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Abstract

Corneal avascularity is maintained by angiogeniilpge, an active process involving the
production of higher level of angiostatic factarffset the effect of angiogenic factors. A
wide range of pathological insults to the corneadiarupt this intricate equilibrium and
promote angiogenesis and corneal neovascularizafibrresultant visual impairment.
Corneal neovascularization is also a major riskofiafor graft failure post-keratoplasty.
Current treatment options for corneal neovascudéion are restricted by limited efficacy,
adverse effects, and a short duration of actioe. Uilique anatomical position and relative
immune-privilege of cornea make it an ideal tiskregene-based therapies. Gene transfer
vectors have been used to deliver or target gevedvied in the pathogenesis of corneal
neovascularization in animal models. Several pgieggenic and anti-angiogenic factors
have been targeted and assessed in experimenmalhced corneal neovascularization.
Antisense oligonucleotides targeting corneal neavasization have entered human clinical
trials and have not required vector delivery systefine emergence of these RNA-based
strategies heralds a new era in the managementéal neovascularization and ocular

therapeutics.
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antisense oligonucleotide, miRNA
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l. Introduction

The healthy cornea is avascular and nourishedflysdin from the agueous humor and tear
film-supported circular pericorneal plexus deriyemin the anterior ciliary arteries that
surrounds the cornea in the limbal region. The teagnce of corneal avascularity is termed
‘angiogenic privilege® and in its resting state, this is an active prea#homeostasis

between the low level of angiogenic and high l@fentiangiogenic factof&

A wide range of external insults to the corneadiaturb the delicate equilibrium required
for angiogenic privilege by increasing the prodoctof angiogenic factors, which lead to
corneal neovascularization with resultant lossomeal transparency and visual acuity from
scarring, stromal edema, lipid deposition, andamiination. Currently there is no
epidemiological study that provide an accuratenestie of the incidence and prevalence of
corneal neovascularization in the general poputdtfoMany of the conditions resulting in
corneal neovascularization eventually require sepating or lamellar keratoplasty to restore
vision; however, graft rejection rates are higlmevascularized corneal beds even with
systemic immunosuppression , and post-transplaitrvis often compromisét®* "3 Many
risk factors for corneal graft rejection are redagd, such as recipient age, previous rejection
episodes, previous grafts, gender matching, andgiof the graft'®2%*2® Corneal
neovascularization, however, also develops in 41#%yes after penetrating keratoplasty,
even without pre-existing corneal angiogen@siSorneal neovascularization is therefore a
risk factor for graft failure post-keratoplasty amldo a major complication following the
surgical procedure itself. Successful keratoplasgttributed to corneal ‘immune privilege’,
the suppressed corneal inflammation induced byeitieof afferent lymphatic and efferent
blood vessels in the recipient cornea, lack of majstocompatibility antigens class Il, and
the anterior chamber associated immune devigfiéif Lymphatic vessels and associated
blood vessels are found in neovascularized c8fn&he presence of corneal
neovascularization, therefore, enables accesstigieaic material to regional lymph node,

completes the ‘immune reflex arc’ in cornea, anshpomises its immune privilege.

Current treatment options for corneal neovascudéion include topical application of

§5,36,44,22 ?19,203,23,4

steroid %r surgical interventions: laser ablatid photodynamic therafy*

and fine-needle diatherrffy23824°261Targeting pro-angiogenic molecules with topical o
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subconjunctival use of vascular endothelial grofattior (VEGF) inhibitors such as
bevacizumab has been repoffe®espite some degree of success, the currentreeat
options are restricted by adverse effects14017>23627%5ene-based therapy might be able to
circumvent these shortcomings and improve the ouratf therapeutic effect. The unique
anatomical and immune characteristics of the coat@ag with the relative ease of access
make it an ideal candidate for gene-based thetapygver, gene-based therapies for corneal
neovascularization are still largely at the prechhstage’®°#2442873%Hearein, we provide a
comprehensive review on therapeutic target gengpatential vectors available to treat

corneal neovascularization.

I1. Pathophysiology of Corneal Angiogenesis

Clinically, corneal neovascularization is subdivdeto three groups based on the pattern of
angiogenic invasion: 1) superficial neovasculargtnew vessels that invade just below the
corneal epithelium into the stroma; this is commgaden in stromal keratitis, 2) vascular
pannus involves both the extension of vessels inolus tissue onto the peripheral cornea
and is mainly seen in ocular surface disorders,3nterstitial and deep neovascularization
consists of lamina of new vessels in stroma as iselarpetic and luetic interstitial keratitis.
Deep neovascularization is a specific interstitiabvascularization in which there is

angiogenesis between the stroma and Descemet meetiSta

The progression of corneal neovascularizationasdbly divided into three phases: a latent
pre-vascular phase, an active neovascularizatiasgyland lastly a maturation ptdge
(Figure 1). Upon exposure to a stimulus such asyrgr hypoxia, the corneal epithelium,
leukocytes, pericorneal blood vessels and extideelnatrix (ECM) release angiogenic
growth factors which bind to receptors on the visoendothelial cells of pericorneal
vessel¥’. These vessels dilate, their permeability increaaed leukocytes migrate into the
surrounding corneal stroma, resulting in inflammgedema and opacificatidh
Subsequently, these endothelial cells are “actiVateharacterized by decreased cell junction
integrity and degradation of the endothelial lamiP&’>?*> Matrix metalloproteinases
(MMP) released by endothelial cells and migrategkocytes degrade the surrounding
ECM, paving the way for invasion and proliferatioivascular endothelial celf$. This is
followed by the endothelial cell migration towattetangiogenic stimulus soufé® The

endothelial migration and proliferation from pargascular structures is facilitated by altered
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expression of adhesive proteins, such as integnidsselectins, and cytoskeletal
reorganizatioff>. Finally, the formation of vascular lumen and aoam®sis ensues as
supporting pericytes are recruited, marking theunaditon of vessels do not require the

stimulus of pro-angiogenic factors for survival.

[11. Cause of Corneal Neovascularization

A wide range of clinical conditions can cause cafmeovascularization. Most of these
conditions induce corneal neovascularization wadtbroad pathological mechanisms:
hypoxia, inflammation, and limbal barrier dysfumcti®’. Hypoxia, one of the pathological
mechanisms that drives corneal neovascularizasaommonly seen in contact lens tise
Contact lens use is the leading cause of cornealaseularization in the USA* and 20% of
contact lens users suffer from corneal neovasaatoit®® Contact lenses reduce by 8-14%
the oxygen delivered to the cornea, and this hypoandition leads to the downregulation of
antiangiogenic factors (e.g., pigment epitheliumiael factor) and an upregulation of
angiogenic factors (principally VEGF, mediated typbxia-inducible factor 1-alpRz),

initiating the neovascularization process to deliveygen to the hypoxic corn€&>*°

Infections, inflammation, and corneal transplant alk cause corneal neovascularization via
upregulation of inflammatory cytokines, which attranyeloid cells into the corn€4 These
myeloid cells establish a cycle of cytokine seore@nd further myeloid cell recruitment in
the corne&®. There are significant alterations in multiplealyihes which increase the
inflammatory status of cornea and lead to cornealascularizatiott**® In human herpes
simplex-1 (HSV-1) infection, the HSV-1 virus migeatfrom initial infection site of cornea to
the trigeminal ganglia where it lies dorm@ftThe virus replication cycle is reactivated upon
stress and immunosuppression, during which thestravels back to the corneal epithelial
surfaces via the trigeminal nerve, which leadsellegation of VEGF-A and MMPs levels,
and reduced expression of anti-angiogenic soluBl&N receptor-1 (sFlt-15°2*® MMPs are
secreted by the neutrophils recruited through imfteatory cytokines, and they contribute to

corneal neovascularization by degrading the remgiiitle amount of sFlt-1 produc#&d.

