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Purpose: To evaluate the effect of subconjunctival injection of recombinant adeno-associated virus (rAAV)-angiostatin in
alkali burn-induced corneal angiogenesis.

Methods: Adeno-associated viral vector-mediated gene delivery into extraocular tissue was determined by fluorescent
microscopy three weeks after subconjunctival injection of viral vector expressing green fluorescent protein (rAAV-GFP).
Subconjunctival injection of recombinant adeno-associated viral vector expressing human angiostatin (rAAV-angiostatin)
and blank rAAV viral vector (control) was performed in the left eye of male Sprague-Dawley rats (n=6). Alkaline induc-
tion of corneal neovascularization (NV) was performed three weeks later. Corneal NV regression was analyzed 7-14 days
after alkali burn with slit lamp and digital pictures. Transgenic expression of angiostatin in the cornea, conjunctiva, retina,
and muscle insertions was confirmed by reverse-transcriptase polymerase chain reaction (RT-PCR).

Results: Transgenic GFP gene expression was detected mainly in the muscle fibers at the extraocular muscle (EOM)
insertions after subconjunctival injection. The area of corneal neovascularization was significantly lower in eyes injected
with rAAV-angiostatin (p<0.01) than in eyes injected with the control virus. RT-PCR demonstrated that the angiostatin
gene expression was highly detectable in muscle fibers and not detectable in the conjunctiva, cornea, and retina.
Conclusions: Subconjunctival injection of rAAV-angiostatin reduced alkali burn-induced corneal angiogenesis. We proved
the concept that ocular gene therapy by subconjunctival injection of adenovirus-associated gene transfer of angiogenesis
inhibitors can be a simple and safe treatment modality that can achieve therapeutic levels and long lasting effects in the
treatment of corneal NV induced by ocular surface disorders.

Ocular neovascularization (NV) is a sight-threateningof equilibrium between these factors will result in abnormal
condition involved in several pathologic ocular disorders suckiorneal angiogenesis [5]. Unfortunately, at present there is no
as corneal neovascularization, retinopathy of prematurity, preffective therapy for visually significant corneal NV except
liferative diabetic retinopathy, age-related macular degeneranore invasive methods such as corneal transplantation.
tion, and neovascular glaucoma. In the corneaThrough the understanding of the physiologic mechanism of
neovascularization involves the formation of new vessels origieorneal transparency and wound healing, modulation of key
nating from the limbus. A variety of inflammatory, infectious, regulators may be possible and as a result, corneal NV can be
degenerative, and traumatic disorders of the cornea and theduced.
limbal stem cells may induce corneal NV. The major ocular  Several treatment modalities have currently been used for
complications include loss of corneal transparency and imeorneal neovascularization including medication (angiostatic
mune privilege [1]. steroids, nonsteroidal inflammatory agents, and anti-angiogen-

