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AAV2 Delivery of FIt23k Intraceptors Inhibits
Murine Choroidal Neovascularization

Xiaohui Zhang', Subrata K Das', Samuel F Passi', Hironori Uehara', Austin Bohner!, Marcus Chen’,
Michelle Tiem', Bonnie Archer' and Balamurali K Ambati'

"Moran Eye Center, University of Utah, Salt Lake City, Utah, USA

Long-term inhibition of extracellular vascular endothe-
lial growth factor (VEGF) in the treatment of age-related
macular degeneration (AMD) may induce retinal neu-
ronal toxicity and risk other side effects. We developed
a novel strategy which inhibits retinal pigment epithe-
lium (RPE)-derived VEGF, sparing other highly sensitive
retinal tissues. FIt23k, an intraceptor inhibitor of VEGF,
was able to inhibit VEGF in vitro. Adeno-associated virus
type 2 (AAV2)-mediated expression of FIt23k was main-
tained for up to 6 months postsubretinal injection in
mice. FIt23k was able to effectively inhibit laser-induced
murine choroidal neovascularization (CNV). VEGF lev-
els in the RPE/choroid complex decreased significantly
in AAV2.FIt23k treated eyes. Neither retinal structure
detected by Heidelberg Spectralis nor function measured
by electroretinography (ERG) was adversely affected by
treatment with AAV2.Flt23k. Hence AAV2.FIt23k can
effectively maintain long-term expression and inhibit
laser-induced CNV in mice through downregulation of
VEGF while maintaining a sound retinal safety profile.
These findings suggest a promising novel approach for
the treatment of CNV.
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INTRODUCTION

Age-related macular degeneration (AMD) is the leading cause of
vision loss in Americans over the age of 65.* Nearly 15 million
Americans over the age of 65 suffer from AMD, and 10-15% of
them will lose central vision due to choroidal neovascularization
(CNV). CNV is principally driven by vascular endothelial growth
factor (VEGF). Currently, most drugs on the market and in clini-
cal trials for treating AMD associated CNV function through
direct inhibition of extracellular VEGE? The first-line therapy for
CNV is monthly or bimonthly injections of anti-VEGF reagents,
e.g., bevacizumab (Avastin), ranibizumab (Lucentis), or afliber-
cept (Eylea). While indefinite intravitreal injections of these
anti-VEGF agents are commonly used, they pose not only a signif-
icant financial burden but also serious injection-associated risks
including hemorrhage, infection, traumatic injury, and retinal
detachment.** In addition, subretinal fibrosis and photoreceptor/

retinal pigment epithelium (RPE) atrophy may be increased
by chronic anti-VEGF therapies as evidenced by recent results
from the seven-up trial.>* Development of novel therapeutics to
improve long-term inhibition of angiogenesis and reduce the risk
profile while decreasing the financial burden is necessary.

To overcome these challenges, we propose adeno-associated
viral (AAV)-mediated intracellular targeting of VEGE as AAV
delivery allows for long-term gene expression without replication or
infectivity, and intracellular VEGF targeting allows for disruption of
important VEGF autocrine loops.”” These VEGF autocrine loops
remain unaffected by current extracellular anti-VEGF therapies. In
addition to intracellular disruption of VEGF signaling through inhi-
bition of VEGF autocrine loops, intracellular targeting also reduces
VEGEF secretion, further enhancing its efficacy. Finally, by targeting
intracellular VEGE we may be able to mitigate the unwanted side
effects, which limit current extracellular anti-VEGF therapies.

Currently, AAV vectors are widely used for gene therapy due
to their nonpathogenicity, minimal toxicity and immunogenicity,
ability to transduce nondividing cells, and their potential for long-
term expression.””* To date, most studies investigating gene therapy
approaches in treating eye disease have used type 2 AAV (AAV2)
vectors.”? In mouse retinal disease models, AAV2 has been
shown to successfully transfect the ganglion," photoreceptor, and
RPE layers of the retina.'*'* Several strategies to inhibit VEGF via
AAV vectors exist such as AAV2.PIGF1-DE,'° type 8 AAV-sFlt-1,"
AAV2 combined with anti-VEGF shRNA,'® AAV5.sFLT01,"” and
AAV2-sFLTO01, which is currently undergoing a phase 1 clinical
trial®  (http://www.clinicaltrials.gov/ct2/show/NCT01024998).
Furthermore, clinical trials involving AAV2 vectors administered
to the eye are in progress for the treatment of Leber’s congenital
amaurosis.”** However, with increasing reports of the potential
risks of long-term extracellular anti-VEGF therapy including
retinal and choroidal atrophy,*-? retinal ganglion cell loss, reti-
nal inner and outer nuclear layer (ONL) apoptosis, and decline
in retinal function,”**-* many current virus-mediated therapies
relying on extracellular VEGF inhibition may also pose significant
risks to retinal neurons.

