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Inhibition of vascular endothelial growth factor (VEGF) is the
standard therapy for neovascular age-related macular degener-
ation (nAMD). However, anti-VEGF agents used in the clinic
require repeated injections, causing adverse effects. Gene ther-
apy could provide sustained anti-VEGF levels after a single in-
jection, thereby drastically decreasing the treatment burden
and improving visual outcomes. In this study, we developed a
novel VEGF Trap, nVEGFi, containing domains 1 and 2 of
VEGFR1 and domain 3 of VEGFR2 fused to the Fc portion
of human IgG. The nVEGFi had a higher expression level
than aflibercept under the same expression cassettes of ad-
eno-associated virus (AAV)8 in vitro and in vivo. nVEGFi
was found to be noninferior to aflibercept in binding and
blocking VEGF in vitro. AAV8-mediated expression of nVEGFi
was maintained for at least 12 weeks by subretinal delivery in
C57BL/6J mice. In a mouse laser-induced choroidal neovascu-
larization (CNV) model, 4 � 108 genome copies of AAV8-
nVEGFi exhibited a significantly increased reduction in the
CNV area compared with AAV8-aflibercept (78.1% vs. 63.9%,
p < 0.05), while causing no structural or functional changes
to the retina. In conclusion, this preclinical study showed
that subretinal injection of AAV8-nVEGFi was long lasting,
well tolerated, and effective for nAMD treatment, supporting
future translation to the clinic.

INTRODUCTION
Age-related macular degeneration (AMD) is a progressive macular
disease. Late-stage AMD results in severe and permanent central
vision impairment and legal blindness, which has an impact on qual-
ity of life. Neovascular AMD (nAMD) and atrophic AMD are two
types of late-stage AMD.1 Because of the exponential population ag-
ing globally, the projected number of people with AMD in 2020 is 196
million, increasing to 288 million in 2040,2 thus posing a major public
health issue with significant socioeconomic ramifications.

Neovascular AMD is characterized by choroidal neovascularization
(CNV), incorporatingwith exudation, intraretinal and subretinal hemor-
rhage, retinal pigment epithelial detachment, hard exudate, or subretinal
fibrous scar.1 Vascular endothelial growth factor (VEGF) is a major
mediator in angiogenesis and CNV formation.3 The advent of anti-
210 Molecular Therapy: Methods & Clinical Development Vol. 24 March
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VEGF molecules drastically changed the treatment of nAMD, before
which laser photocoagulation and photodynamic therapywith vertepor-
fin were used.4,5 The intravitreal injection of anti-VEGFmolecules dem-
onstrates successful prevention of severe visual loss and is the current
standard care for patients with nAMD. However, the widely used anti-
VEGF agents in the clinic, including bevacizumab, ranibizumab, afliber-
cept, conbercept, and brolucizumab have short half-lives, thus requiring
repeated injections, which can cause intraocular inflammation, retinal
detachment, and ocular hemorrhage.6 Meanwhile, in the real world, pa-
tients receive insufficient injections and visits, resulting in a lower visual
acuity gain than in phase III clinical trials.7 Gene therapy can solve this
problem by two major strategies based on intraocular delivery of viral
vector encoding antiangiogenic proteins or noncodingRNA interference
targetingoverexpressionofVEGF,whichgives a lifelongcontinuous sup-
ply of antiangiogenic proteins or small interfering RNAby a single injec-
tion, dramatically reducing injection frequency.8–13

Antiangiogenic proteins, including pigment epithelium-derived fac-
tor, endostatin, and angiostatin, and anti-VEGF proteins, such as sol-
uble fms-like tyrosine kinase-1, aflibercept, and ranibizumab, have
been assessed for potential gene therapy for nAMD in clinical tri-
als.14–16 Among them, aflibercept and ranibizumab delivered by ad-
eno-associated virus (AAV) vectors showed optimistic results in
reducing injection frequencies in clinical trials for nAMD treatment
(ADVM-022: AAV2.7m8-aflibercept, NCT03748784; RGX-314:
AAV8-ranibizumab, NCT03066258).8,9 However, it is noteworthy
that the high rescue injection-free rate is relevant to a high dose of
AAV, that is 12 out of 16 patients at 6 � 1011 genome copies (GC)
and 8 out of 15 patients at 2 � 1011 GC with ADVM-022, 9 out of
12 patients at 2.5 � 1011 GC, and 5 out of 12 patients at 1.6 � 1011
2022 ª 2022 The Author(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Higher expression level of nVEGFi in vitro

(A) Schematic of the encoding sequence of the plasmid

expressing nVEGFi (upper) and the plasmid expressing

aflibercept (below). (B) ELISA of VEGF Traps in HEK293

cell supernatant transfected with pAAV-EGFP, pAAV-

aflibercept or pAAV-nVEGFi at equal molar. Data are ex-

pressed as the mean ± SD (n = 4). Student’s t test for

comparison between pAAV-aflibercept and pAAV-

nVEGFi treated groups: ****p < 0.0001. (C) Western blot

analysis of VEGF Traps in the HEK293 cell supernatant

(CS) and cell lysates (CL) transfected with pAAV-EGFP,

pAAV-aflibercept, or pAAV-nVEGFi at equal molar. (D)

Relative VEGF Trap mRNA expression in cells transfected

with equal molar pAAV-aflibercept or pAAV-nVEGFi was

measured by real-time qPCR and normalized to beta-

actin and compared to pAAV-aflibercept. Data are ex-

pressed as mean ± SD (n = 3). Student’s t test: **p < 0.01.