Several angiogenic factors including basic fibroblastesis factors), surgery (limbal transplantation, amniotic mem-
growth factor (bFGF), vascular endothelial growth factorbrane transplantation, conjunctival transplantation, and pen-
(VEGF), and transforming growth factor (TG&)and f have  etrating keratoplasty), electrocoagulation, and laser photoco-
a vital role in corneal neovascularization [1]. Also, severahgulation (argon laser and dynamic phototherapy). Although
anti-angiogenic factors such as angiostatin [2,3] and pigmethey have shown to be effective in animal models to inhibit
epithelium-derived factor (PEDF) [4] may play a role in thecorneal NV, there are still many limitations and complications
control of corneal neovascularization. The regulation of corassociated with these treatment modalities [1]. Purified anti-
neal angiogenesis is a complex process which involves tlengiogenic peptides have shown potential benefits in corneal
equilibrium between pro- and anti-angiogenetic factors. LoshlV inhibition in many experimental animal studies. These
include prolactin [6], endostatin [7], angiostatin [8], soma-
Correspondence to: Huey-Chuan Cheng, MD, MSc, Department ¢@statin [9], TNP-470 [10], cyclosporin A [11], steroids [12],
Ophthalmology, Mackay Memorial Hospital, No. 92, Sec. 2, Chungionsteroidal anti-inflammatory drugs [13], thalidomide [14],
Shan North Road, Taipei, Taiwan; Phone: +886 2 25433535; FAXmethotrexate [15], and culture supernatant of human amni-
+886 2 25433642; email: hccheng@so-net.net.tw otic cells [16]. However, most in vivo experimental studies
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have tried to suppress corneal NV by exposing the cornea dmmunoblot using monoclonal antibody, 12CA5, which de-
rectly to the anti-angiogenic peptide such as in intrastromaécts the hemagglutinin (HA) tag [23]
injection [17,18] and micropoket assay [19]. These treatment Animals. Ten- to twelve-week-old male Sprague-Dawley
modalities might result in a loss of corneal transparency dugts weighing between 250-300 g were used. The animals were
to damage of the delicate corneal structure by the procedubandled in accordance with the ARVO Statement for the Use
itself. Experimental studies with topical eyedrops have shownf Animals in Ophthalmic and Vision Research. Rats were
promising results as an advantageous route for drug delivegnesthetized using 25 mg/kg intramuscular injection of
to the cornea [20-22]. It is non-invasive, maintains cornedketamine (Ketalar; Parke-Davis, Morris Plains, NJ). Topical
integrity, and results in minimal adverse effects due to sysanesthesia to the ocular surface was performed with
temic administration. At present, the primary limitations forproparacaine 0.1% (Allergan Inc., Irvine, CA)
topical application of anti-angiogenetic drugs include diffi- Subconjunctival injections: After rats were anesthetized,
culty of formulation, low water solubility, low stability in so- eyes were gently protruded using a rubber sleeve. Subcon-
lution, and susceptibility to lose bioactivity during long-termjunctival injection was performed in the left eyes by using a
storage [22]. Hamilton syringe with 30-gauge tip (Hamilton, Reno, NV)
Ocular gene therapy has gained popularity for reasorend into the temporal quadrant of the bulbar conjunctiva. Five
which include: (1) the eye is an easily accessible target suitricroliters of viral suspension containing 13ral particles
able for local administration; (2) local gene delivery has higlof rAAV-angiostatin, which is roughly equal to 1®lififec-
transduction efficiency; (3) local gene delivery to the eye catious units or 1x1Qtransduction units, was injected. The same
be incorporated into routine surgical procedures in humangrocedure was performed in the left eyes of rats used for lo-
and (4) local gene delivery to the eye allows exposure of thealization of transgenic protein expression with rAAV-GFP
target tissue with reduced risk of systemic effects [18]. In thiand the control group eyes that received blank rAAV viral
study, we demonstrated that ocular surface gene therapy bgctor. The fellow eyes of all animals were used as the nega-
subconjunctival injection of adenovirus-associated gene tranive control without receiving any procedure. Animals were
fer of angiogenetic inhibitors is a simple and safe treatmenhaintained for three weeks before being used to maximize
modality that can achieve therapeutic levels and long lastintpe rAAV-mediated transgene expression.
effects in the treatment of corneal NV induced by ocular sur-  Alkali-induced corneal neovascularization: After animals
face disorders. were anesthetized, alkali injuries to the control and study eyes
were created by 30 s exposure of the central corneato a 3 mm
METHODS diameter disk of filter paper soaked in 1 N NaOH followed by
Generation of recombinant adeno-associated virus- rinsing with sterile saline (20 ml). The study eyes (n=6) re-
angiostatin: cDNA coding for mouse angiostatin was ampli- ceived a subconjunctival injection ofibof rAAV-angiostatin
fied by polymerase chain reaction (PCR) using the mouse plasiiree weeks before induction of the alkali injury. Similarly,
minogen cDNA (American Type Culture Collection [ATTC], the control eyes (n=6) received a subconjunctival injection of
Rockville, MD; number 63112) as the template and two oliblank rAAV viral vector three weeks before induction of the
gonucleotide primers, 5'-ACG AAG CTT GGA TCC ATG alkali injury. Injured corneas were then evaluated daily by slit
GAC CAT AAG GAA GTA-3"and 5'-ACG TCT AGA GGA lamp biomicroscopy. Digital photographs of the cornea were
TCC TTATAT ATT CTA GCG TAATCC GGAACATCG stored for masked measurement of the corneal NV area at days
TAG GGT ATG TGG GCAATT CCC-3', according to a pub- 7 and 14 after alkali injury. To take the digital pictures, ani-
lished report [23]. The PCR product was verified for its DNAmals were anesthetized and eyes were gently protruded using
sequences and cloned into an AAV vector plasmid, pXX-UF1a rubber sleeve. Pupils were dilated with 1% tropicamide (1%
to replace the green fluorescent protein (GFP) gene [24], thidydriacyl; Alcon Laboratories, Hemel Hempstead, UK) to
placing the angiostatin gene under the transcriptional regul&liminate the iris vessels that might interfere with the corneal
tion of the cytomegalovirus immediate early promoter. The\NV image.
recombinant adeno-associated virus (rAAV)-encoding  Quantification of corneal neovascularization: All cor-
angiostatin was produced by a three-plasmid cotransfectiareas were photographed using a digital camera (Nikon coolpix
system, and the recombinant AAV was purified by cesiun®95, Tokyo, Japan) connected to a surgical microscope (Carl
chloride ultracentrifugation twice as previously described [25]Zeiss, OPMI-1, Berlin, Germany). Standardized illumination,
Titers of rAAV-angiostatin were determined by dot blot hy-contrast, and threshold settings are used to capture images,
bridization using angiostatin cDNA as probes. which were stored as files with jpeg extensions on the memory
Secretion of angiostatin by rAAV-angiostatin-transduced  cards of the digital camera and transferred into the computers
cells: Strain 293 human embryonal kidney cells (% ere  desktop. Areas containing blood vessels were traced on the
transduced with 1x20rAAV-angiostatin particles. The con- computer monitor, calculated with image analysis software,
ditioned medium was collected 72 h after virus infection anénd reported in square millimeters. Briefly, the whole cornea
subjected to concentration by lysine-Sepharose as describesds outlined, and a conversion factor was calculated based on
[23]. Proteins were then separated by acrylamide electrophortire actual area of the cornea in square millimeters relative to
sis, transferred to nitrocellulose membrane, and identified bigs size on the computer. Each value for the area of
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neovascularization was calculated using the conversion fasame procedure was performed for the control group that re-
tor. The areas of corneal NV were outlined with the computeceived rAAV viral vector. EOM bellies were also removed
mouse, and the areas were measured (Image Pro Plus, ver.&@ analyzed with RT-PCR for angiostatin expression. Briefly,
software; Media Cybernetics, Silver Spring, MD). The resultghe isolated tissues were dissolved in BODRIzol (Life Tech-
expressed in square millimeters. nologies, Rockville, MD). Isolated RNA (o) was treated
Reverse-transcription polymerase chain reaction: The  with amplification grade DNase | before reverse transcription
expression of transgene in the cornea, conjunctiva, retina ameéas performed. cDNA was synthesized using oligo primer [26]
extra-ocular muscle (EOM) were confirmed by reverse-tranand 200 U transcriptase (SuperScript II; Life Technologies)
scription polymerase chain reaction (RT-PCR). Three weekaccording to the manufacturer’s instruction. PCR amplifica-
and 16 weeks after subconjunctival injection of rAAV-tion was performed with two oligonucleotide primers, 5-GGT
angiostatin, the animals were killed with an overdose of thATG TGG GCA ATT CCC-3' and 5-CCT GTC AGC GCT
anesthetic agent, and the ocular tissue was harvested. The KBIGA GTG-3', which is expected to generate a 500-bp
bar conjunctiva, cornea, retina, and EOM tissue adjacent tngiostatin DNA fragment. The thermal profile consisted of a
their insertions at the sclera were all carefully dissected. The min denaturation at 94 followed by 35 cycles consisting