We have developed a novel intracellular approach to inhibit-
ing VEGE, AAV2.Flt23k. Our intraceptor, Flt23k, consists of the
VEGF-binding domains 2-3 of Flt-1 coupled to KDEL, a tetra-
peptide (Lys-Asp-Glu-Leu) which binds endoplasmic reticulum

S.K.D. and S.F.P. contributed equally to this work.

Correspondence: Balamurali K Ambati, Moran Eye Center, University of Utah, 65 Mario Capecchi Dr., Salt Lake City, Utah, USA.

E-mail: bala.ambati@utah.edu

226

www.moleculartherapy.org vol. 23 no. 2,226-234 feb. 2015


http://www.nature.com/doifinder/10.1038/mt.2014.199
http://www.clinicaltrials.gov/ct2/show/NCT01024998
mailto:bala.ambati@utah.edu

© The American Society of Gene & Cell Therapy

(ER) retention receptors, thereby sequestering associated pro-
teins. Flt23k binds intracellular VEGF and sequesters it in the ER
where it is eventually degraded. Our prior studies demonstrated
that nanoparticle delivery of the Flt23k plasmid was able to inhibit
corneal angiogenesis,’*? increase corneal transplant survival,”
and regress CNV in primate and murine laser-induced CNV
models.** However, like many current anti-VEGF therapies, this
strategy is limited by the need for repeat injections. Therefore, we
utilized the replication deficient AAV2 to mediate the long-term
expression of F1t23k (AAV2.F1t23k).

RESULTS

FIt23k inhibits VEGF in vitro

First, we confirmed Flt23k function in HeLa cells. Western blot
analysis revealed over-expression of Flt23k and strong suppression
of VEGF (Figure 1a). We then analyzed VEGF levels in cell cul-
ture media using enzyme-linked immunosorbent assay (ELISA).
In normoxic conditions, VEGF was downregulated in pGENIE.
FIt23k transfected cell culture media (486.40+28.00 pg/mg)
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compared to control cell media (1,174.86+75.13 pg/mg, P =
0.000009, n = 4-6). In hypoxic conditions, VEGF levels were dra-
matically decreased in pGENIE.Flt23k transfected cell culture
media (515.76+37.37 pg/mg) compared to control cell media
(1,811.08 +25.46 pg/mg, P = 0.00000, n = 4-7) (Figure 1b).

Reporter gene expression by AAV2 vectors

To evaluate the expression of AAV2.Flt23k in vivo, we designed
AAV2.AcGFP as a reporter gene. One microliter subretinal injec-
tions per eye were performed containing 5x 10® vector genomes
of AAV2. Spectralis HRA funduscopic screening at four dif-
ferent time points, 2 weeks, 1 month, 3 months, and 6 months
post-AAV2.AcGFP subretinal injection revealed pan-retinal
GFP expression (Figure 2, top). Mouse eye cryosections showed
expression of AAV2.AcGFP to be localized most strongly to the
RPE and photoreceptor layers (Figure 2, bottom). AAV2.AcGFP
was first detected at 2 weeks postinjection, increased gradually
until plateauing at 1 month, and persisted in the RPE and photo-
receptor layer for at least 6 months.