(E) Schematic presentations of the AAV8-nVEGFi vector

(upper) and AAV8-aflibercept vector (below). The AAV

vectors contain the CB7 promotor, a chicken b-actin

intron, a kozak sequence, the signal peptide, nVEGFi, or

aflibercept transgene and bGH polyadenylation sequence

flanked by AAV2 ITRs. (F) ELISA of VEGF Traps in HEK293

cell supernatant infected with AAV8-aflibercept or AAV8-

nVEGFi at equal MOI. Data are expressed as the mean ±

SD (n = 5). Student’s t test: ****p < 0.0001
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GC with RGX-314. However, a higher virus dose means a higher inci-
dence of intraocular inflammation.17,18 In addition, a high dose of
ADVM-022 (6� 1011 GC/eye) showed toxicity when evaluated in pa-
tients with diabetic macular edema.19

All these findings highlight the importance of optimizing the anti-
VEGF vector by enhancing the expression of the anti-VEGFmolecule
to reduce the effective dose of virus and to reduce toxicity and immu-
nogenicity. We designed a novel VEGF Trap, nVEGFi, containing do-
mains 1 and 2 of VEGF receptor 1 and domain 3 of VEGF receptor 2
fused to the Fc portion of human IgG to enhance the protein expres-
sion level without compromising its anti-VEGF efficacy. AAV is the
most popular vector system for ocular gene therapy because of its
nonintegrating nature, low immunogenicity, and potential long-
term gene expression.20 When delivered subretinally, AAV8 demon-
strated strong transduction of both RPE and photoreceptors.21 The
use of AAV8 vectors to express nVEGFi may help to maximize
long-term suppression of VEGF in the eye and overcome limitations
of past gene transfer approaches in nAMD. In this study, we used a
mouse laser-induced CNV model to test the efficacy of subretinal in-
jection in a wide range of doses of an AAV8 vector containing an
expression cassette for nVEGFi.
Molecular Therapy: Methods &
RESULTS
Novel nVEGFi provided a higher expression

level in vitro

Aflibercept is a VEGF Trap comprising the sec-
ond Ig domain of human VEGFR1 and the third
Ig domain of human VEGFR2 expressed as an
inline fusion with the Fc portion of human IgG, which binds to
VEGF-A, VEGF-B, and placental growth factor (PlGF) and inhibits
the activation of VEGFR1 and VEGFR2.22 We designed a novel
VEGF Trap, named nVEGFi, containing the first and second Ig do-
mains of human VEGFR1 as well as the third Ig domain of human
VEGFR2 linked to the human IgG Fc region that resulted in the for-
mation of a forced homodimer (Figure S1). nVEGFi had an identical
sequence to aflibercept except for the addition of VEGFR1 Ig domain
1 in the N-terminus. The AAV cis plasmid pAAV-nVEGFi was then
constructed to express nVEGFi (Figure 1A, upper). Meanwhile,
pAAV-aflibercept-expressing aflibercept was constructed with the
same other expression cassettes as pAAV-nVEGFi (Figure 1A,
below). pAAV-EGFP serves as a negative control expressing EGFP.
All three plasmids were under the control of a CB7 promoter and
used for transfection of HEK293 cells at equimolar doses. ELISA
showed that the concentration of VEGF Trap (ng/mL) in the cell su-
pernatant transfected with pAAV-nVEGFi was 19.3 times higher
than that transfected with pAAV-aflibercept (mean ± SD, pAAV-
nVEGFi 709.0 ± 144.0 ng/mL, pAAV-aflibercept 36.7 ± 1.6 ng/mL)
(Figure 1B). The VEGF Trap in cell supernatant and lysates was de-
tected by western blot, demonstrating that the amount of VEGF
Trap in cell supernatant transfected with pAAV-nVEGFi is around
Clinical Development Vol. 24 March 2022 211
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Table 1. Kinetic binding parameters for nVEGFi and aflibercept binding to

human VEGF family ligands determined by SPR-Biacore

VEGF
inhibitor Ligand

Kinetic binding parameters

ka/105

(M�1 s�1) kd/103 (s�1)
KD
(pM)

nVEGFi
VEGF-A165 46.6 12.6 27.1

PlGF 6.19 78.4 1270

Aflibercept
VEGF-A165 116 17 14.7

PlGF 8.11 1.41 1740
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16-fold higher than that of pAAV-aflibercept, and approximately 4
times in cell lysates normalized by beta-actin (Figure 1C). Next, rela-
tive nVEGFi mRNA or aflibercept mRNA in transfected cells was
measured, and it turned out that the transcription level of nVEGFi
was 2.3 times higher than that of aflibercept (p < 0.01) (Figure 1D).
All these findings indicated that the addition of VEGFR1 domain 1
can increase the mRNA and protein expression levels of VEGF
Trap and, more importantly, can increase the secretion of VEGF
Trap.

Then, the nVEGFi and aflibercept expression cassettes were packaged
into AAV8, with a strong CB7 promoter, a chicken b-actin intron, a
kozak sequence, and a bGH polyadenylation sequence (Figure 1E).
Except for the inclusion of VEGFR1 Ig domain 1, AAV8-nVEGFi
had the same sequences as AAV8-aflibercept. Next, AAV8-nVEGFi
and AAV8-aflibercept were used to transduce HEK293 cells with
the help of adenovirus under the same conditions. ELISA showed
that the level of VEGF Trap (ng/1010 copies) in the cell supernatant
transduced with AAV8-nVEGFi was 25.8 times higher than that
transduced with AAV8-aflibercept (mean ± SD, AAV8-nVEGFi
14.21 ± 1.68 ng/1010 copies, AAV8-aflibercept 0.55 ± 0.09 ng/1010

copies) (Figure 1F).

nVEGFi exhibited noninferior binding affinity and inhibition

property to aflibercept in vitro

Since the addition of VEGFR1 domain 1 could significantly enhance
the protein expression level, we next compared nVEGFi to aflibercept
for their ability to bind and block VEGF in vitro. We first synthesized
and purified nVEGFi protein. The binding affinity of nVEGFi for
VEGF family ligands, including VEGF-A165 and PlGF, was measured
with SPR-Biacore technology. Similar to aflibercept, nVEGFi can
target VEGF-A165 and PlGF (Table 1). Meanwhile, the binding affin-
ity was alsomeasured by equilibrium binding assay, in which different
concentrations of nVEGFi or aflibercept were incubated with VEGF-
A165, and the amount of free VEGF-A165 was measured, demon-
strating that nVEGFi had a similar VEGF-binding affinity to afliber-
cept (Figure 2A).