cornea

muscle "7y muscle
fibers Rz 7

Figure 1. Histopathology and distribution of green fluorescent protein expression after subconjunctival injection of rAMé@&Bxylin-
eosin staining4) and its corresponding fluorescent microscopy findirgjsof GFP overview expression in a rat eye three weeks after
subconjunctival injection of rAAV-GFP is shown. GFP expression was distinctly detected in the muscle fibers adjacent tartberagl.
No evident green fluorescence was detectable in the conjunctiva, subconjunctival soft tissue, cornea, retina, chorois, ddagmnéica-
tion, 40x.C: Hematoxylin-eosin staining of muscle fibers adjascent to EOM insertions is shown. Scarce inflammatory cell infiltragon can b
noted between the muscle fibells.Corresponding fluorescent microscopy findings of cryo-secti@h Mote intense expression of GFP by
the muscle fibers. Magnification, 400x.
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of a 1 min denaturation at 9€, a 1 min annealing at 5€,  RPE/photoreceptor complex in the normal control eyes and
and a 1 min extension at 72. The PCR products were sepa- blank rAAV viral vector controls (data not shown). Intensive
rated by 1% agarose gel electrophoresis. The amplicons weB-P gene expression can be detected at the EOM insertion
then stained with ethidium bromide and photographed. As fibers of the rAAV-GFP infected eyes (Figure 1B,D). No evi-
control, the reverse transcriptase was removed from the Rilent expression of GFP was identified at the conjunctiva, cor-
PCR to rule out the possibility that gene amplification prodnea, sclera, choroid, or retina. This demonstrated that subcon-
ucts were derived from amplification of contaminatedjunctivally injected rAAV infected structures nearby the loca-
angiostatin DNA. tion of injection, respecting anatomic and physiologic bound-
Satistical Analysis: Analysis of the significance of dif- aries (Figure 1B). rAAV-GFP eyes, rAAV viral vector control

ferences between two groups was performed by using theyes, and normal control eyes were sectioned, and histopa-
paired or unpaired Student$est (SPSS 10.0 statistical soft- thology analysis with hematoxylin-eosin showed corneas de-
ware; SPSS, Chicago, IL). Differences were accepted as sigeid of vessels and eyes with only minor inflammatory cell

nificant at p<0.01. infiltration in the rAAV-GFP group when compared with both
rAAV viral vector eyes and normal control eyes. This demon-
RESULTS strated that the subconjunctival injection of rAAV-mediated
Localization of transgenic protein expression and histopathol- ~ gene transfer did not induce any significant changes in the

ogy analysis. Three weeks after subconjunctival injection of normal physiology of treated eyes (Figure 1).

rAAV-GFP, fluorescence microscopy of a rat eye cryosection  Alkali burn-induced corneal neovascularization in rat
demonstrated that rAAV-GFP effectively infected muscle fi-model: After the alkali burn, the injured central corneal stroma
bers at the site of the subconjunctival injection. Normal backappeared opaque and edematous. Opacification and edema in-
ground autofluorescence signal was detected in the sclera acreased during the post-burn normal saline irrigation. Twenty-

Figure 2. Alkali burn-induced corneal neovascularization in the rat animal model. Rats received alkali burns on themeatatloeir left

eyes. Corneal NV was monitored by slit lamp examinati@nk the Control treatment a normal and clear cornea was shown before induction
of alkali burn.B:An opaque central cornea was observed after exposure to 1 N NaOH &@&:PD®D3, an initial peripheral NV ingrowth
toward the central cornea with increased central corneal opacification was obBere®D7, dense NV ingrowth, reaching the central
cornea was observed. Note an elevated pannus surrounding the area of central epitheligt defB&14, cornea NV maturation with
decreased vessels caliber was observed. Note that the central corneal scarring and pannus formation were stationary.
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four h after wounding, an acute inflammatory response waig the central corneal epithelial defect, decreased haze, and
noted. Neovascularization, originating from the limbal ves-corneal edema. Neo-vessel maturation and corneal scarring
sels and extending toward the central corneal burn, was cleailyere evident by POD14. Under light microscopy, a large num-
visible by 72 h. The onset of peripheral NV occurred clini-ber of vessels and inflammatory cells were observed in the
cally on postoperative day 2 (POD2), reaching maximum procornea after the alkali burn. Although there were variations
liferation across the entire cornea from the limbus by PODhetween individual animals in the progression of NV, the NV
The following days showed that the progressive decrease gfowth from limbal vessels toward the central cornea was rela-
the inflammatory activity could be characterized by a decreagesely uniform around the circular corneal injury in all ani-