Normoxic
pGENIE.FIt23k

Hypoxic
pGENIE.FIt23k

Normoxic
control

Hypoxic control

Figure 1 FlIt23k reduces vascular endothelial growth factor (VEGF)-A protein levels in Hela cells. (a) Western blot analysis reveals Flt23k over
expression and VEGF suppression in pGENIE.FIt23k transfected cells compared to control. (b) Enzyme-linked immunosorbent assay (ELISA) analysis
demonstrates reduced Hela culture medium VEGF levels in pGENIE.FIt23k transfected cells compared to control in both normoxic and hypoxic
conditions.
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Figure 2 Time course of green fluorescent protein (GFP) expression following subretinal injection of AAV2.AcGFP. (Top) Representative
Heidelberg Spectralis images showing AAV2.AcGFP expression at different time points. (Bottom) Representative confocal images revealing GFP
expression to be most localized to the RPE and photoreceptor layers. Green: GFP; GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer
nuclear layer; RPE, retinal pigment epithelium.
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Figure 3 AAV2.FIt23k diminishes vascular endothelial growth factor (VEGF) protein levels in the RPE/choroid but not in the retina. Normal
baseline samples are from wild-type C57BL/6 mice without laser injury and serve as baseline. Phosphate-buffered saline (PBS), AAV2.AcGFP, and
AAV2_ Flt23k mice underwent subretinal injection of reagents 4 weeks prior to laser injury, and tissue was harvested at 3 days postlaser. N = 3 per
group. Data are presented as mean + SD. *P < 0.05. (a) Representative retina western blot results. glyceraldehyde 3-phosphate dehydrogenase was
used as a loading control. (b) Relative protein expression of (a) was determined by the semi-quantitative analysis. (c) Enzyme-linked immunosorbent
assay (ELISA) analysis for VEGF levels in the retina. Both WB and ELISA analysis of the retina showed no statistical significance in VEGF levels between
all groups. (d) Representative western blot analysis of VEGF in the retinal pigment epithelium (RPE)/choroid. Compared to the normal baseline (due
to low amount of protein loaded, VEGF levels were below the level of detection) VEGF levels were increased in PBS and AAV2.AcGFP treated control
groups. VEGF expression was drastically reduced in the AAV2.FIt23k treatment mice compared to PBS and AAV2.AcGFP treated mice, to the extent
that it was undetectable. (e) ELISA analysis of the RPE/choroid shows a significant reduction in VEGF levels in AAV2.FIt23k treated mice compared to
both PBS and AAV2.AcGFP treated mice, with levels approaching those seen in normal mice.

AAV2.FIt23k decreases VEGF expression in the RPE/
choroid in vivo

To determine the effect of Flt23k on VEGF in vivo, mouse ret-
ina and RPE/choroid complexes were collected and analyzed
via western blot and ELISA. Treatment mice received a subreti-
nal injection of either phosphate-buffered saline (PBS), AAV2.
AcGFP, or AAV2.Flt23k 4 weeks prior to laser treatment and
tissue was harvested at 3 days postlaser. Normal, age-matched
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groups, respectively (Figure 3c). In the choroid, western blot
analysis revealed a marked reduction in VEGF levels in the

Laser untreated AAV2.Ac. GFP AAV2.FIt23k

AAV2 Flt23k-treated group compared to the PBS- and AAV2.
AcGFP-treated groups, to the extent that the levels were below
the detectable limit (Figure 3d). Due to the low amount of
protein loading (2 pg per well), the VEGF levels in the normal
mice were also undetectable. ELISA data corroborated these
findings with average RPE/choroid complex VEGF levels of
226.3+4.9, 494.1+28.6, 576.7+67.5, and 318.5+52.3 pg/mg
in the normal, PBS, AAV2.AcGFP, and AAV2.Flt23k groups,
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Figure 4 AAV2.FIt23k inhibits laser-induced choroidal neovascu-
larization (CNV) in a mouse model. (a) Representative images of
laser-induced CNV lesions on RPE/choroidal flatmounts in mice show a
reduced volume of CNV lesions in AAV2.FIt23k treated mice compared
to untreated mice and mice treated with either PBS or AAV2.AcGFP.
(b) CNV volume quantification demonstrates a significant reduction in
CNV volumes in mice treated with AAV2.FIt3k compared to untreated,
and both PBS and AAV2.AcGFP treated mice. Scale bar: 30 um. Error
bar represents the SD. P values were calculated using the two-tailed stu-
dent’s T-test.
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Figure 5 AAV.FIt23k does not affect retinal thickness. (a) Retinal sections of AAV2.FIt23k treated mice and control mice. Top: High magnification
(x40) of normal, control and AAV2.FIt23k treated eye retinal sections shows no toxicity of retinal and outer nuclear layer. Middle: High magnifica-
tion (x40) of subretinal injection site. In the injection site, the retinal structure was damaged and the outer nuclear cells degenerated. Bottom: The
whole retinal section (x10) shows only injection site retinal degeneration, other parts of retina remain normal. (b) Representative optical coherence
tomography (OCT) subretinal injection section. The OCT image shows the whole retinal structure is normal except the injection site. (c) Top left:
The schematic of method of OCT assesses the retinal thickness along the vertical axle. Top right: The thickness of the whole retina and outer nuclear
layer (ONL) in normal C57 mice and mice who received subretinal injection of phosphate-buffered saline (PBS), AAV2.AcGFP, or AAV2.FIt23k. In each
group, n = 5. The error bar represents the SD. Bottom left: The schematic of method of OCT assesses the retinal thickness along the horizontal axis.
Bottom right: The thickness of the whole retina and ONL in normal C57 mice and mice who received subretinal injection of PBS, AAV2.AcGFP, or
AAV2.FIt23k. In each group, n = 5. The error bar represents the SD.

respectively (Figure 3e). In the RPE/choroid complex, the = AAV2.FIt23k inhibits laser-induced CNV

