought to attenuate key pathological processes involved in age-related macular

degeneration, macular edema, and PDR [77].

d. Cilengitide

Cilengitide (Merck-Serono, Germany), is a cyclic peptide and integrin a3, avBs and asf+
inhibitor [50], and it has been shown to block tenascin-C induced proliferation, adhesion,
migration, and tube formation in human microvascular endothelial cells (HMVECs) [50].
Working in tandem with TGF-B2, Tenascin-C is shown to promote the proliferation of
HMVEC and RPE cells in vitro. While tenascin-C promoted CNV in mice by binding to
integrin avBs, a significant reduction in CNV formation was observed in tenascin-C
knockout and tenascin-C messenger RNA (mRNA)-silenced mice [50]. These in vitro and
in vivo studies suggest that tenascin-C-mediated integrin avB3s modulation could be a

potential target for the inhibition of CNV development associated with AMD.

e. Lebecetin

Lebecetin (LCT), a 30kD C-type lectin, is a heterodimer that is extracted from Macrovipera
lebetina venom. It has been reported to interact with as1and av-containing integrins that
are critical for endothelial cell proliferation and stabilization [78, 79]. LCT has been shown

to reduce human brain microvascular endothelial cell (HBMEC) adhesion, proliferation,
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and tubulogenesis [80]. In an in vitro, chick chorioallantoic membrane assay, LCT
inhibited angiogenesis but failed to exhibit the same effect in the fibroblast growth factor-
2 induced angiogenesis in a Matrigel plug assay. LCT inhibited vascular sprouting in ex-
vivo assays of aortic and choroidal culture explants [81]. LCT inhibited choroidal and
retinal neovascularization in a laser-induced CNV mouse model, and oxygen-induced
retinopathy mouse model, respectively, and reported to be targeting only pathological

neovascularization, while maintaining integrity of normal retinal vasculature [81].

5. Conclusion

Integrins are heterodimeric receptors that regulate cellular adhesion, migration,
proliferation, invasion, survival, and apoptosis. Integrins play a role in the pathogenesis
of DR and AMD. Anti-integrin strategies have demonstrated signs of efficacy in both
preclinical and early clinical studies of these disorders. With a unique mechanism of
action, integrin inhibition has potential to serve as primary therapy, adjunctive therapy to

anti-VEGF agents, or secondary therapy in refractory cases.

6. Expert opinion

DR and AMD are leading causes of blindness and visual impairment. While frequent
intravitreal anti-VEGF treatments revolutionized disease management, real-world studies
highlight the heavy treatment burden of current therapy, as patients receive fewer
treatments and experience worse outcomes than noted in clinical trials [82-87].
Consequently, there is a tremendous unmet need for new therapies that address both

treatment burden and suboptimal outcomes.
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Integrins, with their role as integrators, are crucial in the pathogenesis of DR and AMD
due to their intimate association with the cell surface. The upregulation of integrin
constitutes an inflammatory milieu in the retina, creating a hostile environment, triggering
leukocyte migration and increasing vascular permeability. Several clinical and basic
studies demonstrate that the integrin expression is upregulated on the cell surface,
neovasculature, and FVMs, thus playing a critical role in major complications of DR and
AMD, such as neovascularization, vitreoretinal traction, and tractional retinal detachment.
Anti-integrin therapy may hold a promise in curtailing these complications by promoting
vitreous liquefication and posterior vitreous detachment [42]. This may limit the need for
pars plana vitrectomy in DR, or even facilitate vitreous dissection in those severe cases
that require surgery. Similarly, vitreous liquefaction and PVD could alleviate vitreomacular

adhesions and traction, which have been associated with CNV in nAMD.

Several ongoing clinical and preclinical studies are demonstrating a promise of anti-
integrin treatments in DR and AMD. Risuteganib is a leading candidate molecule
undergoing Phase 2 studies. Intravitreal treatment using Risuteganib, a synthetic RGD
peptide, is promising in treating VMT, DME and AMD with additional benefits of a longer
half-life and efficacy in VEGF non-responders. The prospect of visual improvement in
non-neovascular AMD, as suggested in a clinical trial with risuteganib, is particularly
intriguing given, and the retina community eagerly looks forward to additional confirmatory
trials. Other anti-integrin inhibitors such as THR-687 and SF-1066 are the small-molecule

antagonist of integrins undergoing Phase 1 trial. The Phase 1 DME study of THR-687
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shows promise, as there appeared to be a dose-response, as well as an anatomic
response reassuringly accompanying a functional response. Specifically, the most
significant effect was observed at the highest dose, which also resulted in a decrease in
the peak mean central subfield thickness at day 14. In addition, the level of visual
improvement in this highest dose cohort was particularly impressive; a Phase 2 trial is
planned. Similarly, SF-1066 has shown some preliminary signs of efficacy via a topical
route with excellent posterior segment bioavailability, which may enhance patient
compliance. This potential for an effective topical agent is particularly exciting because
the topical route for retinal therapeutics has been assessed in past clinical trials of multiple

agents, including tyrosine kinase inhibitors, with limited success.

There are a series of preclinical candidate anti-integrin molecules in the pipeline, which
may ultimately progress to clinical study. Interestingly some of these candidates are
distinctive in terms of their mode of action or route of administration. JNJ2607613 is being
developed for oral administration, while AXT-107 is administered intravitreally. Cilengitide
works on TGF-B2 and tenascin at a cellular level, while AXT-107 is potent against
Ang2/Tie2 and VEGF, validated pathogenic pathways in DR and AMD. AXT-107 is
particularly intriguing due to both its unique mechanism of action and prolonged durability
suggested by preclinical studies. These novel actions for these candidate molecules
could potentially broaden the role of anti-integrin therapies in DR and AMD. Overall, anti-
integrin treatments in the current Phase 1 studies show no dose-limiting toxicities or

serious adverse events.
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In summary, based on the pathogenesis of DR and AMD, anti-integrins hold significant
promise for AMD and DR. Anti-integrins have potential to serve as primary therapy,
adjunctive therapy to anti-VEGF-A agents, or potentially play a role in anti-VEGF non-
responders, given the unique mechanism of action. Furthermore, integrins currently in
development include oral and topical routes of administration, which have the potential to
address the treatment burden associated with current regimens of frequent anti-VEGF

injection.
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Figure legend

Figure 1. Frozen section of human donors (non-diabetic and diabetes with macular
edema with non-proliferative diabetic retinopathy (NPDR)) were stained with DAPI
(highlighting cell bodies), integrin alpha v beta 3 or alpha v beta 5 (red, Millipore
MAB1961, 1:100) antibodies, and CD31 antibodies (highlighting endothelial cells, green,
Abcam ab28364, 1:100). (A) Representative photomicrographs are showing an increase
in the staining for avBs in the ganglion cell layer and around the vessels (white arrows)
(B) Representative photomicrographs are showing more intense a5 staining near the
internal limiting membrane (arrowhead) in diabetic donors. GLC-ganglion cell layer, IPL-
inner plexiform layer, INL-inner nuclear layer, OPL-outer plexiform layer, ONL-outer

nuclear layer.
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