Figure 3. Effect of subconjunctival injection of
rAAV-angiostatin on alkali burn-induced cornea
neovascularization regression. One week before
infliction of the alkali burn with 1 N NaOH in rats,
the rats were assigned randomly either to a treat-
ment group or control group. The treatment group
received subconjunctival injection of rAAV-
angiostatin three weeks before the alkali burn, and
the control group received blank rAAV viral vector
treatment. Corneal NV was examined daily by slit
lamp for two weeks. Representative photographs
of alkali burn-induced corneal NV at days 7 and 14
are shownA: Dense NV is growing toward the
central cornea. Seven days after the alkali burn,
there was severe corneal opacity and epithelial de-
fects in the rAAV viral vector control ey8: The
rAAV-angiostatin injected eye seven days after the
alkali burn is shown. Note the scarcity of corneal
NV and the mild to moderate corneal opaciy.
The rAAV viral vector control eye at day 14 fol-
low-up is shown. Corneal NV and pannus matura-
tion were evidenD: The rAAV-angiostatin injected
eye 14 days after the alkali burn is shown. Not only
the corneal NV was absent, but also the central cor-
neal opacity was mildE: The corneal NV area
(mearr:SD, n=6) measured at seven days after ex-
posure to the alkali burn is shown. The rAAV-
angiostatin treated group demonstrated significantly
smaller NV area compared with the rAAV viral

B .

E 20.0 vector control group (the asterisk means that
p<0.05).
15.0-
10.0- *

Cornea NV area (mm?)
o
Q

rAAV-angiostatin Untreated
treated
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mals. These results show that the alkali burn-induced cornetiva, EOM insertions, and retina. Angiostatin gene expression
NV is a simple and useful animal model for corneal NV (Fig-was only detected in the EOM insertions. RT-PCR demon-
ure 2). strated that angiostatin gene expression was highly detectable
Effect of subconjunctival injection of rAAV-angiostatin ~ at EOM insertions and not detectable in the cornea, conjunc-
on corneal neovascularization regression: In our model, al- tiva, and retina. EOM bellies were also tested for angiostatin
kali burn-induced corneal NV was induced three weeks aftenRNA expression and were not detectable (data not shown).
subconjunctival injection of rAAV-angiostatin. Corneal NV RT-PCR data were consistent with rAAV-GFP expression.
formed one week after the injury. At this point, rAAV- These data demonstrated that subconjunctival injection of
angiostatin injection resulted in an obvious regression of corAAV-angiostatin effectively induced local production of
neal NV in the treated group (Figure 3). The mean corneangiostin, which was mainly produced by infected muscle fi-
NV area at POD7 with standard deviationSQ) was  bers (Figure 4).
15.83:0.55 mni and 6.8%2.23 mni for rAAV viral vector
control group and rAAV-angiostatin treated group, respectively. DISCUSSION
Quantification of the NV area at POD7 confirmed a signifi- Corneal transparency and avascularity are essential for good
cantly smaller NV area in the rAAV-angiostatin treated eyevision. A delicate balance between angiogenic stimulators and
than in the controls (p<0.01; Figure 3E). The quantification ofnhibitors plays a key role in maintaining the homeostasis of
corneal vascularization were focused on day 7 post-treatmeangiogenesis. Angiostatin is a 38 kDa internal fragment of
as the vessels were markedly engorged, and the NV area copldsminogen that was found to have an inhibitory effect on
be easily outlined for area calculation. This data suggests tha¢ssel endothelial proliferation in vitro and vessel growth in-
rAAV-angiostatin effectively induced regression of newly side tumors [23,27]. Recently, in vivo studies have demon-
formed vessels in the cornea. strated the role of angiostatin in controlling and modulating
Angiostatin gene expression in ocular tissue: RT-PCR  corneal neovascularization and wound healing [5,28-30]. In
was performed on mMRNA extracted from harvested ocular tighis study, we demonstrated that a subconjunctival injection
sues three weeks and 16 weeks after the subconjunctival iof rAAV-angiostatin effectively induced local production of
jection of rAAV-angiostatin for angiostatin expression. Therecombinant angiostatin at therapeutic levels sufficient to re-
examined tissues included pooled corneas, bulbar conjunduce alkali burn-induced corneal angiogenesis.