VEGEF levels in AAV2.Flt23k-treated mice were significantly = To investigate the efficacy of AAV2.Flt23k in a murine laser-
lower than those of PBS (P = 0.032) and AAV2.AcGFP (P = induced CNV model, mice were given a single, subretinal injec-
0.038) treated mice, respectively. tion of 1 pl (5x10° vector genomes) of AAV2.Flt23k. Control
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Figure 6 AAV2.FIt23k does not affect electroretinography (ERG) responses. (Left) Representative scotopic ERG tracings at the light intensity of
0.48 Ig cds/m2. (Right) Bar charts showing the a-wave and b-wave amplitudes of scopotic ERGs and b-wave amplitudes of photopic ERGs at different
light intensities. The number of eyes measured at each light intensity in each group was between 3 and 5. The error bar represents the SD.

groups received a single injection of an equivalent amount of
AAV2.AcGFP or PBS. CNV was induced 4 weeks after subretinal
injection to allow sufficient time for transgene expression. Laser-
induced CNV was also performed in wild-type mice which did not
receive and any subretinal injection; these served as an untreated
control group. Two weeks post-CNV induction, mouse eyes were
harvested and CNV volumes were analyzed by the choroidal flat-
mount method.* We found that CNV was significantly inhibited
in mice treated with AAV2.Flt23k (7.60+6.33x10* um?®) com-
pared to untreated mice (18.93+10.80x10* um?, P < 0.01), and
mice treated with either PBS (16.11+17.37x10* um?, P < 0.05),
or AAV2.AcGFP (19.81+17.42x 10* um?, P < 0.01) (Figure 4a,b).
Otherwise stated, AAV2.Flt23k was able to reduce CNV volumes
by 59.86%, 52.9%, and 61.7%, respectively, compared to the lasered
mice with no treatment, PBS, and AAV2.AcGFP groups.

AAV2.FIt23k does not change the morphology and
function of mouse retina

To evaluate the retinal safety of AAV2.Flt23k, retinal mor-
phology and function were analyzed 6 months after subretinal
injection of AAV2.Flt23k and compared to the retinal morphol-
ogy and function in mice having received an equivalent sub-
retinal injection of either AAV2.AcGFP or PBS. Whole retinas
were screened by Heidelberg Spectralis and retinal thickness
was measured by spectral domain optical coherence tomogra-
phy (SD-OCT) imaging along the vertical and horizontal axis
respectively. There was no retinal degeneration observed in
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vivo except at the injection site. Measurement of the ONL and
whole retinal thickness in vivo along the vertical meridian did
not reveal any changes in the AAV2.Flt23k group compared to
the AAV2.AcGFP and PBS groups (Figure 5). In the horizontal
axis, retinal thickness at the nasal injecton site (3.5 mm from the
optic nerve) was significantly thinner in all injected subgroups
with no significant difference between subgroups. Additionally,
electroretinography (ERG) demonstrated that both the a-waves
and b-waves of AAV2.FIt23k injected eyes were similar to
those of wild-type, AAV2.AcGFP-treated and PBS-treated eyes
(Figure 6). Thus, we found no structural or functional evidence
of retinal toxicity in mice treated with subretinal injections of
AAV2.Flt23k.

FI23k did not induce apoptosis in the RPE or choroid
To evaluate whether the blockade of VEGFA in RPE cells affected
the survival of choroidal endothelial cells, we performed an apop-
tosis assay using retina sections from the same mice tested with
ERG. Supplementary Figure S1 shows TUNEL staining in the
retina, choroidal, and scleral layers of the control retina with no
evidence of apoptotic figures in the RPE or choroid of untreated
mice or mice treated with subretinal injection of either PBS,
AAV2.AcGFP, or AAV2.Flt23k.

DISCUSSION

Our data demonstrate that subretinal injection of AAV2.Flt23k
can efficiently and locally express Flt23k for at least 6 months,
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reduce VEGF levels in the RPE/choroid complex, and inhibit
CNV development while avoiding retinal toxicity. We recently
employed an alternative intravenous approach using nanopar-
ticle targeted delivery of our novel anti-VEGF therapy, which
has shown promising results®; however, frequent doses with this
strategy are still required and systemic toxicity profiles need to be
further investigated. Taken together, our findings suggest a poten-
tial therapeutic role for AAV2.Flt23k gene therapy in the treat-
ment of AMD.

The RPE maintains the choriocapillaris (CC) in the normal eye
and is involved in the pathogenesis of CNV in age-related macular
degeneration. RPE cells communicate not only through paracrine
signaling to maintain the CC or induce CNV, but also through
autocrine loops.*** In pathologic conditions such as AMD, RPE
cells produce high levels of VEGE inducing CNV.*® Our results
demonstrated AAV2.FIt23k expression to be highest in the RPE
layer, giving it a crucial therapeutic advantage for effective target-
ing of VEGF inhibition as evidenced by a greater than 50% reduc-
tion in CNV volumes compared to controls.