Next, the ability to block VEGF-stimulated human umbilical vein
endothelial cell (HUVEC) proliferation was assessed by MTS assay
for the nVEGFi protein and cell supernatant of pAAV-nVEGFi-
transfected cells, with aflibercept as a control. In agreement with
212 Molecular Therapy: Methods & Clinical Development Vol. 24 March
the VEGF-binding affinity assay, all of them demonstrated an equal
inhibitory effect on VEGF-dependent HUVEC proliferation
(Figure 2B).

In vivo dose-escalation efficacy study of AAV8-nVEGFi in

comparison with AAV8-aflibercept

According to the above studies, nVEGFi was at least as effective as afli-
bercept as a VEGF blocker and had a significantly higher expression
level, which made it more suitable for gene therapy. First, an in vivo
dose-escalation efficacy study of AAV8-nVEGFi was carried out, in
which 4-week-old C57BL/6J mice were subretinally injected with
AAV8-nVEGFi at 4�106, 4�107, 4�108 or 4 � 109 GC/eye or PBS
(vehicle of AAV or proteins) as a vehicle control. Retinal laser photo-
coagulation was performed 4 weeks post injection to induce CNV (see
Figure 3A for an illustration of AAV treatment timelines and a typical
fundus image with an injection bleb). In addition, we established afli-
bercept and nVEGFi protein treated groups. In these two groups, mice
were intravitreally injected with 2.5 mg/eye aflibercept or an equimolar
dose of nVEGFi on the same day as the laser at 8 weeks old.

Six days after laser photocoagulation, fundus fluorescein angiography
(FFA) showed decreased leakage in AAV8-nVEGFi at 4 � 108 and
4 � 109 GC/eye, as well as aflibercept and nVEGFi protein treated
groups (representative pictures in Figure 3B). The retinal pigment
epithelium (RPE)-choroid-sclera complexes were prepared for Isolec-
tin-B4 (IB4) staining and evaluation of the CNV area 7 days after laser
photocoagulation. The CNV area was significantly reduced in groups
treated with subretinal injection of AAV8-nVEGFi at 4 � 108

(�78.1%, p < 0.0001) and 4 � 109 (�80.4%, p < 0.0001) GC/eye
and in groups treated with intravitreal injection of aflibercept
(�79.7%, p < 0.0001) and nVEGFi protein (�77.3%, p < 0.0001)
compared to PBS control group, with no significant difference among
these four groups (Figures 3C and 3D). These results demonstrated
that intravitreal injection of nVEGFi protein and subretinal injection
of AAV8-nVEGFi at 4 � 108 and 4 � 109 GC/eye had the same anti-
VEGF ability as aflibercept in vivo.

To compare AAV8-nVEGFi to AAV8-aflibercept, mice were injected
with AAV8-aflibercept at 4� 108 or 4� 109 GC/eye and treated with
the same procedure as before (Figure 3A). FFA showed that AAV8-
aflibercept at both doses reduced leakage (Figure 3B). Compared to
the PBS-treated group, the CNV area was reduced 63.9% at 4 � 108

GC/eye (p < 0.0001) and 67.8% at 4 � 109 GC/eye (p < 0.0001) (Fig-
ures 3C and 3D). However, the reduction was significantly decreased
compared with AAV8-nVEGFi at the same dose, 4� 108 GC/eye (p <
0.05) or 4 � 109 GC/eye (p < 0.05).

Long-term expression of AAV8-nVEGFi in vivo

To compare the expression of AAV8-nVEGFi and AAV8-aflibercept
in vivo, AAV8-nVEGFi vector at 4� 106, 4� 107, 4� 108, or 4� 109

GC/eye, or AAV8-aflibercept vector at 4 � 108 or 4 � 109 GC/eye
were administered by subretinal injection to 4-week-old C57BL/6J
mice, with PBS as a negative control. Since the expression of
AAV8-nVEGFi was stable from 4 weeks to 12 weeks post injection
2022



Figure 2. Comparison of the binding affinity and

inhibition property of nVEGFi to aflibercept

(A) VEGF binding affinities of nVEGFi and aflibercept,

measured by equilibrium binding assay, in which the

amount of free VEGF-A165 was measured after incubation

of 10 pM VEGF-A165 with different concentrations of

nVEGFi or aflibercept. Data are expressed as the mean ±

SD (n = 2). (B) Inhibitory effect of the supernatant of pAAV-

nVEFGi transfected cells, nVEGFi protein, and aflibercept

on VEGF-induced HUVEC proliferation, measured by

MTS assay. The final concentration of anti-VEGF mole-

cules was 1,100 pM. Specifically, the concentration of

nVEGFi in the cell supernatant of pAAV-nVEGFi was

measured by ELISA. Data are expressed as mean ± SD

(n = 3). One-way ANOVA with Tukey’s post hoc test; dif-

ference between ‘VEGF + anti-VEGF molecule -’ and anti-

VEGF molecules, ****p < 0.0001, ns. not significant dif-

ference.
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(Figure S2), the eyes were enucleated for VEGF Trap expression levels
measured by ELISA at 12 weeks post injection. The nVEGFi protein
expression in AAV8-nVEGFi treated groups showed a dose-depen-
dent increase, with 14.06 ± 11.74 ng/eye in the 4 � 106 GC dosing
group (n = 10), 332.8 ± 227.8 ng/eye in the 4 � 107 GC dosing group
(n = 9), 3503 ± 856.9 ng/eye in the 4 � 108 GC dosing group (n = 8),
and 4132 ± 1215 ng/eye in the 4� 109 GC dosing group (n = 9) (Fig-
ure 4A). The aflibercept protein expression in the AAV8-aflibercept
treated groups was 640.8 ± 154.1 ng/eye in the 4 � 108 GC dosing
group (n = 10) and 1309 ± 695.6 ng/eye in the 4 � 109 GC dosing
group (n = 10). The protein expression in AAV8-nVEGFi treated
group is significantly higher than AAV8-aflibercept treated group
at the same dose, that is approximately 5.5 times higher in 4 � 108

GC dosing group (p < 0.0001) and approximately 3.2 times higher
in 4 � 109 GC dosing group (p < 0.0001).