Retina

Angiostatin

GAPDH
B

Angiostatin

GAPDH

Figure 4. Angiostatin gene expression in ocular tissue by reverse-transcription polymerase chain reaction. RT-PCR gratfiisiadsn
mMRNA extracted from harvested ocular tissues three weeks and 16 weeks after the subconjunctival injection of rAAV-aAgidstatin.
RNA extracted from pooled corneas, bulbar conjunctiva, EOM insertions, and the retina. PCR results for angiostatin witansvepsase
were shown. Expression of angiostatin mRNA was only detectable at EOM insertions. Mild expression was detected at theftiilew-wee
up and highly detectable at the 16 week follow up. Angiostatin mRNA was not detected in the conjunctiva, cornea, and resol.oflthe

rat GAPDH (465 bp) confirmed the relative amounts and fidelity of the total RNA samples. These data demonstrated thatrecsuddconj
injection of rAAV-angiostatin effectively induced local production of angiostatin, which was mainly produced by rAAV-infectelé m
fibers.B: PCR without reverse transcriptase of extracted RNA for angiostatin and rat GAPDH (465 bp) was performed as control.
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Purified anti-angiogenic peptides have shown potentighll other gene delivery strategies to the cornea are invasive
benefits in corneal NV inhibition in experimental animal stud-and result in the damage of corneal integrity.
ies. However, there are several limitations to clinical use of  Topical administration is an advantageous route for gene
the recombinant protein treatment. First, the requirement afelivery to the ocular surface because it is non-invasive and
prolonged administration increases the treatment cost for peesults in minimal adverse effects due to systemic administra-
tients. Also, it is difficult to produce the recombinant proteintion. However, there are many limitations for topical gene
due to physical properties and variations in the purificatiotransfer. First, optimal concentration for gene transfer may
procedure. Moreover, relatively large quantities present diffidiffer for the corneal and conjunctiva epithelium since there
cult manufacturing and economic considerations. Lastly, therare differences in tissue resistance for gene transfer. The cor-
exists the challenge of the long-term storage of bioactive prareal epithelium is more resistant and needs a higher concen-
tein and the cumbersome daily administration. Thus, an altetration for gene transfer whereas the conjunctival epithelium
native strategy to obviate these problems is gene therapy, whereeds a lower concentration and easily develops cellular tox-
protein is generated in vivo rather than delivered through exeity [38,42]. The presence of natural barriers such as tight
ogenous recombinant protein. hemidesmosomes and the mucin layer may also limit the
Major determinants for the success of gene therapy afeasibility of gene transfer. The mucin layer protects the ocu-
the use of a novel vector and a gene delivery technique. Seler surface from infection by preventing pathogens from at-
eral non-viral and viral vectors have been tested in pre-clintaching directly to the epithelium. It is probably necessary to
cal models for ocular gene delivery. Non-viral methods haveub the ocular surface with a cotton swab to remove the mucin
obtained popularity because of its relative safety, capacity tayer so gene transfer to the ocular surface can be enhanced
transfer large genes, site-specificity, and its non-inflammatory38]. Lastly, corneal and conjunctival epithelia have a fast cell
non-toxic, and non-infectious properties. However, low transeycle turnover. Topical treatment may only be effective for
fection efficiency and relatively poor transgene expression tersuperficial cells, and as a result, the cumbersome frequent
to limit the utility of the non-viral methods [18]. In our animal application would be necessary for prolonged expression of
model, we used viral vectors as they typically offer highethe target gene. Although there is the advantage of avoiding
transduction efficiency and long-term gene expression. Howpossible toxicity due to prolonged expression by simply stop-
ever, they may be associated with some limitations includinging the topical eyedrops, if chronic expression is needed, gene
toxicity, immunogenicity, restricted target cell specificity, in- transfer to corneal and conjunctival stem cells will be neces-
ability to transfer large genes, and high cost [18]. sary [38,43]. Unfortunately, at present there is no efficient and
In our study, recombinant adeno-associated virus (rAAVYeliable method for restricted gene transfer to corneal and con-
vectors were used since they typically provide a highly effijunctival stem cells, and more studies in the future are needed.
cient gene delivery system that can facilitate long-term ex-  Tsubota et al. [38] studied the feasibility of gene transfer
pression of foreign genes. The rAAV is also an ideal vectoto the ocular surface epithelium using replication deficient re-
for human gene therapy because of its non-pathogenic natuoembinant adenovirus vector to deliver an exogenous gene to
ability to infect wide variety of cells including non-dividing the human corneal and conjunctival cell lines in animal ocular
cells and hematopoietic stem cells, and its tendency to netirface epithelium in vivo. They demonstrated that both sub-
induce inflammation or cytotoxicity [18,25,31]. Recently, we conjunctival injection and topical use of high concentration
reported the effective suppression of experimental arthritis ardrops resulted in gene transfer to the ocular surface. For topi-
the reduction of infarction size induced by cerebral ischemiaal gene transfer, the turnover of the corneal and conjunctival
by rAAV-based gene approaches [24,32,33]. In ocular genepithelia was too fast thus frequent applications were neces-
therapy, we have successfully suppressed choroidahry for prolonged expression of the target gene. In contrast,
neovascularization by rAAV-expressing angiostatin [34]. Thehe subconjunctival injection resulted in the expression of the
potential of rAAV vectors in the gene therapy of ocular tis-transgene in all layers of the conjunctival epithelium, which
sues has been implicated by the delivery of marker genes lyay extend the duration of expression. However, they observed
this vector, which achieved long-term and stable gene exprethat if indefinite expression is needed, a gene transfer to cor-
sion in retinal tissues [26,35,36]. Our present study demomeal and conjunctival stem cells is necessary. Our study dem-
strated the potential of rAAV vectors in ocular surface genenstrated that gene transfer by subconjunctival injection could
therapy. We successfully reduced alkali burn-induced corneakhieve therapeutic levels and long lasting effects in the treat-
angiogenesis by subconjunctival injection of rAAV-angiostatinment of corneal NV. It has the advantage of preserving cor-
Gene transfer has great potential in treating ocular sureal integrity and overcome the limitations of topical treat-
face diseases particularly related to cornea because of its awent. Subconjunctival injection of rAAV-angiostatin resulted
cessibility and immune privilege. Various routes of adminis4in diffusion of viral particles into the subconjunctival tissue.
tration of the reporter gene have been used in experimentall tissues embedded by the viral particles were exposed to
studies to test the feasibility of gene transfer to the ocular suviral infection. Similarly to Tsubota and co-workers [38], our
face tissues. Intracameral delivery [37], intrastromal applicadata demonstrated differences in ocular tissue resistance to
tion [17,18], topical eyedrops [20,38], and subconjunctivafAAV infection. The corneal and conjunctival epithelia were
injection [38-41] have demonstrated encouraging results. Hownore resistant to rAAV gene transfer than the EOM fibers.
ever, except for topical and subconjunctival administrationThree weeks after a single dose application of subconjuncti-
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val rAAV, GFP expression was not seen by fluorescent mié. Duenas Z, Torner L, Corbacho AM, Ochoa A, Gutierrez-Ospina
croscopy nor was the angiostatin mRNA detectable by RT- G, Lopez-Barrera F, Barrios FA, Berger P, Martinez de la
PCR in the cornea and conjunctiva (Figure 1 and Figure 4). Escalera G, Clgpp C. Inhibition of rat cornea_l angiogenesis by
This was probably due to a high turnover of the corneal and Iln?/"ggtaoirﬁt'ﬁ;tﬁO?Q;?Sbé’c‘?”l%%%e_Z%Lfsgg'ggté”"'ke molecules.
conjunctival epithelia. Our experiment showed that signifi-; | ;i " nang 34, Jain S, Gabison EE, Kure T, Kato T, Fukai N,
canF rAAV-mediated !nfectlon was locally achieved at the in- A DT Matrilysin cleavage of corneal collagen type XVIIl
sertions of EOM. This was demonstrated by strong GFP ex-  Nc1 domain and generation of a 28-kDa fragment. Invest
pression (Figure 1) and highly detectable amounts of transgenic  Ophthalmol Vis Sci 2001; 42:2517-24.
mMRNA (Figure 4), which might be the main source of geners. Ambati BK, Joussen AM, Ambati J, Moromizato Y, Guha C,
ating angiostatin protein in vivo. Javaherian K, Gillies S, O’Reilly MS, Adamis AP. Angiostatin
Saishin et al. [44] have also demonstrated that a periocu- inhibits and regresses corneal neovascularization. Arch
lar injection may provide a potential route to achieve sustained ©Phthalmol 2002; 120:1063-8.
delivery of therapeutic proteins to the eye. Their studies if- W4 PC. Liu CC, Chen CH, Kou HK, Shen SC, Lu CY, Chou WY,
rodents have suggested that periocular injection of adenoviral Sung MT, Yang LC. Inhibition of experimental angiogenesis of