While not significant, there was a trend toward reduced VEGF
in the retina of mice treated with AAV2.FI23k compared to PBS
and AAV2.AcGFP treated mice. The more modest decrease in
VEGEF levels in the retina compared to the choroid is consistent
with the limited retinal expression unique to AAV2.FI23k therapy.
Alternatively, this could be explained by the difference in protein
levels in the retinal sample, which are diluted by the high number
of cells that are not transduced (e.g, inner retinal bipolar cells and
RGC:s). Additionally, the total yield of protein obtained from the
retina is higher than from the RPE/choroid, further confounding
the analysis of the cell specific effects of AAV2.Flt23k in the retina
and RPE/choroidal samples. Nevertheless, our data are consistent
with the expected effects, including the upregulation of VEGFA
in response to injury (PBS and GFP), and a decrease in VEGFA
levels by treatment with Flt23k.

A key advantage of our AAV2.Flt23k gene therapy over cur-
rent extracellular approaches to inhibit VEGFA is that AAV2.
Flt23k inhibits only RPE and photoreceptor-derived intracellular
VEGFA. By utilizing a subretinal approach, we are able to maxi-
mize the dose reaching the targeted RPE/choroid complex and
avoid the global suppression of retinal VEGF induced by current
intravitreal injections of anti-VEGF biologics and AAV.sFItO1.
Recent evidence implies that long term anti-extracellular VEGFA
treatment may induce the development of geographic atrophy.®*
Current approaches rely on monthly or bimonthly injections,
which entail delivery of a bolus of anti-VEGF drug, followed by
a delayed concentration until the next injection. This “sawtooth”
pattern of drug delivery may result in extra toxicity at the peak
anti-VEGF levels right after the bolus and insufficient angio-
genic control in the troughs; this peak-trough problem would be
avoided by a constant rate of delivery which could be achieved
by a long-acting AAV. A concern about choroidal endothelial cell
atrophy is warranted; we did not observe this issue. Regarding
the delivery of AAV, subretinal administration restricts the tis-
sues which are exposed. With respect to clinical translation, sub-
retinal AAV delivery can be localized surgically.” Another future
approach that merits further investigation would be the utilization
of a novel micro-stent developed for the treatment of glaucoma,
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the CyPass Micro-Stent (Transcend Medical, Menlo Park, CA),
for the delivery of more targeted anti-VEGF therapy. The stent is
placed in the supracilliary region and could provide permanent,
direct access to the choroid for extremely targeted and consistent
treatment. Further focal delivery modalities may be developed in
the future as well. With respect to our treatment strategy, we have
identified two primary limitations. First, subretinal injections
may induce retinal damage. However, this was not a significant
issue in our study and has been performed safely for gene therapy
in human clinical trials. Second, our strategy may still permit
excessive VEGF inhibition in photoreceptor cells which could
ultimately lead to retinal atrophy. While our ERG and retinal
thickness data show no evidence of such atrophy in our current
study, future studies might be improved by the use of a VMD2
promoter to constrict Flt23k expression to the RPE and avoid
photoreceptor expression.

We used AAV2.AcGFP as the control for comparison of AAV2.
Flt23k in our study. It is possible that AcGFP expression could
affect the experimental outcomes although we did not observe this
in our current study. AAV2.FIt23k.AcGFP could theoretically be
an additional subgroup for a more-controlled experiment, how-
ever, bicistronic cassettes are exceptionally difficult to create within
AAV2, and it is unknown how a GFP coding sequence might affect
Flt23k expression or activity by AAV2. Further, from a regulatory
perspective, having the minimum number of constituents in an
active gene therapy drug would facilitate future drug development.

Increasing evidence has demonstrated the safety and efficacy of
AAV viral vectors in retinal gene therapy targeting RPE and pho-
toreceptor cells, which is critical for an AMD mouse model.?44
Currently, several strategies to inhibit VEGF via AAV vectors exist
including AAV2.PIGF1-DE, type 8 AAV-sFlt-1,"” AAV2 combined
with anti-VEGF shRNA,”® AAV5.sFLT01,” and AAV2-sFLTO01,
which is currently undergoing a phase 1 clinical trial*® (http://
www.clinicaltrials.gov/ct2/show/NCT01024998). Although each
strategy is unique, all function via neutralization of extracellular
VEGEF except for anti-VEGF shRNA." Furthermore, AAV2.Flt23k
functions through a novel mechanism of intracellular VEGF inhi-
bition, uniquely suppressing both autocrine loops and VEGF
secretion.