V. Clinical Assessment of Corneal Neovascularization
An essential requirement for evaluating the effycatany potential treatment for corneal

neovascularization and performing clinical trisdghe ability to grade and quantify corneal
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neovascularization before and after interventidagyfe 2). Numerous modalities have been
employed to evaluate corneal neovascularizatiostarically the most common method is to
examine photographic images of corneas taken blasip biomicroscopy°®**! but more
advanced imaging techniques have been developed*°?

Biomicroscopic examination of corneal neovascusdian is limited by inconsistent vessel
delineation from frequently coexisting corneal afieation, poor standardization and the
inability to perform quantitative measuremén(@igure 2). Additionally, it is difficult to
distinguish afferent from efferent vessels visualen with the aid of the patient’s puis&'®
Therefore, ancillary techniques were needed foclinecal characterization of corneal
neovascularizatidi. This was recognized by Bron and Easty, whoh@1970s, used
angiography to study corneal neovascularizatiomane than 250 patiefts As
acknowledged by these authors, relying solely onoal assessment with biomicroscopic
photography to estimate vessel leakage is unrelfitherefore, improved imaging

techniques that makes identification of small visss®re evident are essential.

Angiography using fluorescein and indocyanine grieean objective tool to measure corneal
neovascularizatioh*® Both techniques allow the characterization oheat
neovascularization (Figure 2) based on the assesshboth morphological parameters
(such as diameter, length tortuosity, area etd)fanctional parameters (such as flow and
time to leakage) that are indicators of vessel ritgtand disease activity>®°***Wwith
angiography, the anatomy of the marginal cornedllimmbal vascular arcades can be
elucidated, which is important for assessing pregjo: of corneal neovascularization and
limbal disorders Angiography, even in the presence of exudatesaading, allows precise
detection of the afferent stems of the vessel, iwlidelpful for guiding surgical treatment of
corneal neovascularizatithi?®* Therefore, angiography provides an objectiveeation of
corneal neovascularization to plan surgical treatraed monitor treatment responses. In
addition, digital subtraction analysis of corneadimgrams depicts and characterizes
clinically invisible corneal lymphatic new vesséfs The in vivo depiction of corneal
lymphatic vessels is of great importance, as itdeen shown that lymphatic rather than
hematic corneal new vessels are the primary madiatdmmunological graft rejection in

vascularized cornefs®

Optical coherence tomography angiography (OCTAnisther promising method for the
assessment of corneal neovasculariz&tidhis relatively new modality is not yet widely
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used in part because of current limitations indegnition of images produced, lack of
functional information, and inability to detect ge¢s without red-cell flow. In vivo confocal
microscopy (IVCM) has been used to visualize pre=miitgmph vessels in a case of corneal
transplantatiof’, and a novel non-invasive in vivo technique far tuantification of
leukocyte rolling and extravasation at sites ofamimation in human patients has been
reported*’. More recently, IVCM has been used to demonsteg#iular perfusion of ghost
vessels, intravascular cellular traffic and cordgalphatic new vessefs. The emerging
IVCM and OCTA techniques have the advantage ofgorom-invasive, but refinement of
these imaging techniques is still needed. Regagdlethe modalities used, further
development of a standardized measurement procesiiét necessary to allow consensus

in measuring and comparing efficacy of new treatis\ér corneal neovascularization.

V. Current treatments of Corneal Neovascularization

Many treatment options for the management of cormeavascularization are currently
available, and various degrees of success haverbperted. These therapeutic interventions
are either medical or surgical. We present anvoeerof these modalities to place in context
the emergence of gene-based anti-angiogenic apphesdor corneal neovascularization.

A. Pharmacologic Treatment
Glucocorticosteroids (also called glucocorticoictsticosteroids, or steroids) have

traditionally been the mainstay of managing cormealvascularization; however, the
complete suppression of corneal neovascularizatitmtopical steroids is not possible, as
glucocorticosteroids do not cause established ebrmmepvascularization to regré¥s
Topical steroid treatment also has side effecth sisoglaucoma, cataracts, super-infection,
and herpes simplex recurrence, which further haripgeclinical utility of steroid
treatmerft®. Moreover, despite the widespread use of topteabils, the mechanism of their
anti-angiogenic action is not fully understddd The antiangiogenic effect of steroid is
proposed to result from their anti-inflammatory pedies, via inhibition of neutrophilic cell
chemotaxi& 94229237245 madulation of the proteolytic activities of vatmuendothelial cells
25.36.180.194inhibition of pro-inflammatory cytokiné®29:84117.260.2884hhihition of plasminogen
activator (PA) including the stimulation of PA ibftors'®® and altered prostaglandin
synthesi&®*?*” Non-steroidal anti-inflammatory agents have besed clinically to treat
corneal neovascularization because of their aliitiarget prostaglandins synthesis, but they

are not considered sufficiently effectié°>?"* Given the known side effects and variable
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clinical effects of these anti-inflammatory agemtsre targeted treatments have been

evaluated.

Anti-VEGF agents (e.g. bevacizumab; Avastin®) hibgen utilized to treat corneal
neovascularizatidi** Bevacizumab has been delivered topically (dosgea5—25 mg/mL,
2-5 times per day}">"®%*° by subconjunctival injection (dose range: 1.2501@p mL to 5
mg/0.2 mL}*1>16.:72:82:89.99.145173.231 35 | sing pre-soaked corneal collagen shield$(1.2
mg/0.05 mL for 20 minutes for 11 weeks Most of the anti-VEGF trials were uncontrolled
studies conducted with small sample size, anddperted reduction in corneal
neovascularization appeared to be only transiethirrmompleté”>3% Ultimately, anti-
VEGF therapies may be safer than steroid-basedapipes, but prospective multi-center
clinical trials are required to prove the efficafyanti-VEGF treatments in corneal

neovascularization.

Thus far, studies that investigated the efficacgaf-VEGF agents only achieved incomplete
regression of corneal neovascularizatfofhis can be attributed to the fact that anti-VEGF
therapy is only effective against newer, activaigvgng blood vessels. These new vessels go
through a period when vascular endothelial ceNisat depends on the presence of pro-
angiogenic factors, like VEGF. After two weeks, mafsthese vessels are covered by
pericytes, which marks the end of the pro-angiogéattors dependence period for
endothelial cells, and treating these mature vessigh anti-VEGF agents is often less than
satisfactor§’. Targeting VEGF in isolation may also be ineffeetbecause of redundancy in
the pro-angiogenic cascade, with other pro-angitautors driving corneal
neovascularizatid*>**! Acquired resistance to anti-VEGF and anti-aggioc drugs

represents a further mechanism limiting the effjoaicanti-VEGF therapig€®#2%2%?

B. Surgical Treatments for Corneal Neovascularization
Argon laser photocoagulation is an establishedrtrent for retinal neovascularizatfon

Hemoglobin has a high absorption rate of argongnemnd laser treatment can coagulate
hemoglobin-filled corneal vesséls Yellow laser and neodymium-doped yttrium alunmnu
garnet laser were also suggested for the treatof@arneal neovascularization, but neither
are routinely used clinicafty*?°2 Despite successful outcomes with argon lasetmtresat of

lipid keratopathy®*, several reasons have restricted argon laser Gisagerneal
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neovascularization. Specifically, the procedurechnically difficult to perform as corneal
vessels are difficult to visualize and have a rapitsatile flow??! The occlusive effect was
shown to be transiefit:**®The laser-induced thermal damage to the vesselstigiad to
upregulation of inflammatory mediators and VEGRha surrounding stroma, which may
paradoxically lead to more neovascularizatiom addition, high laser energy predisposes to
complications such as iris atrophy, corneal thignpupillary ectasia, peripheral corneal

8810429330 d necrotizing scleriis'. Because of these technical difficulties and

hemorrhag
related side effects, laser ablation of cornealascularization has not gained widespread

acceptance.