- . . . _~cornea by somatostatin. Graefes Arch Clin Exp Ophthalmol
vectors contalning expression cassettes for anti-angiogenic 2003 241:63-9.

proteins resulted in high intraocular levels of the proteins angy joussen AM, Beecken WD, Moromizato Y, Schwartz A, Kirchhof
suppression of choroidal NV. However, differences in size and B, Poulaki V. Inhibition of inflammatory corneal angiogenesis
scleral thickness between mouse and human eyes made it dif- by TNP-470. Invest Ophthalmol Vis Sci 2001; 42:2510-6.
ficult to ascertain if a periocular gene transfer was a feasiblgl. Benelli U, Ross JR, Nardi M, Klintworth GK. Corneal
approach for treating human ocular neovascular diseases. Also, heovascularization induced by xenografts or chemical cautery.
high intraocular levels of the transgenic proteins were an un- g”shgt"logzby cyclosporin A. Invest Ophthalmol Vis Sci 1997;
desirable result since the goal was to achieve a non-invasiy C IO

. 9 . S Phillips K, Arffa R, Cintron C, Rose J, Miller D, Kublin CL,
and selective gene therapy of ocular surface disorders [44]. I ;

dv. the rAAV diated f ded i Kenyon KR. Effects of prednisolone and medroxyprogesterone
our'stl'J y, the r ) 'm_e Iat.e gene trahs er SPCCGE_ €d 1N 5n corneal wound healing, ulceration, and neovascularization.
achleV|ng ang Igs.tmg. |nfect|on.of EOM fibers with a smglg Arch Ophthalmol 1983; 101:640-3.
subconjunctival injection. Also, it was demonstrated that thig 3. Haynes WL, Proia AD, Klintworth GK. Effect of inhibitors of
procedure spared intraocular structures. A normal background arachidonic acid metabolism on corneal neovascularization in
autofluorescence signal was expected in the sclera and RPE/ the rat. Invest Ophthalmol Vis Sci 1989; 30:1588-93.
photoreceptor complex as observed in the control eyes [45}4. Kruse FE, Joussen AM, Rohrschneider K, Becker MD, Volcker
Therapeutic levels of angiostatin were achieved probably due HE-: Thalidomide inhibits corneal angiogenesis induced by vas-
to the expression of the transgene at local muscle fibers of cular endothelial growth factor. Graefes Arch Clin Exp