VEGEF is a key regulator of angiogenesis and tumor growth.
In addition to benefiting patients with ocular neovasculariza-
tion, anti-VEGF targeted therapy has also benefited many cancer
patients.*” However, current anti-VEGF therapies are challenged
by insufficient efficacy, intrinsic refractoriness, and resistance.
One mechanism through which cancer cells have been known
to develop resistance to anti-VEGF therapies is through VEGF
autocrine loops.*** Future studies should explore whether AAV2.
Flt23K’s ability to inhibit these autocrine loops may benefit man-
agement of cancer models.

Previous studies have shown that in the nonpathologic state,
endogenous VEGF plays an important role as a survival factor for
both the retina and choroid.?****¢-*¢ Thus, despite the deleterious
increase in vascular permeability and angiogenesis associated with
VEGF upregulation in certain pathologic states, some baseline
level of VEGEF is still required for proper functioning of both the
retina and choroid. Currently most available anti-VEGF therapies,
which are administered with intravitral injection, indiscriminately
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inhibit released VEGE, suppressing the pathologic as well as the
physiologic functions of VEGE, giving rise to the potential risk of
retinal and choroidal toxicity.**-* With this concern, recent studies
focusing on the physiologic roles of VEGF in the eye have ques-
tioned the safety of long-term extracellular anti-VEGF therapy,
revealing significant ocular toxicities including: retinal ganglion
cell loss, chorioretinal atrophy, increased apoptosis in cells of the
inner and ONLs, and a decline in retinal function,”**>° none of
which we observed with AAV.FIt23k. By selectively inhibiting
intracellular VEGF and localizing most strongly to the RPE, AAV2.
Flt23k subretinal therapy permits more physiologic retinal and
choroidal VEGF signaling and thus greatly minimizes the risk for
retinal and choroidal toxicity. Through ERG analysis, we found that
the retinal function was preserved in mice subjected to long-term
AAV2.Flt23k therapy. Additionally, through further analysis using
Spectralis, we found the retinal thickness to be preserved with no
evidence of dystrophy or morphological change. Future studies
investigating the correlation between cell-type specific extracellu-
lar VEGF levels, CNV inhibition, and retinal toxicity are needed
to guide future neovascular treatment. However, as more research
continues to support the goal of normalization of VEGF levels, as
opposed to total VEGF inhibition, and as targeted therapies are
refined, new strategies such as AAV2.Flt23k will likely come into
prominence, elevating AMD treatment for future generations.

Another limitation of current anti-VEGF therapy is the
method of drug delivery. While CNV is a process originating
from aberrant VEGF signaling in the RPE and subretinal space,
intravitreal treatments deliver the highest drug concentration to
the supraretinal space, relying on diffusion through the highly
sensitive retinal layers to reach the RPE and choroid. To circum-
vent this limitation, subretinal injections were used to administer
AAV2.FIt23k in our study.

In summary, subretinal injection of AAV2.FIt23k can pro-
vide significant long-term suppression of VEGF in RPE cells and
inhibit CNV development without evidence of retinal toxicity.
These findings could translate to improve efficacy and decreased
toxicity in the future treatment of AMD. Finally, this strategy may
prove to be beneficial for the future treatment of select cancers
with anti-VEGF resistance profiles.

MATERIALS AND METHODS

Animals. Male wild-type C57BL/6 mice (The Jackson Laboratory, Bar
Harbor, ME) between 6 and 8 weeks of age were used to minimize variabil-
ity. All animal experiments were performed in accordance with the guide-
lines of the ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research. Experiments were approved by the Institutional Animal
Care and Use Committee of the University of Utah.

Generation of AAV2 vectors. Previously, we reported the intraceptor plas-
mid Flt23k construction.” By integrating cDNA of Flt23k to pAAV2-MCS
(Agilent Technologies, Santa Clara, CA) using BamHI/HindIII restriction
enzyme sites, pAAV2-Flt23k was generated. AAV2.Flt23k was generated in
the Vector Core Gene Therapy Center, University of Massachusetts Medical
School. As a control, we used AAV2.AcGFP which was used previously.*