Photodynamic therapy (PDT) has also been usedraatanent for corneal
neovascularizatidh The effect of PDT is based on the combinatioa photosensitizing
compound (verteporfin), light, and oxygen, whichether produce cytotoxic free radicals
that cause vascular endothelial damage and intaleaghrombosis likely involving both
apoptosis and necro§{§!14294233235Tha photo-oxidative effect of PDT is confined hifit

the blood vessels in a non-inflamed cornea; howekerhigher permeability of blood vessels
in an inflamed cornea results in dye leakage thinels the photo-oxidative damage into
strom&’. The collateral damage of stromal tissues mayezkate an inflammatory reaction
increasing the risk of reperfusion and angiogefi®$*DT has not been widely used for the
treatment of corneal neovascularization becausleeohforementioned potential

complicationé*.

Fine needle diathermy (FND) occlusion of corneavaescularization is a technique that
involves a stainless steel 3/8 circle side-cuttsiggle-armed needle inserted into the limbus
at the level of the blood vessel to be occludedttorthe vessels lumen directly if the vessel
is large. A unipolar diathermy unit set to coagolatmode is then connected with the needle
at the cornea to start the occlusion pro@sBND has been reported as an effective and
relatively easy procedure to perfofft;?*however, diathermy should only be applied to the
afferent vessels (selective FND), and the poteatiakrse effects of FND should be taken
into accourf®®24°?! There may be collagen shrinkage and damage tdjaeent stroma of
the diathermy sit¢° Heat applied to cornea also alters corneal curgAttr. Long-term

effects of FND to the cornea are not yet clear.ddoer, FND itself may stimulate further
corneal neovascularization by triggering secondelgase of pro-angiogenic factdts It
would, therefore, be reasonable to minimize thdiegpon of FND and to selective FND on

the afferent vessels, as arterioles only compessg than 1% of total corneal
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neovascularizatidf,. Combining angiographic guidance to target therafit vessels, FND is

a promising procedure in reducing the area of @meovascularizatigr %

V1. Gene Delivery to the Cornea

Gene therapy refers to the transfer of nucleicsaititb cells using viral and non-viral vectors
to correct cellular dysfunction or restore celldianction'®®%? As such, gene therapy is a
type of molecular medicine that targets the undeglynolecular basis of disease. Compared
to drug or antibody-based treatments for corneavascularization that only provide short-
term benefits and require repeated applicatioggne-based approach offers targeted
treatments providing long term therapeutic cormetf?'%% The cornea has properties that
makes it an attractive target for gene-based méatipuos: relative immune-privilege and
ease of access" 9182188 corneg| transparency allows live tracking of legemolecules in
animal studie¥®'®> The cornea is easily accessible to administee ¢eerapy reagents, and
the ability to maintain the cornea in culture feveral weeks permiex vivo gene therapy
approache8>?'® A variety of vectors have been used forgened#serapies for corneal
angiogenesis, including viral vectors, lipid-basedtors, nanoparticles, polymers or naked
plasmid--each with their own advantages and linaitet’**° Viral-based vectors are well-
established and effective, but can induce immusparses, whereas non-viral delivery
methods are less likely to induce an immune respdng only produce short-term gene
expressior 1%?"* These vectors are normally delivered to the @imesubconjunctival,
intrastromal, or intracameral injecti§fi?*® In some cases, topical applicatiorenwivo

incubation of cornea buttons were also empl&y&d

A. Adenoviral Vector
The adenoviral vector, the first viral vector useddirect gene transfer to the cornea, is

capable of infecting both mitotically active andtatically quiescence cells and can carry
large gene inserts with no risk of insertional nyetgesis’®. The use of adenoviral vector for
corneal gene transfer has been tested extensivalyimal andx vivo studie$®39232277
Recombinant adenovirus encoding vasohinbin-1 wjasted was subconjunctivally into
mouse to suppress corneal neovascularizitiohdenovirus is a 35kb double-stranded DNA
virus, and the wild type virus causes a benigniragpy tract infection in humans. Over 40
serotypes of wild-type adenovirus have been diseni/&® and the recombinant vector
commonly employs adenovirus serotype 2 and 5 gaitiengineered to remove their
replicating ability®®. Later generations of adenovirus vector have beedified by deleting
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its entire viral genome, leaving only the invertedninal repeats and packaging genes
behind, thus reducing its immune response and iegibko carry larger gene inserts As a
result of this extensive deletion, a helper visuseiquired for adenoviral vectors to be
propagated, and there is a risk that helper viamamination could induce a strong
inflammatory reaction, limiting their clinical usend safety. The adenoviral vector enters
cells through coxsackie-adenovirus receptors aregjim-mediated endocytosi¥. Once
inside the cytoplasm, the virus undergoes endostysialand releases its genome. As there
IS no integration into the host genome, transgepeession is usually only short-term. This
caveat necessitates repeat treatment if a susteffead is to be achieved, which can limit

clinical utility and result in higher cumulativeskis of immune responses.

B. Lentiviral Vectors

Lentivirus belongs to the retroviridae family with single-stranded viral mMRNA, which
possesses the enzyme reverse transcriptase thetritees its RNA into double-stranded
DNA®3. Lentiviral vectors have been able to transdugere of interest to corneal
epithelium, stroma and endothelium in both aninmalex vivo studied”*>?%° Upon
association with specific surface receptors ofttbst cell, the viral envelope fuses with the
cytoplasmic membrane and ejects its cylindricaédnto the cytoplastfi’. DNA is generated
from mRNA by viral reverse transcriptase, and tidADsubsequently migrates into the
nucleus. At this point, wild-type lentiviral DNA ually integrates into the host gendthe
Lentivirus vectors are mostly derived from equinictious anemia virus and the human
immunodeficiency virus%*. Unlike other retroviruses, lentivirus is abldréect non-
dividing cells??® and compared to adenovirus, lentiviruses alsoapge be less
immunogenié®. To generate the lentiviral vector, the viral gereais engineered to remove
its self-replicating capabilitié® As lentiviral vectors integrate into the host gere,
sustained transgene expression is achieved; howeeerisk of insertional mutagenesis
remains prohibitive for testing of lentiviral vecsan clinical trials°®%*> To combat this

limitation, non-integrating lentiviral vectors aveing developed™

C. Adeno-Associated Viral (AAV) Vectors
AAV is a small single-stranded DNA virus belongitogthe parvoviridae family that is non-

pathogenic to humans, making AAV a safe optiorgieme deliver{’®. AAV-based gene
delivery has been able to transfect corneal stramobendothelium in botim vivo andex vivo

studies without apparent toxictty*2°2"® Subconjunctival injection of AAV vector carrying
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endostatin and angiostatin genes to the corneiledipim inhibits corneal
neovascularizatidfi*®* Owing to its simple genomic structure, the presesf a helper virus
such as adenovirus or herpes simplex virus is sacg$or replication. Upon binding to
primary cell surface and integrin, AAV is interrmdl,**%and its single stranded DNA is
released. This single-stranded DNA anneals to gptementary strand from another AAV or
through host DNA polymerase. On reaching the nis;lthe therapeutic gene is integrated
into the host genorm¥. The first generation of recombinant AAV lackee tienes needed
for replication because they were replaced withthieeapeutic gene; therefore, co-infection
with adenoviral and AAV helper plasmids carryingnge encoding for replication were
necessary®. In order to avoid helper virus contamination, AAahd adenoviral-helper genes

were subsequently combined into a single plasmitkimer generation AAVE®,

To further dampen immune response, hybrid vectave lveen developed by combining the
genome of one serotype and the capsid of anothetype retrieved from the Rhesus
monkey®. Another breakthrough was the development of a@ifiplimentary AAV, which
allows for more rapid gene transfection as, undemal conditions, there is a delay in the
single stranded viral genome to spontaneously anméa complimentary strafié. A

further development is the generation of tyrosingant AAV vector resistant to proteasome-
mediated degradation, allowing more efficient gdekvery with reduced loading titers.