In situ hybridization was used to detect nVEGFi mRNA in the retinas
of AAV8-nVEGFi-treated mice 12 weeks post injection. The number
of transduced retinal cells increased with increasing vector dose (Fig-
ures 4B–4F). No specific staining of the retina was observed in PBS
treated eyes (Figures 4B and 4B0). The 4� 106 CG/eye group showed
staining only in RPE cells (Figures 4C and 4C0). The 4 � 107 GC/eye
group showed staining mainly in RPE cells and the inner segment/out
segment (IS/OS) layer, with scattered fluorescence in the outer nu-
clear layer (ONL), outer plexiform layer (OPL), and inner nuclear
layer (INL) (Figures 4D and 4D0). The 4� 108 GC/eye group showed
staining in the RPE, IS/OS layer, ONL, OPL, INL, and inner plexiform
layer (Figures 4E and 4E0). The 4� 109 GC/eye group showed a much
more extensive staining in the RPE and the whole retina layers,
including the ganglion cell layer. In addition, retinal sections of 4 �
106, 4 � 107, and 4 � 108 GC/eye treated eyes were stained locally,
and 4 � 109 GC/eye showed extensive staining of the whole retina
and obvious segmental retinal degeneration, which was proposed to
be related to the toxicity of the high dose of vector (Figures 4F and
4F0). The extent of the transduction depends on the injection itself,
but the dose of AAVwill affect the transduced portion in the injection
area.
Molecular
Safety of AAV8-nVEGFi in C57BL/6J mice at different doses

To evaluate the potential toxicity of AAV8-nVEGFi to the retina, PBS
and AAV8-nVEGFi from 4 � 106 to 4 � 109 GC/eye were delivered
subretinally to C57BL/6J male mice at 4 weeks of age. Meanwhile,
AAV8-aflibercept or AAV8-EGFP at 4 � 108 or 4 � 109 GC/eye
was injected as a control. Subsequently, full-field scotopic electroret-
inography (ERG) was performed at 4 weeks and 12 weeks after the in-
jection, and mice were sacrificed for light microscopy evaluation
immediately after the second ERG analysis.

We found a significant dose-related decrease in ERG amplitudes in eyes
treated with AAV8-nVEGFi, AAV8-aflibercept, and AAV8-EGFP.
Eyes injected with AAV8-nVEGFi at the higher dose (4 � 109 GC/
eye) resulted in a decrease in both b-wave (�52.8%, p < 0.001) and a-
wave amplitudes (�34.6%, p > 0.05) at 4 weeks post injection. The
decrease in ERG was more pronounced at 12 weeks post injection,
with a 60.1% (p < 0.01) decrease in b-wave amplitude and a 70.1%
(p < 0.0001) decrease in a-wave amplitude. Eyes injected with AAV8-
nVEGFi at 4� 106, 4� 107 or 4� 108 GC/eye showed no deterioration
in ERG (Figure 5A). However, eyes treated with AAV8-aflibercept and
AAV8-EGFP revealed a deteriorated ERG at both 4� 108 and 4� 109

GC/eye, with b-wave amplitude decreased by 66.4% in AAV8-afliber-
cept at 4 � 108 GC/eye, 83.0% in AAV8-aflibercept at 4 � 109 GC/
eye, 85.5% in AAV8-EGFP at 4 � 108 GC/eye and 96.6% in AAV8-
EGFP at 4� 109 GC/eye 12 weeks post injection (Figure 5A).

Consistently, no significant retinal tissue abnormality was found in
eyes treated with 4� 106, 4� 107, or 4� 108 GC/eye AAV8-nVEGFi
compared to PBS (Figures 5B and S3). However, eyes treated with 4�
109 GC/eye presented with locally extensive ONL thinning, which was
also present in eyes treated with AAV-aflibercept at 4 � 109 GC/eye
and AAV-EGFP at 4 � 108 and 4 � 109 GC/eye (Figures 5B and S4).
In summary, dose levels of AAV8-nVEGFi from 4 � 106 to 4 � 108

GC/eye GC/eye were well tolerated. AAV8-nVEGFi at 4 � 109 GC/
eye, AAV8-aflibercept and AAV-EGFP at 4 � 108 and 4 � 109 GC/
eye were associated with progressive reductions in ERG signals and
retinal atrophy.
Therapy: Methods & Clinical Development Vol. 24 March 2022 213
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Figure 3. CNV inhibition of AAV8-nVEGFi

(A) Study design and timeline of the experimental setup

used to assess the in vivo efficacy, safety, and expression

of AAV8-nVEGFi. Mice were subretinally injected with 1 mL

PBS, AAV8-nVEGFi at 4 � 106, 4 � 107, 4 � 108, or 4 �
109 GC/eye, or AAV8-aflibercept at 4 � 108 or 4 � 109

GC/eye at 4 weeks of age. For the efficacy study, 4 weeks

after injection, mice were treated with laser photocoagu-

lation. For the aflibercept and nVEGFi protein treated

groups, mice were intravitreally injected with 2.5 mg/eye

aflibercept or an equimolar dose of nVEGFi protein

immediately after laser treatment at 8 weeks of age. More

than 8 eyes were used in each group. Six days after laser,

FFA was performed. Seven days after laser photocoagu-

lation, RPE-choroid-sclera complexes were prepared for

IB4 staining and evaluation of the CNV area. For safety

and expression studies, mice did not receive laser

photocoagulation. ERG was performed 4 and 12 weeks

after injection, and eyes were collected for expression and

histology studies 12 weeks after injection. (B) Represen-

tative fundus photographs (FP) and FFA taken 5 and

10 min after fluorescein injection for mice at 6 days after

laser photocoagulation. (C) Representative CNV staining

with IB4 in mouse eyes 7 days after laser photocoagula-

tion. Scale bars, 75 mm. (D) The CNV area. Data are ex-

pressed as the median (Q25, Q75), n > 13 burns for each

group. Differences amongmultiple groupswere examined

by the Kruskal-Wallis test with post hoc Dunnett’s test:

****p < 0.0001 L; *p < 0.05; ns. nonsignificant difference.
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DISCUSSION
This study describes a novel VEGF Trap, nVEGFi, with compara-
ble anti-VEGF efficacy to aflibercept. However, the addition of the
first domain of VEGFR1 in nVEGFi resulted in a significantly
higher amount of expression than aflibercept under the same con-
ditions in vitro and in vivo. Because nVEGFi and aflibercept are
secretory proteins that work extracellularly, the amount of VEGF
Traps was first measured in the supernatant of cells transfected
with plasmids or infected with AAV. When cells were transfected
with plasmids, the amount of nVEGFi in the supernatant was 19.3
times higher than aflibercept, and when cells were infected with
AAV with plasmids, it was 25.8 times higher. The expression of
nVEGFi in cells in vitro was approximately 2.3 times higher at
the mRNA level and nearly 4 times higher at the protein level
than aflibercept. The expression of AAV8-nVEGFi in vivo was
214 Molecular Therapy: Methods & Clinical Development Vol. 24 March 2022
approximately 5.5 times higher than that of
AAV8-aflibercept at 4 � 108 GC/eye, consis-
tent with the in vitro results. The comparison
of the expression level of VEGF Traps by the
amounts of proteins, even transfected with the
equal molar of plasmids or same copies of vi-
rus, is complicated by the different molecular
weights of the two VEGF Traps. Aflibercept is
a dimeric glycoprotein with a protein molecu-
lar weight of 97 kDa and contains glycosyla-
tion, constituting an additional 15% of the total molecular mass,
resulting in a total molecular weight of 115 kDa. nVEGFi is also
a dimeric protein with a protein molecular weight of approxi-
mately 125 kDa, which is approximately 1.3 times that of afliber-
cept. Even when the greater molecular weight is taken into consid-
eration, adding domain 1 of VEGFR1 can boost the expression
and, more predominantly, secretion of VEGF Trap. However, it
is unknown why expression and secretion have improved.

The nVEGFi was designed based on the extracellular domains of
VEGFR1, which have a higher VEGF-A binding affinity than
VEGFR2 and can also bind to VEGF-B and PlGF.23 The second
domain of VEGFR1 contains critical determinates required for
the interaction with VEGF and PlGF, but full binding requires
the additional presence of flanking domains 1 and 3, which can
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be substituted by the homologous domains of other VEGF recep-
tors.24,25 Holash et al.22 reengineered VEGF-Traps and found that
aflibercept, containing VEGFR1 domain 2 and VEGFR2 domain 3,
was one of the most potent and effective VEGF blockers among a
group of VEGF Traps because of its improved pharmacokinetic
profile and high binding affinity to VEGF.22 VEGF-Grab, contain-
ing the second and third domains of VEGFR1 fused to human
IgG1 Fc, was developed with stronger antiangiogenic efficacy
than aflibercept.26 We designed nVEGFi, consisting of domains
1 and 2 of VEGFR1 and domain 3 of VEGFR2, and found that
it had a higher expression and noninferior VEGF binding affinity
and inhibition properties than aflibercept. Even though no phar-
macokinetic evaluation was performed, the intravitreal injection
of nVEGFi showed a similar CNV inhibition to aflibercept at the
equimolar dose, which indicated that nVEGFi could be another
potential anti-VEGF agent.

AAV8 was chosen to deliver nVEGFi because of its strong transduc-
tion of both RPE and photoreceptors.21 According to the fluorescence
in situ hybridization results, the RPE is the first transduced cell at the
lower dose of AAV8-nVEGFi. The whole retina could be transduced
at a higher dose, which is in line with a previous study.21 Both retinal
cell-type-specific promoters and ubiquitous promoters have been em-
ployed in gene therapy of ocular diseases.27 In most clinical trials of
gene therapy for nAMD, ubiquitous promoters, including CB7/
CAG, CMV and CAG, were used, which can drive much higher
gene expression than many tissue-specific promoters.18,28,29 Tissue-
specific expression has also been evaluated in mice to express miR-
NAs or proteins in specific cells, usually RPE, to downregulate angio-
genesis to treat nAMD.30–32 In addition, inducible regulation of trans-
gene expression could be a promising approach for regulating anti-
VEGF agent dose to fit the patient-specific effective dose.31,33 Despite
gene augmentation or gene silencing, gene knockout by the CRISPR/
Cas system showed the potential to ablate pathologic angiogenesis
and treat nAMD.34–37