Flt23k function in vitro. First we checked the expression of Flt 2-3k in
HeLa cells. The Flt23k gene was transfected into HeLa cells using transpo-
son based helper-independent piggybac plasmid (pmGENIE). Flt23k and
DSRed Express 2 cDNA were cloned in pmGENIE. The plasmid lacking
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transposase (pBt gene) gene was used as a control. To examine genomic
integration and stable expression of transgenes in vitro, we transfected the
plasmids into HeLa cells and cultured up to 10 passages. Western blot was
done to detect FIt23k. We then checked Flt23k plasmid function in nor-
moxia and hypoxia treated HeLa cells. Flt23k transfected and control cells
were cultured with Dulbecco’s modified Eagle’s medium with 10% fetal
bovine serum. For hypoxia treatment, media was preconditioned with a
hypoxic gas mixture (1%0,, 5%CO,, and 94%N,). Monolayer cultures of
both cultures were replenished with the hypoxic medium, placed in the
hypoxia incubator and maintained for 48 hours at 37 °C. Control mono-
layer cultures of both HeLa cell lines were maintained in a normoxic envi-
ronment, which refers to standard cell culture in a humidified incubator
(20% O,, 5% CO,, and 75% N,). Culture media was then collected, centri-
fuged to remove cellular debris, and preserved for VEGF ELISA.

Western blot analysis. To determine the plasmid Flt23k function, the
retina and RPE/choroid complex was isolated and immediately put into
200 ul RIPA buffer (R0278, Sigma, St Louis, MO) contained with 1% prote-
ase inhibitor cocktail (P8340, Sigma) on ice respectively. After sonication,
lysates were placed on ice for 15 minutes and centrifuged at 14,000 rpm
for 15 minutes at 4 °C. The supernatants were collected and preserved at
—80 °C for future use. The protein concentrations were measured using a
BCA protein assay (Thermo Scientific, Waltham, MA). Five micrograms
of retinal pretein and 2 ug of RPE/choroid protein denatured in NuPAGE
sample buffer (Invitrogen, Grand Island, NY) were loaded onto 4-12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and gels
were transferred onto polyvinylidene difluoride membranes (Amersham
Biosciences, Piscataway, NJ). The membranes were blocked for 1 hour
in Tris-buffered saline containing 5% (W/V) non-fat milk powder. Blots
were treated overnight at 4 °C with rabbit anti-VEGF antibody 1:200 (Cat.
sc-507, Santa Cruz, Dallas, TX). After a series of washings, the blots were
incubated with 1:2,000 dilution of goat anti-rabbit antibody conjugated to
horseradish peroxidase (Cat. 65612, Invitrogen) and developed using the
chemiluminescnce western blot detection kit (Thermo Scientific). After
stripping, the same blot was treated with an anti-glyceraldehyde 3-phos-
phate dehydrogenase antibody 1:3,000 (Cat. ab9845, Abcam, Cambridge,
MA) as a loading control.

ELISA of VEGF. To quantify VEGF protein levels, retinal and RPE/choroid
tissues were harvested. VEGF was detected by a commercially available
Mouse VEGF ELISA kit (Cat. No: SMMV00, R&D Systems, Minneapolis,
MN). The assay was performed according to the manufacturer’s instructions.
All measurements were performed in duplicate. Tissue sample concentra-
tions were calculated from the standard curve and corrected by total protein.
One RPE/choroid complex was isolated for each sample, and four samples
in each group were examined. Both retinas from each mouse were pooled
in one tube.

Subretinal injection of either AAV2. FIt23k or AAV2.AcGFP. Normal male
C57BL/6 mice were placed under general anesthesia with an intraperitoneal
injection of ketamine/xylazine (90mg/10mg per kg body weight). Pupils
were dilated with topical application of 1% tropicamide (Bausch & Lomb,
Tampa, FL). For local anesthesia, a 0.5% proparacaine solution was applied
to the cornea. Under a stereo microscope, a small incision was made behind
the limbus with a 30.5-gauge needle. A blunt 33-gauge needle (Hamilton
Company, Reno, NV) was then inserted through the incision, vitreous, and
retina into the subretinal space at the posterior pole of the retina. Extra care
was taken to avoid damaging the lens. Subretinal administration of 1 pl of
AAV2.Flt23k or control AAV2.AcGFP virus at the titer of 5x10" GC/ml
was performed into both eyes of each mouse. Subretinal injection of PBS
buffer was performed in additional mice as another control. Visualization
of partial retinal detachment around the injection site by fundus examina-
tion at the conclusion of injection confirmed successful subretinal delivery.

Generation of murine laser photocoagulation-induced CNV model.
To generate the laser-induced murine CNV model, mice were deeply
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anesthetized in the same fashion as described above. The beam from a
diode laser (532 nm; Oculight GIx, Iridex, Mountain View, CA) was shone
onto to the retina through a slit lamp, using a 22-mm coverslip as a contact
lens. The treatment parameters were chosen to produce a cavitation bubble
in the choroid without hemorrhage (spot size, 100 um? intensity, 120 mW;
duration, 100 msec). Four laser burns were made for CNV volume calcula-
tion at the 3, 6, 9, and 12 oclock positions of the posterior pole, around the
optic nerve in both eyes. Eight laser burns were created around the optic
nerve for protein analyses.