AAYV is an attractive option as a viral vector farge-based therapies for corneal
neovascularization because of its safety profitk sustained longer-term gene expreséidn
One limitation, however, is its incapability to orporate large DNA constructs. Nonetheless,
AAV has been used clinically in the gene therapyLieber congenital amaurosis to restore
RPE65 functioff*>

D. Nanoparticles
Cationic polymers have been widely used as nor-v&etorsin vitro as they can form

association with DNA and promote induction of thidMinto cell$°?% The positively
charged surface of cationic polymers, howeverpatentially cytotoxic, and the clinical
application of these molecules might thereforeititéd*®**° Development of
biocompatible polymeric micelles from newly desidraationic block polymer resolves this
issué. Polymeric micelles are nanoparticles that sedkasble as a result of amphiphilic
interactiort®®. One example is polyethyleneglyco -b-P[Asp(DEWhich has a hydrophilic

polyethylene glycol segment that forms the nonecadi shell of a micelf&*2%° As a vector,
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polymeric micelles form a hydrophobic core contagnihe therapeutic gene and a
hydrophilic shell which interacts with solvent. Theique core-shell architecture of
polymeric micelles allows therapeutic genes to toégeted and therefore making delivery
more efficient’?. Nanoparticles have a large vector-carrying cdapacid are able to exhibit
sustained gene expression after transfec¢fidf. Subconjunctival and intrastromal injection
of nanoparticles-based vector carrying a sFlt-$mpid and shRNA against VEGF-A
respectively were able to suppress corneal neolasmation*>?*? Further development of
more biocompatible nanovectors could lead to wickesph use of polymeric micelles for gene

delivery.

Another non-cationic nanovector, polylactic-co-glic acid (PLGA), is a biodegradable
copolymer used as a therapeutic device for many-Bppgroved drug delivery systetfts
Previously PLGA nanoparticles were shown to inceededivery of plasmids into cells or the
cornea in a non-toxic fashion, with enhanced uptkbe site of administratioh'*

Sustained release of small interfering RNAs or ptaologic agents were also
observe®**” The non-cationic properties of PLGA nanopartieks® avoid the toxicity
issues associated with cationic polymers. Thededitally desirable properties make PLGA
a promising vector system for the delivery of getoethe cornea. Liposomes are composed
of a lipid bilayer and an aqueous compartment, fogwesicles that are able to encapsulate
both hydrophilic and lipophilic therapeutic agéftsThey have shown stability and good
capacity for transfectiom vitro andin vivo®”>. In a recent modification of the vector
construct, dextran and protamine were added toawgpcellular uptake of the vector and aid
translocation of the plasmid DNA into the nucleespectivel§?’. As the cornea is negatively
charged, positively charged liposomes enhanceliberation and transfection of the
encapsulated agents. Short storage time and liro#egling capacity, however, pose

challenges for the clinical application of liposasiié

Albumin is a naturally nano-sized biodegradabldiplas that allow drugs or plasmids to be
encapsulated and released in a sustained mafreThis common serum protein forms
dimer with the drug and facilitate entrance intbsceia a vesicle-forming process called
transcytosis, therefore increasing the efficacthefdrugs’®> In the context of corneal
gene delivery, plasmid-linked to albumin nanop&tigersist in the stromal space for

extended period of tin}&. As a non-viral, non-immunogenic and biodegradable
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nanoparticle, albumin appears to have the attriorgquired for delivering therapeutic genes

to the cornea.

E. Gene Slencing Methods

Gene silencing methods such as antisense oligartides, morpholino oligomers, small
interfering RNAs (SiRNAs), or short hairpin RNA 8NA) can be useful for targeting pro-
angiogenic factors in the cornea. Antisense oligteutides are single-stranded RNA or
DNA that can prevent protein translation by spediinding to a complementary RNA
sequence. Morpholino oligomers are syntheticalbdpced antisense reagents similar to
DNA oligonucleotides, but possess morpholine ringkbone¥. They are effective in
blocking mRNA translation and alternative splicinghout causing it to degrade. siRNAs
are double-stranded RNA that can initiate RNA-iretlisilencing complex-mediated binding
to specific RNA and induce nonsense mediated d&ca8ather than directly targeting the
transcribed RNA, shRNA integrates into the hostlews where the host machinery produces
the encoded siRNA®. The silencing effect of SiRNA is transient owitagintra-cellular
degradation, whereas shRNA that is constantly prediy the host provides a continuous
silencing effect. Further improvements on thetyaded efficacy of gene silencing
techniques are likely to maximize its application the treatment of corneal

neovascularization.

F. Alternative Delivery Methods

Other methods for transferring therapeutic geodké cornea include the injection of naked
DNA or plasmid® electroporatioff®, iontophoresi€ and the use of a gene gl These
modalities have had various degree of successfoeal gene delivery. Injection of naked
plasmid is not associated with risk of immune res@o but produces only transient transgene
expressiorf®? Electroporation alone to deliver genes into thexea was considered

ineffective, and there are potential risks of tes@jury from the electric currefit'**
lontophoresis performed under correct electricentrconditions with short-duration is
considered to be safe, but is unable to delivgrelamolecules such as plasmid DR{A2%:3%°
Transfection using gene guns is restricted to timeeal epithelium and produces mild

corneal inflammatioff?’2
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VII. Target Genes and Therapeutic Application

Our increasing understanding of the mechanismsriymag angiogenic privilege in the
cornea has facilitated the development of genelyeapproaches for corneal
neovascularization (Table 1). Two therapeutic appihes are described: either transgenic
expression of an anti-angiogenic factor or inat¢idraof a pro-angiogenic factor via gene

silencing.