The two most common ways to deliver AAV are intravitreal and sub-
retinal injections. Subretinal injection leads to superior retinal gene
transfer compared with intravitreal injection in nonhuman pri-
mates.38,39 Moreover, intravitreal injection causes increased and
persistent distribution of vector genomes in blood and lymphatic tis-
sues, raising concerns regarding the immune response and off-target
transduction.38,40 In this case, subretinal injection of AAV8-nVEGFi
was used in this study. Currently, subretinal injection involves vitrec-
tomy surgery, which is subject to potential complications.41 A novel
method of subretinal injections using transscleral microneedles elim-
inates the need for vitreoretinal surgery, simplifying the procedure
and reducing the risks associated with the procedure,42 which could
be considered for further experiments in nonhuman primates and
clinical trials. Suprachoroidal injection could provide widespread
transgene expression in the RPE but might lead to localized inflam-
mation in rhesus macaques.42,43 This approach is now under evalua-
tion in clinical trials for nAMD (NCT04514653) and diabetic retinop-
athy (NCT04567550).
Molecular
The capsid, promoter, nature of the transgene, other cis regulatory
factors and delivery approach all have a role in the effectiveness of
transduction and transgenic expression. Thus, the effective dose
threshold needs to be established for each vector, administered route,
and target tissue. The increase in the expression level of AAV8-
nVEGFi at the three lower doses showed a linear increasing trend;
however, the nVEGFi level in eyes treated with 4 � 109 GC was
approximately 1.2 times higher than that of eyes treated with 4 �
108 GC. Liu et al.28 showed a lower expression of a high dose of
AAV8-antiVEGFfab than a low dose. According to the toxicity results
in this study, segmental dystrophy caused by a high AAV dose might
be one of the explanations. Based on the expression assay and CNV
area inhibition study, the minimum effective dose of subretinally in-
jected AAV8-nVEGFi for nAMD treatment in mice should be in the
range between 4� 107 and 4� 108 GC/eye. Although it is difficult to
compare the effective doses from different experiments, this dose be-
tween 4� 107 and 4� 108 GC/eye for mice is relatively low, since the
effective dose for subretinal injection in mice is typically 1 � 108 to
1 � 1010 GC/eye.44–46 In this study, AAV8-aflibercept at 4 � 108

GC/eye performed worse than AAV8-nVEGFi at 4 � 108 GC/eye
in reducing CNV areas (63.8% vs. 78.3%, p < 0.05), and it appeared
that even AAV8-aflibercept at 4 � 109 GC/eye performed worse
than AAV8-nVEGFi at 4 � 108 GC/eye (67.8% vs. 78.3%), even if
the difference was not statistically significant. This is consistent
with the expression results in vivo, where the expression of VEGF
Trap in AAV8-aflibercept at 4 � 109 GC/eye was much lower than
that in AAV8-nVEGFi at 4 � 108 GC/eye (1,309 ± 695.6 vs.
3,503 ± 856.9 ng/eye).

The use of AAV in the clinic demonstrated the virus’s safety pro-
file.41 Nonetheless, it is known that AAV-mediated gene therapy of
the retina can induce retinal toxicity at high doses. The nature of
the transgene and the type of promoter, in addition to the AAV
input dose, all have a role in determining the extent of retinal
toxicity, which can be entirely avoided at low doses.47,48 Although
subretinal injection can cause traumatic retinal lesions, it tends to
cause focal retinal perforation with disorganization of the ONL to
complete retinal rupture.49 Retinal thinning and retinal function
impairment, observed in this study, have also been observed before
in mice, dogs, and nonhuman primates and coincided with but not
always limited to the region of the subretinal injection and ap-
peared to be dose related.47,49,50 It is unclear how AAV-mediated
gene therapy triggers retinal toxicity. A direct host cell response to
transgene expression or vector uptake, indirectly from harmful im-
mune responses to the vector or the transgene product, or a com-
bination of both are hypotheses of the mechanism.51 High doses of
AAV expressing no transgene (“null”) have been shown to lead to
retinal toxicity.48 Different transgenes can cause varying degrees of
damage to the retina, implying that both the capsid and the trans-
gene play a role in toxicity.47 In this study, we evaluated the safety
of AAV8-nVEGFi, AAV8-aflibercept and AAV8-EGFP by ERG
and retinal histology. The dose of each AAV appeared to be the
deciding factor in the level of retinal toxicity, demonstrating that
lowering the effective dose of AAV by increasing transgene
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Figure 4. Expression of nVEGFi or aflibercept

12 weeks after subretinal injection of AAV8-nVEGFi

or AAV8-aflibercept in mice

Twelve weeks after a single subretinal injection of PBS,

AAV8-nVEGFi at 4� 106, 4� 107, 4� 108, or 4� 109 GC/

eye, or AAV8-aflibercept at 4� 108 or 4� 109 GC/eye, the

eyes of the mice were enucleated. (A) The amount of

nVEGFi or aflibercept was quantified in individual eye

homogenates by ELISA. Data are expressed as mean ±

SD, at least n = 8 for each group. (B–F) Detection of

nVEGFi mRNA in retinal sections treated with PBS or

AAV8-nVEGFi by in situ hybridization. Magnified views of

the boxed region (B0–F0) are shown. (B and Bʹ) PBS; (C and

Cʹ) AAV8-nVEGFi at 4 � 106 GC/eye; (D and Dʹ) AAV8-

nVEGFi at 4� 107 GC/eye; (E and Eʹ) AAV8-nVEGFi at 4�
108 GC/eye; (F and Fʹ) AAV8-nVEGFi at 4 � 109 GC/eye.

Scale bars, 250 mm for low power; 50 mm for high power.
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expression is an efficient strategy to reduce retinal toxicity. How-
ever, the damage caused by different AAVs at the same dose
differed, and AAVs encoding EGFP were more toxic with deterio-
rated ERG and retinal thinning, which has been reported previ-
ously.47 Interestingly, AAV encoding aflibercept was more hazard-
ous than AAV expressing nVEGFi according to ERG, although it
had a lower expression level, implying that nVEGFi is safer for
the retina than aflibercept.

In conclusion, a novel VEGF Trap, nVEGFi, was developed with a
comparable capacity to bind and block VEGF in vitro and in vivo.
The most notable feature of nVEGFi is its significant expression
augmentation, which reduces the effective dose when delivered by
AAV in vivo and improves the safety profile of gene therapy. The pre-
clinical dose-escalation study demonstrated that AAV8-nVEGFi has
long-term expression and can inhibit CNV safely and effectively in a
mouse model.
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MATERIALS AND METHODS
Plasmid construction

Aflibercept and the nVEGFi gene were codon
optimized and synthesized by Genewiz, and
the sequences are presented in the supplemental
information. To construct the AAV vector, the
codon optimized aflibercept or nVEGFi gene
was subcloned into a parental cis plasmid con-
taining the CB7 promoter, chicken b-actin
intron, kozak sequence, and bGH polyadenyla-
tion sequence flanked by AAV2 ITRs, yielding
the pAAV-aflibercept and pAAV-nVEGFi
plasmid vectors, respectively. The pAAV-
EGFP plasmid was constructed by replacing
the nVEGFi gene of pAAV-nVEGFi with
EGFP, serving as a negative control. All con-
structed plasmids were verified by sequencing.