. . . [ Ophthalmol 1998; 236:461-6.
EOM insertions. Since corneal neovessels have their origin . : .
he limbal and . val | . . Joussen AM, Kruse FE, Volcker HE, Kirchhof B. Topical appli-
the limbal and conjunctival vessels, CO‘?“”UOPS exposure O cation of methotrexate for inhibition of corneal angiogenesis.
thesg structures to the secreFed transgenic angiostatin may have Graefes Arch Clin Exp Ophthalmol 1999; 237:920-7.
contributed with the regression of alkali burn-induced corneals. Kobayashi N, Kabuyama Y, Sasaki S, Kato K, Homma Y. Sup-
NV. In conclusion, we demonstrated that subconjunctival in-  pression of corneal neovascularization by culture supernatant
jection of rAAV-mediated gene transfer is a simple, economi-  of human amniotic cells. Cornea 2002; 21:62-7.
cal, and reproducible method of gene delivery that can sud”- Carlson EC, Liu CY, Yang X, Gregory M, Ksander B, Drazba J,

cessfully achieve therapeutic levels of the transgenic protein Pterez \l/'--”'” vivo ge”edde”v‘?r% a”dt Visuz”lfa“(:” 0{ Comef_"f'_
for the treatment of ocular surface diseases. stromal cetlls using an adenoviral vector and keratocyte-speciiic
promoter. Invest Ophthalmol Vis Sci 2004; 45:2194-200.

18. Mohan RR, Schultz GS, Hong JW, Mohan RR, Wilson SE. Gene

R_EFERENCES transfer into rabbit keratocytes using AAV and lipid-mediated
1. Chang JH, Gabison EE, Kato T, Azar DT. Corneal plasmid DNA vectors with a lamellar flap for stromal access.
neovascularization. Curr Opin Ophthalmol 2001; 12:242-9. Exp Eye Res 2003: 76:373-83.

2. O'Reilly MS, Boehm T, Shing Y, Fukai N, Vasios G, Lane_V\./S,lgl Sarayba MA, Li L, Tungsiripat T, Liu NH, Sweet PM, Patel AJ,
Flynn E, Birkhead JR, Olsen BR, Folkman J. Endostatin: an  ogann KE, Chittiboyina A, Benson SC, Pershadsingh HA, Chuck
endogen9us inhibitor of angiogenesis and tumor growth. Cell g nhibition of corneal neovascularization by a peroxisome
1997' 88:277-85. ) proliferator-activated receptor-gamma ligand. Exp Eye Res

3. O'Reilly MS, Holmgren L, Shing Y, Chen C, Rosenthal RA, Moses 2005 80:435-42.

M, Lane WS, Cao Y, Sage EH, Folkman J. Angiostatin: a novebq yamada J, Dana MR, Sotozono C, Kinoshita S. Local suppres-
angiogenesis inhibitor that mediates the suppression of me-  gjon of |L-1 by receptor antagonist in the rat model of corneal
tastases by a Lewis lung carcinoma. Cell 1994; 79:315-28. alkali injury. Exp Eye Res 2003; 76:161-7.

4. Dawson DW, Volpert OV, Gillis P, Crawford SE, Xu H, Benedict 21. Zhang Z, Ma JX, Gao G, Li C L’uo L, Zhang M, Yang W, Jiang
W, Bouck NP. Pigment epithelium-derived factor: a potentin- A ‘kyang W, Xu L, Chen J, Liu Z. Plasminogen kringle 5 inhib-
hibitor of angiogenesis. Science 1999; 285:245-8. its alkali-burn-induced corneal neovascularization. Invest

5. Gabison E, Chang JH, Hernandez-Quintela E, Javier J, Lu PC, Ye Ophthalmol Vis Sci 2005; 46:4062-71.

H, Kure T, Kato T, Azar DT. Anti-angiogenic role of angiostatin 55 \w, pc Yang LC, Kuo HK, Huang CC, Tsai CL, Lin PR, Wu PC
during corneal wound healing. Exp Eye Res 2004; 78:579-89.  gpin 53, Tai MH. Inhibition of comneal angiogenesis by local

2351



Molecular Vision 2007; 13:2344-52 <http://www.molvis.org/molvis/v13/a266/>

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

application of vasostatin. Mol Vis 2005; 11:28-35.
Cao Y, O'Reilly MS, Marshall B, Flynn E, Ji RW, Folkman J.

Expression of angiostatin cDNA in a murine fibrosarcoma sup-35.

presses primary tumor growth and produces long-term dormancy
of metastases. J Clin Invest 1998; 101:1055-63. Erratum in: J
Clin Invest 1998; 102:2031.

Pan RY, Xiao X, Chen SL, Li J, Lin LC, Wang HJ, Tsao YP.36.

Disease-inducible transgene expression from a recombinant
adeno-associated virus vector in a rat arthritis model. J Virol
1999; 73:3410-7.

Xiao X, Li J, Samulski RJ. Production of high-titer recombinant37.

adeno-associated virus vectors in the absence of helper aden-
ovirus. J Virol 1998; 72:2224-32.
Bennett J, Duan D, Engelhardt JF, Maguire AM. Real-time,

noninvasive in vivo assessment of adeno-associated virus-mas.

diated retinal transduction. Invest Ophthalmol Vis Sci 1997;
38:2857-63.