A. Vascular Endothelial Growth Factor (VEGF)

VEGFs production is increased in pro-angiogenidremynents such as hypoxia,
inflammation, and tumor cell proliferatith®*%” VEGF is the most common therapeutic
target in corneal neovascularizatidrSpecifically, VEGF-A is expressed in embryonic,
physiological and pathologic neovascularization sntbnsidered to be the major factor
involved in angiogenesis® There is upregulation expression of VEGF-A isadarized
cornea¥. Upon binding to the cell surface membrane-bouB@&¥ receptor 1(VEGFR1;
mbFlt-1), VEGF-A is activated and promotes prote@yf ECM, vascular endothelial cell
proliferation, migration and tube formatfdfj all of which are essential steps of
angiogenesis. Other VEGF isoform bind to differéBI(GF receptors and have different
functions. VEGF-C and D, for example, were implkchas mediators of lymphangiogenesis

- the growth of new lymphatic vessels in the coffea

Paradoxically, VEGF-A, a potent pro-angiogenic naale, is also found in the avascular
cornea under normal conditichdt is proposed that the angiogenic effect of VE&H the
corneal stroma is antagonized by sFlt-1, an alterglg spliced isoform of mbFlt-1, which
can act as an endogenous VEGF-A “trapéFlt-1 is present extracellularly in the corraad

a reduction of sFlt-1 leads to corneal vasculaoraf. There is strong evidence that sFlt-1
plays an angiogenic role in the normal cornea,iaisdtherefore a popular target for gene-
based therapies for corneal neovascularizatioanénstudy, only 18% of mouse eyes
injected with complimentary DNA (cDNA) of sFlt-1 adenoviral vectors intracamerally
developed corneal neovascularization after silteate cauterization, as compared to 100%
of the untreated mous& Intracameral injection of an AAV sFlt-1 expressirector into

mice eyes reduced silver nitrate-induced corneavascularization by 36% compared to
controlg®. The non-viral vectors, PLGAand polymeric micellé&®, were also able to
deliver a plasmid DNA encoding sFlt-1 or Flt23Kré@ombinant construct of sFlt-1 domains
2 and 3 and endoplasmic reticulum-retaining peptiol¢he mouse cornea via

subconjunctival injection and achieve prolongedreggion™*?® Injecting naked plasmid-
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containing sFlt-1 cDNA to rabbit corneal stromaoailsduced angiogenesis by 23.6%
compared to controls, although tissue specifigtguestionable as gene expression was also
observed in the posterior segnféatA Flt-1 specific morpholino oligomers targetiret

exon 13/intron 13 junction of the murine Flt-1 tsanpt was also successful in modulating
the alternative splicing process and promotingptteeluction of sFlt-1 instead of mbFlIt-1,

and thus showed 22.78% less angiogenesis compmoexhtrols in murine cornea associated

with penetrating keratoplasty

As well as acting through VEGFR-1, VEGF-A can bamtl activate VEGFR-2 promoting
angiogenesfs’. A soluble form of VEGFR2 prevents lymphangiogém@sthe corneaand
has immunosuppressive effects after corneal transgiori. Administratation of SVEGFR-2
in murine models (corneal suture or transplantatieduced lymphangiogensis but not
hemangiogenesis suggesting SVEGFR2 is not a majriloutor to corneal
neovascularizatioh However, subsequent studies have reported taiuale VEGFR2/Fc

chimera protein has a significant inhibitory effeatangiogenesis and lymphangiogenésis

RNA interference-mediated silencing of VEGF-A isaternative approach .
Subconjunctival injection of synthetic SIRNAs wailde to silence VEGF-A sequences and
inhibit mouse corneal angiogenesis induced by alkah, showing 2.34mfrless
neovascularised area than the uninjected coftPoldtilizing a similar approach, shRNA or
antisense oligonucleotides-mediated silencing oG¥EA also effectively supressed corneal
neovascularization in murine modef?* Although clinical trials of VEGF siRNA for
corneal neovascularization have not been repatedapproach is currently undergoing
clinical evaluation to treat age-related maculaefteratior>%%%° Silencing VEGF may
also affect cell death, however, as some studies slaown that VEGF can be

neuroprotective for corneal innervatfdh?®>3%

Vascular endothelial cell growth inhibitor (VEGHn endothelial cell-specific tumor necrosis
factor, inhibits endothelial cell growth and indeaoptosi&®. Using a positively charged
lipid vector, VEGFI cDNA was successfully deliveredo all layers of the cornea and
produced 13.8mfress rabbit corneal neovascularization afterlassiture was placed,
compared to controf¥’. Another family member of VEGF, placental growgetor (PIGF),
shares biochemical similarities with VEGF-A. In #ath to having the same receptor of Flt-
1, PIGF can also form a heterodimer with VEGF-Ae3é similarities were utilized to
generate a PIGF variant, termed PIGF1-DE, than&ble to bind Flt-1, but is still able to
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hetero-dimerize with VEGF-A3 Heterodimerized VEGF-A is unable to bind andaxtt
mbFIt-1, and hence the angiogenic effect of VEGE-Buppresséd’. Injection of PIGF1-DE
cDNA carried by AAV vectors into the corneal stromanediately after suture placement
every three days for 14 days in a murine modelltesin 37% reduction of neovascularised

area, which was significafit.

B. Vasohibin

Vasohibin-1 is a novel endothelium-specific negafeedback mediator of angiogenesis that
is upregulated when VEGFs are pre$&nfhe anti-angiogenic role of the vasohibin-1
protein was demonstrated by its ability to blockwvescularization in the retina and the
cornea (murine bFGF micropocket-induced corneaicgyegesis modetj*?°* Vasohibin-1
acts as a negative feedback mediator of angiogesesie its expression is usually low in
vascular endothelial cells, but increased whenwutted by VEGF and FGF during
neovascularization. It was able to inhibit VEGFd&GF-driven proliferation, migration,
and tube formation by vascular endothelial ¢&I€" In murine models subjected to alkali
burns , subconjunctival injection of vasohibin-1IN®incorporated within an adenovirus
vector was able to reduce neovascularised area 29¢of the cornea on day 9 after the
alkali burn, in contrast to 66.24% in controls,ugb the therapeutic effect was delayed and

transgene expression was transi&nt

C. Angiostatin and Endostatin

Endostatin, a cleavage fragment in the NC1 domgippa XVIII collagen, and angiostatin,

a proteolytic fragment in the kringle domains 1lfpkasminogen, were identified as potent
anti-angiogenic factors via their inhibition of VIEGand bFGF-mediated vascular
endothelial cell proliferation and migratirf*®! their anti-angiogenic effect in tumor
suppression had also been investigated in climiiza$ **>*°” Kringle 5 of plasminogen (K5),
a relative of angiostatin,has been shown to inkititcular endothelial cell activiti€d
Electroporation combined with injection of nakedgyhid containing K5 cDNA reduced
corneal neovascularization induced by alkali bumrihie rat corne3°. Wild-type endostatin
and modified RGDRGF-endostatin (mutated native segel of RGIRGAD into RGDRGD)
gene have also been evaluated for their anti-aegiogeffect on corneal neovascularization
induced by alkaline burn in the rabbit corffe&ubconjunctival injection of both genes
resulted in suppression of corneal neovasculaoaatiowever, the modified endostatin gene
was more effective, resulting in a 58% reductiosameal new vessels compared to the wild
type™.
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Several studies have assessed the efficacy ofgan#itbased therapy involving endostatin
and angiostatin. Two studies investigated the pdggiof preventing transplant-induced
corneal neovascularization, a common sign of gegéiction, by transferring a fusion of
endostatin and angiostatin or K5 cDNA via lentil/iractor to corneal buttons in a rabiit

vivo modet®?#® In both studies, the transgenes were stably sgpteafter incubating the
corneal buttons ex vivo with the cDNA-lentivirusfte transplantatiofi>**® Subsequent
examination and immunostaining showed that cornealascularization was suppressed and
vessels did not cross the donor-recipient margar gene transfer. Another multigene-based
therapy for corneal neovascularization compriseenafostatin, sFlt-2 and sTie2 (a soluble
“sink” for angiopoietin, another vascular growtletiar) was shown to be therapeutically
superior in inhibiting vascular endothelial celbfferationin vitro, as compared to mono-
gene modulatiofs.