VEGF traps
The nVEGFi gene was subcloned in pATX2 to construct an expres-
sion vector, pATX2-nVEGFi. One liter of HEK293F cells was trans-
fected with pATX2-nVEGFi. Culture medium was collected on the
sixth day post transfection. Then, the culture medium was pooled
and filtered through a 0.22 mm membrane and loaded onto the col-
umn with Protein G resin (Smart Lifesciences). The resin was then
washed with 10 column volumes of PBS (pH 7.5). The nVEGFi pro-
tein was eluted from the resin with 0.1 M glycine (pH 2.7) and
neutralized with 1 M Tris-HCl (pH 8.5). The commercial anti-
VEGF antibody aflibercept (Eylea, 2 mg/0.05 mL) was purchased
from Bayer Pharmaceuticals.

Plasmid transfection

HEK293 cells (ATCC) were cultured with DMEM (Gibco) supple-
mented with 10% fetal bovine serum (FBS) (PAN Biotech) and
100 U/mL penicillin/streptomycin at 37�C with 5% CO2. One day
before transfection, HEK293 cells were seeded into 6-well plates at



Figure 5. In vivo retinal toxicity evaluation of AAV8-nVEGFi

Mice were subretinally injected with PBS, AAV8-nVEGFi at 4� 106, 4� 107, 4� 108, or 4� 109 GC/eye, or AAV8-aflibercept or AAV8-EGFP at 4� 108 or 4� 109 GC/eye at

4 weeks old. (A) Scotopic ERG was performed at 4 and 12 weeks after injection. The b-wave and a-wave amplitudes with the stimulus at 1.2 log cd s/m2 of each group were

analyzed. Data are shown asmean ± SEM, n = 4 for PBS, n = 5 for other groups. One-way ANOVA and post hocDunnett’s test were used for comparisons to the PBS control

group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (B) Representative photomicrographs of retinas treated with AAV8-nVEGFi 12 weeks after injection. Retinas from

the PBS control, 4� 106, 4� 107, and 4� 108 GC/eye dose groups showed no significant structural abnormalities (see also in Figure S3). The retina treated with 4� 109 GC/

eye showed predominant, locally extensive ONL thinning, with retinal detachment. Scale bars, 250 mm for low power; 25 mm for high power.
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1 � 106 cells per well. Twenty-four hours later, cells were transfected
with 360 fmol pAAV-aflibercept, pAAV-nVEGFi or pAAV-EGFP us-
ing polyethylenimine (PEI) at a 1:2 ratio of DNA:PEI in FBS-free
DMEM with 100 U/mL penicillin/streptomycin. After 4 h, the me-
dium was replaced with 1 mL FBS-free DMEM with 100 U/mL peni-
cillin/streptomycin. For ELISA and western blot, culture medium or
cells were harvested 48 h after transfection. For real-time qPCR, cells
were harvested 24 h after transfection.

Real-time qPCR

Total RNA was extracted from cells with an RNAprep pure cell kit
(Tiangen) according to the manufacturer’s instructions. Then, RNA
was reverse transcribed to cDNA using the PrimeScript RT reagent
Kit with gDNA eraser (perfect real time) (Takara) according to the
manufacturer’s instructions. DNase was used in RNA extraction
and transcription to ensure elimination of DNA contamination.
Molecular
Quantitative PCR was performed with TB Green Premix Ex Taq II
(Takara). Primers for VEGF Trap (nVEGFi and aflibercept) and
beta-actin genes are presented in the supplemental information.
The qPCRs were run in triplicate for each gene per sample. The spec-
ificity of the qPCR was confirmed by detection of a single distinct
peak on examination of the dissociation curve profile of the reaction
product. The relative gene expression was calculated using the66Ct
method.52 Target gene expression was normalized to the house-
keeping reference gene beta-actin and then compared to the control
(pAAV-aflibercept).

ELISA

Levels of VEGF-Traps in cell supernatant were measured 48 h after
transfection. Levels of VEGF-Traps in eyes were measured 12 weeks
after injection. Eyes were homogenized in 200 mL radioimmunopre-
cipitation assay buffer with a bead mill homogenizer (OMNI
Therapy: Methods & Clinical Development Vol. 24 March 2022 217
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international, Inc.). The concentration of nVEGFi or aflibercept was
measured by ELISA using known concentrations of purified nVEGFi
or aflibercept (Bayer Pharmaceuticals) to generate standard curves.
Briefly, ELISA plates were coated with 100 mL human VEGF-A165

(1 mg/mL) in carbonate/bicarbonate buffer at 4�C overnight. Plates
were washed four times with PBST (0.1% Tween in PBS) and blocked
with 5% BSA in PBST for 2 h at 37�C. Plates were washed four times
with PBST, and samples were added to the wells and then incubated
for 2 h at 37�C. After washing four times with PBST, plates were incu-
bated with goat anti-human IgG Fc (HRP conjugate) (Sigma-Aldrich)
diluted 1:30,000 at 37�C for 1.5 h. After 4 washes with PBST, the sub-
strate was developed with 3,30,5,50-tetramethyl benzidine (NeoBio-
science) at room temperature (RT) for 20 min, and then 100 mL
ELISA stopped solution was added (Solarbio). Plates were read by
Multiskan Sky (Thermo Fisher Scientific) at 450 nm and 570 nm.