O'Reilly MS, Holmgren L, Chen C, Folkman J. Angiostatin in- 39.

duces and sustains dormancy of human primary tumors in mice.
Nat Med 1996; 2:689-92.
Kao WW, Kao CW, Kaufman AH, Kombrinck KW, Converse

RL, Good WV, Bugge TH, Degen JL. Healing of corneal epi-40.

thelial defects in plasminogen- and fibrinogen-deficient mice.
Invest Ophthalmol Vis Sci 1998; 39:502-8.
Drew AF, Schiman HL, Kombrinck KW, Bugge TH, Degen JL,

Kaufman AH. Persistent corneal haze after excimer lase#l.

photokeratectomy in plasminogen-deficient mice. Invest
Ophthalmol Vis Sci 2000; 41:67-72.

Kim JH, Kim JC, Shin SH, Chang SI, Lee HS, Chung SI. The
inhibitory effects of recombinant plasminogen kringle 1-3 on

the neovascularization of rabbit cornea induced by angiogeniri?2.

bFGF, and VEGF. Exp Mol Med 1999; 31:203-9.
Monahan PE, Samulski RJ. AAV vectors: is clinical success on
the horizon? Gene Ther 2000; 7:24-30.

Pan RY, Chen SL, Xiao X, Liu DW, Peng HJ, Tsao YP. Therapy3.

and prevention of arthritis by recombinant adeno-associated virus

vector with delivery of interleukin-1 receptor antagonist. Ar- 44.

thritis Rheum 2000; 43:289-97.

Tsai TH, Chen SL, Chiang YH, Lin SZ, Ma HI, Kuo SW, Tsao
YP. Recombinant adeno-associated virus vector expressing glial
cell line-derived neurotrophic factor reduces ischemia-induced
damage. Exp Neurol 2000; 166:266-75.
Lai CC, Wu WC, Chen SL, Xiao X, Tsai TC, Huan SJ, Chen TL,
Tsai RJ, Tsao YP. Suppression of choroidal neovascularization

45.

©2007 Molecular Vision

by adeno-associated virus vector expressing angiostatin. Invest

Ophthalmol Vis Sci 2001; 42:2401-7.

Flannery JG, Zolotukhin S, Vaquero MI, LaVail MM, Muzyczka
N, Hauswirth WW. Efficient photoreceptor-targeted gene ex-
pression in vivo by recombinant adeno-associated virus. Proc
Natl Acad Sci U S A 1997; 94:6916-21.

Ali RR, Reichel MB, Thrasher AJ, Levinsky RJ, Kinnon C,
Kanuga N, Hunt DM, Bhattacharya SS. Gene transfer into the
mouse retina mediated by an adeno-associated viral vector. Hum
Mol Genet 1996; 5:591-4.

Lai YK, Shen WY, Brankov M, Lai CM, Constable 1J, Rakoczy
PE. Potential long-term inhibition of ocular neovascularisation
by recombinant adeno-associated virus-mediated secretion gene
therapy. Gene Ther 2002; 9:804-13.

Tsubota K, Inoue H, Ando K, Ono M, Yoshino K, Saito I. Aden-
ovirus-mediated gene transfer to the ocular surface epithelium.
Exp Eye Res 1998; 67:531-8.

Yoon KC, Ahn KY, Lee JH, Chun BJ, Park SW, Seo MS, Park
YG, Kim KK. Lipid-mediated delivery of brain-specific angio-
genesis inhibitor 1 gene reduces corneal neovascularization in
an in vivo rabbit model. Gene Ther 2005; 12:617-24.

Wen SF, Chen Z, Nery J, Faha B. Characterization of adenovirus
p21 gene transfer, biodistribution, and immune response after
local ocular delivery in New Zealand white rabbits. Exp Eye
Res 2003; 77:355-65.

De Kozak Y, Thillaye-Goldenberg B, Naud MC, Da Costa AV,
Auriault C, Verwaerde C. Inhibition of experimental autoim-
mune uveoretinitis by systemic and subconjunctival adenovi-
rus-mediated transfer of the viral IL-10 gene. Clin Exp Immunol
2002; 130:212-23.

Oral HB, Larkin DF, Fehervari Z, Byrnes AP, Rankin AM, Haskard
DO, Wood MJ, Dallman MJ, George AJ. Ex vivo adenovirus-
mediated gene transfer and immunomodulatory protein produc-
tion in human cornea. Gene Ther 1997; 4:639-47.

Rosenblatt MI, Azar DT. Gene therapy of the corneal epithelium.
Int Ophthalmol Clin 2004; 44:81-90.

Saishin Y, Silva RL, Saishin Y, Kachi S, Aslam S, Gong YY, Lai
H, Carrion M, Harris B, Hamilton M, Wei L, Campochiaro PA.
Periocular gene transfer of pigment epithelium-derived factor
inhibits choroidal neovascularization in a human-sized eye. Hum
Gene Ther 2005; 16:473-8.

Karadimas P, Paleokastritis GP, Bouzas EA. Fundus
autofluorescence imaging findings in retinal pigment epithelial
tear. Eur J Ophthalmol 2006; 16:767-9.

The print version of this article was created on 30 Dec 2007. This reflects all typographical corrections and erratzlmttirewgh that
date. Details of any changes may be found in the online version of the article.

2352