D. Peroxisome Proliferator-Activated Receptor Gamma (PPARy)

PPARy is a nuclear receptor involved in modulation apade metabolism, inflammatory

cell function, and cell proliferatiof The PPAR signal can suppress inflammation-mediated
neovascularization by negatively regulating prdamfmatory responses from macrophages
Topical application of a solution of adenoviral stmct carrying the PPARyene on murine
corneas caused overexpression of PPARI substantially reduced corneal
neovascularization induced by alkaline FdfnThe upregulation of inflammation-related
growth factors related to the insult was also segged. These results demonstrated the
therapeutic potential of PPARyene delivery in treating corneal neovasculamzaby

manipulating the inflammation pathway>**

E. Decorin

Decorin is a small leucine-rich proteoglycan expegsin the cornea that plays a major role in
angiogenesis regulation by suppressing endottegiamigration and tube formatidh

Topical application of decorin cDNA in the AAV5 \ec on the corneal stroma after removal
of epithelium was an effective genetic modulationihhibiting neovascularization in a

rabbit modet®’. In this study, implantation of a VEGF micro-potkes performed on rabbit
corneas to induce neovascularization. Comparedritrals, the decorin-delivered corneas
showed over 60% less neovascularization. Moremregn mRNA level, expression of
angiogenic factors such as VEGF and angiopoietie\dewnregulated while anti-

angiogenic factors were upregulaféd
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F. Brain-Specific Angiogenesis Inhibitor 1 (BAI1)

BAI1 is a transmembrane protein that has an awolifprative function by blockingvp5
integrin in vascular endothelial cells. Its middbdracellular region contains five
thrombospondin-1 repeaté As thrombospondin-1 is known to play a poteni-angiogenic
role in some tumor ceflg!, the anti-angiogenic effect of BAIL is mediateditsy
thrombospondin-1 functional domé&if Injection of BAI1 gene mixed with a non-liposomal
lipid and delivered subconjunctively in a rabbitsebreduces corneal neovascularization
induced by epithelial debridement with heptanobliyl%, compared to the untreated eyes
301 The reduction in the area of corneal neovasaatdn in the BAI1 gene-delivered eyes
was comparable to corneas treated with anti-VEGibadhy**’. Despite effective anti-
angiogenic function reported by this study, furtresearch investigating the translational
potential and safety profile of BAI1 gene-baseddbpees for corneal neovascularization is

required.

G. Cannabinoid Receptor Type 1 (CB1) Receptor

The endocannabinoid system is a well-establishgalaor in a range of neurologic and
psychiatric diseas€éPharmacological blockade of the CB1 receptor,rapmment of the
endocannabinoid system, can inhibit tumor angiogisr®gy interrupting the VEGF signaling
pathway and inducing endothelial cell apoptG&isiRNA-mediated silencing of the CB1
gene can inhibit bFGF and VEGF-stimulated vascematothelial proliferation, migration

and tube formatici®®. Utilizing anin vivo rabbit and mouse model, bFGF micropocket-
induced corneal neovascularization and hypoxiageduetinal neovascularization were also
effectively inhibited by a CB1 antagorfist Moreover, then vitro inhibition of endothelial
cells proliferation only occurs in the presencemf-angiogenic factors, which suggests a low
risk of non-specific cytotoxic effects. Given its specific anti-angiogenic effect, thelICB
receptor might have high translational potentighasnteresting target of gene therapy in

corneal neovascularization.

H. Cytochrome P450 4B1 (CYP4B1)

CYP4B1 expression is markedly increased in theeaand tear film in the presence of
ocular inflammatioff. Its metabolite was shown to have pro-angiogefiécts in a VEGF-
dependent mann€f. Gene silencing of CYP4B1 by subconjunctival it of its SIRNA
reduces VEGF mRNA and silk suture-induced cornealascularization by more than 50%

compared to controls in the rabbit corff@aThis supports a role for CYP4B1 in the
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inflammatory and neovascularization cascade artdytiree silencing of CYP4B1 gene might

be a useful approach for inhibiting corneal neoutsizationin vivo***.

|. GA-Binding Protein (GABP)

GABP is a nuclear transcription factor that hasiBusits:a, p andy?*2 The o subunit of
GABP forms a heterodimer with the subuhito suppress VEGF transcriptigh In vivo
subconjunctival injection of a plasmid DNA-encodi@@\BP in a lipid-based vector
decreased VEGF gene expression after a mouse omasesubjected to an alkaline indtAt
Roundabout 4 (Robo4), a well-established guidaeceptor in the nervous systefir ' is
also involved in pathological angiogenesis andscaptionally regulated by GABY'.
Robo4 is expressed in the endothelial cells of dhleessels of tissues with angiogenic
process, such as tumdts placentd”, heart** and developing embry®é. Slit is a family of
neuronal guidance cues that regulate monodiredhjoimanervous systef’, which interacts
with Robo4 to mediate axonal repulsiieukocyte migratioff® and neovascularizatith
Slit also inhibited neovascularization and vascldakage in mice with oxygen-induced
retinal and laser-induced choroidal vascular disgatiereas deletion of Robo4 enhanced
these pathologic proces$&sMore recently, Robo4 knockout mice were showprtmluce
more corneal neovascularization after HSV-1 ocuigaction, compared to infected wild
type control$™’. Despite present evidence, the roles of Robo4avascularization remain ill
defined3’2142%0.268.286Transgene overexpression of GABP in the mouseeeosuppressed
Robo4 mRNA expression and subsequent microscopidi&tologic examination also
showed 20.3% less neovascularised corneal arealiti@xperimental control ey&s
However, the anti-angiogenic effect of GABP genkvdey only lasted for two weeks in this
model and , this relatively short-term transgengression is not ideal for clinical

applicatiori®®

J. Pigment Epithelium-Derived Factor (PEDF)

PEDF, a 50 kDa glycoprotein, is a potent anti-agegioc factor, inhibiting vascular
endothelial cell proliferation and migration meeidby the VEGF and bFGF pathw&{s
Subconjunctival transplantation of transfectednadtpigment epithelial cells that secret
PEDF inhibited corneal neovascularization elicigdalkaline burn in a rabbit mod&¥.
Similarly, subconjunctival injection of SAINT-18 ationic synthetic vector) carrying
plasmid DNA of PEDF was capable of inhibiting caheeovascularization induced by
stromal implantation of micropocket containing bF@ivo in a murine model, with

3001x10"mn less neovascularised areas than the control §foup this model transgene
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expression commenced on day 3 after gene transfelaated for 3 months. The delivery
vehicle used, SAINT-18, is safe, low toxicity arficgent for in vivo gene delivery. This
study indicates the clinical feasibility of thisrgebased therapy for corneal
neovascularization by overexpressing PEDF via thiN$-18 vector to provide a sustained

anti-angiogenic effect.

K. Insulin Receptor Substrate-1 (IRS-1)

To date, the only gene therapy option for cornegi@enesis that has reached the clinical
trial stage is aganirsen (GS-101, Gene Signalargisense oligonucleotide targeting insulin
receptor substrate-1(IRS®1Y IRS-1 is a cytosolic adapter protein that playsnaportant

role in ocular neovascularization by regulating VlE@d other proangiogenic cytokines, as
well as interacting with integrin€ 2% Using a ratn vivo model, with corneal
neovascularization induced by the removal of thblis strip, silencing the IRS-1 gene with
specific antisense oligonucleotides was able tagedRS-1 production and regress corneal
neovascularizatid. Subsequently, these experimental findings werstated into
application on human subje®tsin randomized clinical trials, a solution of G81lwas
administered topically on the corneas of patienth wngoing keratitis-related corneal
neovascularizatidi’% After treatment, twice a day for 90 days, GS-&i@hificantly

reduced corneal neovascularization by 26.2% anth#r@apeutic effect lasted more than 180
days™. Other benefits included the lowered need of pamgation for patients with viral
keratitis and central neovascularization and impdbguality of lifé*. Moreover, the eye
drops were safe and well tolerated. GS-101 isiteedlinical trial-tested gene therapy for

corneal neovascularization and has shown promrsisgjts.