CNV volume calculation. CNV laser induction was performed in
untreated, control mice and treated mice 1 month after subretinal injec-
tion of either PBS, AAV2.AcGFP, AAV2.Flt23k. Two weeks after laser
injury, the animals were euthanatized with CO,, and the eyes were enucle-
ated. After removing the cornea and lens, the eye cup was fixed in 4%
paraformaldehyde for 2 hours at 4 °C. The retina was then removed and
the Sclera/choroid/RPE complex washed three times in phosphate-buff-
ered saline (PBS), permeated for 30 minutes in 1% triton X-100, blocked
in 5% FBS/PBS with 0.02% tritonX-100 and 2 mmol/l MgCl2, and stained
with 5mg/ml Alexa594 conjugated isolectin GS-I1B4 (Invitrogen) 1:200 in
blocking buffer overnight. After three additional washings, samples were
flat mounted on glass slides and cut into four to six pieces, taking care
to avoid damaging the laser treated areas. CNV volumes were measured
using scanning laser confocal microscopy (Olympus America, Center
Valley, USA).

Histology. For histology, mouse eyes were immersion-fixed overnight in
a fixative containing 2.5% glutaraldehyde/1% formaldehyde and resin
embedded as described http://prometheus.med.utah.edu/~marclab/mar-
clab_09_tools-protocols.html. Samples were sectioned at 500nm along
the horizontal axis including the injection site. Sections were stained with
Richardson stain according to http://depts.washington.edu/rubelab/proto-
cols/Richardson-Stain.html.

Retinal thickness calculation. Spectral domain optical coherence tomog-
raphy (SD-OCT) imaging was performed using a commercially available
Spectralis HRA+OCT device from Heidelberg. SD-OCT provides high
resolution analysis of retinal architecture previously achieved only through
histology. Using SD-OCT, we measured the thickness of the whole retina
and ONL along the vertical axle and horizontal axis including the injec-
tion site. Mice were anesthetized as described above. 1000 linear A-scans
were used to produce each horizontal B-scan, and 20 B-scans were aver-
aged to minimize the background and achieve higher resolution. To pro-
duce surface images of the fundus, a rectangular volume of 100 B-scans
was obtained and analyzed. Whole retina and ONL thickness were mea-
sured manually using the distance measuring tool of the system software
InVivoVue. We recorded three measurements at the same distance from
the optical nerve head in each eye and used this data to determine the aver-
age final whole retina and ONL thickness.

ERG analysis. ERG was performed on normal 6-month-old C57BL/6
mice after subretinal injected PBS, AAV2.AcGFP or AAV2.Flt23k. All
mice were kept in darkness overnight prior to analysis. Mice were anes-
thetized as described above. They were then kept in dim, red light and
placed on a chemical hand warmer that maintained body temperature
between 37 and 38 °C for the duration of the experiment. Pupils were
dilated with 1% tropicamide, and ERGs were measured (UTAS E-3000;
LKC Technologies, Gaithersburg, MD) between a gold corneal and a
stainless-steel scalp electrode with a 0.3-500 Hz band-pass filter. Scotopic
ERGs were recorded using white flashes in darkness and photopic ERGs
were elicited by full-field bright white flashes with 35 cd/m2 background
illumination. For both scotopic and photopic ERG recordings, increas-
ing flash intensities were used and a total of five to eight mice of each
treatment group were analyzed. Five to eight a-wave and b-wave traces
were averaged for every stimulus intensity. The mean value at each
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stimulus intensity was compared using an unpaired two-tailed ¢-test with
Bonferroni correction for multiple comparisons.

TUNEL. TUNEL assay was performed on retina cryosections. Slides were
dried at room temperature for 30 minutes. Sections were processed for
apoptosis with the Click-iT TUNEL Alexa Fjuor image assay kit (Cat.
No. C10246, Invitrogen). A positive control was set up by treatment with
DNase I. Retina sections were furthered counterstained with Hoechst. An
Inverted Fluorescence microscope (Carl Zeiss Microlmaging, Thornwood,
NY) was used to take images.

Statistical analysis. Data are presented as mean + SEM or mean * SD.
Statistical analysis was performed using the student two-tail T-test.
A P value < 0.05 was considered significant. All data collection was per-
formed by technicians blinded to treatment groups.

SUPPLEMENTARY MATERIAL

Figure S1. Apoptosis was assessed with TUNEL staining, performed
on C57BI/6 wild-type mice and mice injected subretinally with PBS,
AAV2.AcGFP, or AAV.FIt23k.
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