L. MicroRNA (miRNA)

mMiRNAs are naturally occurring, 21-25-nucleotidenrcoding molecules that regulate gene
expression at the post-transcriptional 1&v& Mature miRNAs are derived from a one arm
of a larger imperfect stem-loop precursor hairpimg are released by ribonuclease-lll
enzyme$&-1%91% Thereafter, miRNAs form RNA-induced silencing qaexes to repress
translation by imperfect base-pairing with the éapgime untranslated region of messenger
RNA (mMRNA) promoting RNA degradati6h®®” Several miRNAs have been associated
with angiogenic processes, some are pro-angiogenic*>***while the others are anti-
angiogeni¢®*193:213.224.255Tha |evels of mMIRNA-31, -150 and -184 are redutexdng the
formation of choroidal neovascularization inducgddtinal ischemia, while their levels are

high in cornea and lens, suggesting these miRNARgtaia the avascularity of these tissues
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and are as such antiangiogefiit The target genes for these three miRNAs weretifiteh

as genes encoding for pro-angiogenic proteinselgiaterived growth factor-B (PDGF-B)
and hypoxia-inducible factor I-for miRNA-31, VEGF and PDGF-B for miRNA-150, and
Frizzled4 for miR-18%°. Moreover, intraocular injection of miRNA-31, -154hd -184
significantly reduced retinal and choroidal neowdagzation in micé€>° This approach could

also be applied to corneal neovascularization.

A few miRNAs are potential targets for gene silegcas their expression is upregulated in
corneal neovascularization. miRNA-132 triggers uéecendothelial cells to undergo
vasculogenesis, and antagomir nanomolecules taggetiRNA-132 can inhibit tumor
angiogenesis. In the cornea miRNA-132 showed diffelevels of augmented expression
across different time points after herpes simpiexs-1 (HSV-1) infectio™
Subconjunctival injection of antagomir-132 nanojées (a single-stranded small RNA
targeting miRNA-132) to mice effectively controlledrneal neovascularization induced by
HSV-1'%3, This antiangiogenic effect was evident evenéftiteatment was administered 7
days post-infectioli. The expression of miRNA-155, a molecule knowbédnvolved in
inflammatory process&%**® was also upregulated after corneal HSV-1 infectinainly in
macrophages and Cb4ells. Similarly, silencing of miRNA-155 by subconjungi
injection of antagomir-155 nanopatrticles in micéhwHiSV-1 infection diminished stromal
keratitis and corneal neovascularizaffonother non-coding miRNA expressed in the
cornea, miRNA-206, was upregulated after chemigjaby*®’. Intrastromal injection of
oligonucleotides inhibitor targeting miRNA-206 oneur after alkali burn in mice
significantly reduced corneal neovascularizafidrThe molecular target of miRNA-206 was
identified to be the gene for connexin43 (CX43) trans-membrane protein that facilitate
wound healing in damaged corfi®alnhibition of miRNA-206 therefore upregulated the
expression of Cx43, thus augmenting the wound h@alfocess in chemically-injured
cornea. Two miRNAs have been implicated as spetifitnvolved in anti-angiogenesis and
using the mimic of these miRNAs may suppress comeavascularization.

miRNA-184 is most abundantly expressed in the arepitheliund*®> miRNA-184 was
shown to negatively regulate pro-angiogenic facsoich as VEGF, PDGF and MMPS.
Transfection of mMiRNA-184 also suppressed the fa@ltion, migration, and tube formation
of both macro- and micro- vascular endothelial?€ll The expression of miRNA-184 was
reduced in the cornea of rats with suture-induasalascularization, but topical
administration of mMiRNA-184 reduced the neovasdzagion on day 7 after sutufé miR-
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204 has also been studied in corneal neovascuianzdhe expression of angiopoietin-1 (a
pro-angiogenic factor) increased during the neaylasization in the dystrophic corneas of
KLEIP™” mice, while the level of miRNA-204 was stronglydwegulated®®. Angiopoietin-1
was identified as a molecular target of miRNA-28dd endothelial cells transfected with
miRNA-204 mimic produced less angiopoietin-1 prot& Based on the above evidence,
MiRNAs are important regulatory factors in corneabvascularization. The therapeutic
strategies utilizing miRNAs with either antagonmirghibition) or miRNA mimics to
suppress or augment the expression of miRNA coelldded as therapeutic strategies to
modulate corneal neovascularization. Further studie required to investigate miRNA-

based therapies for corneal neovascularization.

To date, most studies of gene therapy for corneavascularization are still in the pre-
clinical experimental stages using trauma-induagalvascularization in animal models.
Corneal neovascularization induced by externakynigsi generally linked to an inflammatory
proces§’. Recently, genetically-engineered mice that dgvefmntaneous corneal
neovascularization were used for studying patholagigiogenest&”. While the traditional
trauma-induced approach initiates a cascade oingegatocess whose involvement in corneal
neovascularization is not well understood, the earmeovascularization in transgenic
models takes place as part of a clear pathologataway®'**3***% |n the future, transgenic
corneal neovascularization models will complembgtéxisting models for investigating the

mechanisms of corneal neovascularization.

VI1II. Conclusion

Corneal neovascularization is a vision-impairingaition and a leading risk factor for
corneal graft rejection. Current therapeutic otiomay be associated with significant side
effects, limited efficacy, and a short duratioraofion. The immune-privileged nature and
accessibility of the cornea makes it an attradivget for gene therapy, an alternative to
pharmacological treatment that could provide notetand long-term benefits. Additionally,
progress of gene therapy to the cornea can be anedivisually and using several imaging
modalities. Gene therapy seems to be effectivaimal studies, although safety issues
arising from the vectors, and transgenic overexgasnay limit clinical utility. In addition,
the mode of delivery requires further refinemerite Buccess of gene therapy seen in some
animal studies is accomplished by early and fregadministration, which is far from ideal
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for treating on-going corneal neovascularizatios.chnical trials of GS-101 have recently
approached the phase Ill stAgéowever, the first non-invasive gene therapy tiaat

provide a sustained anti-angiogenic effect is abmie applied clinically. With more target
genes and biocompatible vectors being developeds stadies are needed to develop safe
gene therapy that can not only prevent, but algess, on-going corneal neovascularization
without the need of frequent and invasive admiaigin. Failing this approach, usiegvivo
incubation of the donor cornea button with theraijsegenes has been successful
experimentally in both animal and human modelsnat [post-corneal transplant
angiogenesis. Clinically, this may be a novel aaifé sipproach to treat donor button in eye

banks before transplantation into a high risk visezed corneal b&8*%

I X. Method of Literature Search

All studies included in this review were collatémidugh online databases PubMed using the
search terms “cornea”, “gene therapy”, “angiogesieéneovascularizaiton” and “vectors”.
Promising studies listed in selected publicatioesenalso reviewed for potential inclusion in
our article. Inclusion criteria includes availatyilin English full text, relevancy to genetic
therapy and its application in corneal neovasczdaion, quality of the source published and

whether the articles has been cited by other sdudie
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Figure 1. Angiogenic process leading to neovascularization. (A) At quiescent state,
angiogenic privilege is maintained in pre-existiigod vessels. After being exposed to
hypoxic injury or inflammation, endothelial celleeaactivated by pro-angiogenic factors such
as VEGF and bFGF; (B) extracellular matrix and bees® membrane are destabilize by
MMPs. (C) Endothelial cells are converted intodghls which invade the surrounding
environment in the form of endothelial sprout. @jdothelial cells continue to migrate,
proliferate and form vascular tube following the ¢ells. (E) Newly formed vessels are
stabilized by pericyte coverage, marking the maiwomeof these new vessels.

*VEGF inhibitors. sFIt, heparan sulfate proteoglycan, placental growth factor, decorin,
cannabinoid receptor type-1.

Figure 2. Corneal neovascularization under different imaging modalities. (A)
Biomicroscopic photography. (B) Indocyanine greegiagraphy. (C) Fluorescein

angiography.

Table 1. Genetherapy approachesfor corneal neovascularization.

Abbreviations: AAV, adeno-associated virus; BAILE®rain-specific angiogenesis
inhibitor 1 — extracellular region; bFGF, basic@iblast growth factor; CB1, Cannabinoid
Receptor; CMV, Cytomegalovirus; CYP4B1, Cytochraa?s0 4B1; IRS-1, insulin receptor
substrate-1; K5, kringle 5 of plasminogen; PEDgnment epithelium-derived factor; PFU,
plaque-forming units; PLGA, poly(lactic-co-glycolxid); PIGF1-DE, placental growth
factor 1-DE; PPAR, peroxisome proliferator-activated receptor gamR@PRGD,
arginine-glycin-aspartic-arginine-glycin-aspars&ilt-1, soluble Flt-1; shRNA, short hairpin
RNA; siRNA, small interfering RNA;TU, Transducingiiis; VEGF, vascular endothelial
growth factor; VEGI, vascular endothelial cell gtbvinhibitor; vg, vector genomes.
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Target gene Vector Delivery Subjects Models Dose Result Reference
P — Reduced corneal neovascularization by
) . \ / 5
IRS-1 mRNA oligonucleotide topical Human Keratitis §fy/day for 90 days 26.2% 71
) ) Neovascularization failed to cross the
Endo_statln_and Lentivirus Ex vivo incubation Rabbit Transplant 2.16 TU/mI (3vern|ght donor-recipient margin in 50% of treated 216
Angiostatin for 37°C
cornea
ot 5ng in fuL of PBS -
PIGF1-DE Adeno-associated virus ~ Sul-retinal Mouse Nylon suture post-insult, then every 3 Reduced corneal neovascularization by 273
injection 37.2%
days for 14 days
Flt-1 Morpholino Sub.-c_on].unctlval Mouse Transplant 15uL (40 nghiL) post- Reduced corneal neovascularization by 52
injection transplant weekly for 7 22.8%
weeks
VEGE-A PLGA Stromal injection Mouse Alkaline 2ug pIasnjld_ 4 weeks Reduced corneal neovascularization by 299
post-injury 43.0%
o . 10uL of plasmid -
Flt23k PLGA Sub_ c_on]ynctlval Mouse Transplant  (0.1ug/i) at day O and Reduced corneal neovascularization by 51
injection 71.0%
4 weeks post-transplant
Flt-1 PEG-b-P[Asp(DET)] Sub.-c_on].unctlval Mouse Nylon suture 1mg ini post-insult Reduced corneal neovascularization by 123
polyplex micelle injection o 45.0%
100ul(5x10™“vg/ml) 1- -
Decorin Adeno-associated virus Topical-stromal Rabb Pocket pellet day post-pellet Reguced corne:(l) rgg/ovasculanzauon by 187
implantation SR
B . ’ Reduced corneal neovascularization by
RGDRGI_D CMV Sub_—c_on]ynctlval Rabbit Alkaline 5ug twice a wee_k for 58.0% 08
endostatin injection two weeks post-insult
Endothelial cell Inhibition of endothelial proliferation,
CB1 receptor SiRNA KD ; Invitro bFGF 100nM migration, tube-formation 223
transfection
Sub-coniunctival Reduced corneal neovascularization by
VEGI Lipofectine -conjt Rabbit Suture 20 post-insult 13.8mnf 287
injection
VEGE-A SIRNA KD Sub.-c_on].unctlval Mouse Alkaline 1ml(1OHg/1m!) days 1, Reduced corneal neovascularization by 310
injection 3, 5 post-insult 2.34mn%
Vasohibin-1 Adenovirus Sub.-c_on].unctlval Mouse Alkaline 5ul containing 109 viral Reduced corneal neovascularization by 308
injection particles 5 days pre- 21.22%
insult
Sub-coniunctival Reduced corneal neovascularization by
PEDF SAINT-18 injecltion Mouse  Pocket pellet 19 post-insult 3001x10'mm? 156
GA-binding . Sub-conjunctival . . i Reduced corneal neovascularization by
protein Lipoplexes injection Mouse Alkaline 2g in 2Qul post-insult 20.3% 302
CYP4B1 SIRNA Sub.-c_on].unctlval Rabbit Suture 20ul (2OQLM) day 2, 4 Reduced corneal neovascularization by 249
injection post-insult 50%
PPARy Adenovirus Topical Mouse Alkaline  1.0x107PFUAL day 1, Reduced corneal neovascularization 244
5, 10 post-insult
BAI1-ECR CMV Sub.-c_on].unctlval Rabbit Epithelial 5 mg(0.4 ml) twice post- Reduced corneal neovascularization by 301
injection removal insult at 1 week interval 51.1%
Endostatin K5 Lentivirus EX vivo incubation Rabbit Transplant 50uL for 1°8hours at Neovas_cglarlzatlon fe_uled to cross the 195
37°C donor-recipient margin in all treated cornea
K5 Electroporation Sup—c_on]gnctlval Mouse Alkaline 50g Neovascularization score of treated eyes 306
injection was lower than controls
VEGE Adenovirus Sub_-c_onjpnctlval Mouse Cautery 2pL(2x108PFL_IIpL) 24 Less treat(_ed eyes developed 159
injection hours pre-insult neovascularization than controls
Flt-1 AAV-CMV Intra-cameral Mouse Cautery  2uL(10"'PFU/mI) 3 Reduced corneglg;;aovascuIanzatlon by 162
weeks pre-insult °
. A Reduced corneal neovascularization by
Flt-1 Naked plasmids Stromal injection Mouse Pogiadiet 2ul 24 hours pre-insult 23.6% 262
11, 18% of treated eyes developed
Flt-1 Adenovirus Intra-cameral Mouse Cautery 2uL(107PFU/mI) 24 neovascularization compared to 100% in 158

hours pre-insult
controls

Abbreviations: AAV, adeno-associated virus; BAILfE®rain-specific angiogenesis inhibitor 1 — extéthdar region; bFGF, basic fibroblast
growth factor; CB1, Cannabinoid Receptor; CMV, Gyegalovirus; CYP4B1, Cytochrome P450 4B1; IRS-4ulim receptor substrate-1; K5,
kringle 5 of plasminogen; PEDIpjgment epithelium-derived factor; PFU, plague-forgunits; PLGA, poly(lactic-co-glycolic acid); PR3-DE,
placental growth factor 1-DE; PPARperoxisome proliferator-activated receptor gamR@PRGD, arginine-glycin-aspartic-arginine-glycin-
aspartic; sFlt-1, soluble Flt-1; shRNA, short harBNA; siRNA, small interfering RNA;TU, Transdugjrunits; VEGF, vascular endothelial growth
factor; VEGI, vascular endothelial cell growth ibtior; vg, vector genomes.
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