Western blot

Cell supernatants (10 mL) and lysated (20 mg) from transfected
HEK293 cells were analyzed by Western blot under nonreduced or
reduced conditions. Aflibercept and nVEGFi proteins were detected
by anti-VEGF receptor 1 antibody (Abcam) diluted 1:2,000. Beta-
actin was detected by rabbit monoclonal anti-beta actin antibody
(Proteintech) diluted 1:10,000. Briefly, samples were separated by
SDS-PAGE and transferred to PVDF membranes. The membranes
were blocked with 5% non-fat milk in TBST at RT for 2 h and then
incubated with primary antibodies at RT for 2 h. Membranes were
washed three times in TBST, and HRP-conjugated goat anti-rabbit
IgG (Zsbio) diluted 1:10,000 was incubated. The protein bands
were visualized via Immobilon western chemiluminescent HRP sub-
strate (Millipore). Quantification of bands was performed using Im-
ageJ (Image Processing and Analysis in Java; the National Institutes
of Health). The amount of nVEGFi in cell lysates was normalized
to beta-actin.

AAV8 vector production

All AAV8 vectors were produced by triple plasmid transfection of
HEK293 cells as previously described.53 The genome titer (GC/mL)
of the AAV8 vector was determined by digital droplet polymerase
chain reaction (ddPCR) using forward primer 50-TAGTTGCCAGC-
CATCTGTTG-30, reverse primer 50-TAGGAAAGGACAGTGG-
GAGT-30, and probe 50-Fam-CCCGTGCCTTCCTTGACCCT-
BHQ-3ʹ.54 All vectors used in this study passed the endotoxin assay
using the endpoint chromogenic endotoxin test kit (Xiamen Bioendo
Technology Co., Ltd.).

AAV transduction in vitro

HEK293 cells were seeded into 96-well plates at a density of 5 � 105

cells/well in 200 mL DMEM containing 10% FBS and 100 U/mL peni-
cillin/streptomycin. The cells were allowed to adhere for 24 h. After 24
h, cells were infected with wild-type adenovirus (H5 serotype, ATCC)
at a multiplicity of infection (MOI) of 30 GC/cell. Two hours post-
infection with adenovirus, cells were transduced with AAV8 vectors
at an MOI of 6 � 105 GC/cell in 100 mL FBS-free DMEM with
100 U/mL penicillin/streptomycin. After 4 h, the infection medium
218 Molecular Therapy: Methods & Clinical Development Vol. 24 March
was replaced with 100 mL DMEM containing 10% FBS and 100 U/
mL penicillin/streptomycin. Three days post AAV8 infection, all
the cell supernatant was collected, and the protein expression was
determined by ELISA.

Surface plasmon resonance

SPR experiments were performed on a Biacore 8K (GE Healthcare)
instrument using the Series S Sensor CM5 chip (GE Healthcare) at
RT. The running buffer was filtered HBS-EP+ (10 mM HEPES,
150 mMNaCl, 3 mM EDTA, 0.05% polysorbate 20, pH 7.4). The sur-
face of the CM5 chip was activated with standard amine coupling re-
agents, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide and N-hy-
droxysuccinimide. The ligands (nVEGFi and aflibercept) were
diluted to 10 mg/mL with fixative reagent (10 mM sodium acetate,
pH 5.0) and immobilized on the surface of a CM5 chip for 90 s. A
range of concentrations of analytes (1.5625–25 nM for VEGF-A165

and 1.5625–50 nM for PlGF) were individually injected into the
experimental channel and reference channel at a flow rate of 30 mL/
min with a binding time of 120 s and a dissociation time of 600 s.
The activated coupled chip surfaces were then washed with 10 mM
glycine HCl, pH 1.5, to remove uncoupled residual proteins. The
KD value of each antibody was calculated using analysis software.

VEGF-binding assay

The binding affinities of nVEGFi and aflibercept were measured by a
human VEGF ELISA kit (Novus Biologicals) to detect residual un-
bound human VEGF in mixtures of nVEGFi or aflibercept (0.05–
400 pM) with human VEGF-A165 (R&D Systems) (at a final concen-
tration of 10 pM) and incubated at RT overnight. VEGF concentra-
tion (pM) was plotted as a function of increasing anti-VEGFmolecule
concentration (pM).

HUVEC proliferation assay

HUVECs (ScienCell Research Laboratories) were expanded through
five passages in EGM-2 media (Lonza). HUVECs were seeded at
6 � 103 cells per well in a 96-well culture plate and incubated over-
night in M199 (Gibco) starvation media (M199, 5% FBS). The
following day, fresh M199 media supplemented with 20 ng/mL re-
combinant human VEGF-A165 (R&D Systems) and 1,100 pM afliber-
cept, nVEGFi protein or nVEGFi from the supernatant of HEK293
cells transfected with pAAV-nVEGFi were added. The concentration
of nVEGFi in the supernatant of HEK293 cells transfected with
pAAV-nVEGFi was measured by ELISA. HUVECs were incubated
for 72 h followed by the addition of MTS reagent cell titer 96 aqueous
one solution (Promega) and incubation for another 3 h. Absorbance
was measured at OD490 with Multiskan Sky (Thermo Fisher
Scientific).

Animals

Male C57BL/6J mice were purchased from Chengdu Dossy Experi-
mental Animals Co., Ltd. and group-housed at four to six animals
per cage in a temperature- and humidity-controlled, specific-path-
ogen-free animal facility at 25�C under a 12 h–12 h light–dark cycle
with free access to food and water. Unless otherwise stated, mice were
2022



www.moleculartherapy.org
anesthetized with intraperitoneal ketamine (80 mg/kg) and xylazine
(12 mg/kg) in this study. The pupils were dilated with an eye drop
containing 0.5% tropicamide and 0.5% phenylephrine hydrochloride.
Animal experiments were approved by the Institutional Animal Care
and Concern Committee at Sichuan University, and animal care was
in accordance with the committee’s guidelines.

Subretinal injection and intravitreal injection

Mice were subjected to bilateral, subretinal injection with AAV8-
nVEGFi, AAV8-aflibercept, AAV8-EGFP, or PBS at 4 weeks of age.
After anesthesia by isoflurane inhalation and pupil dilation, a limbal
hole was made with a 31G needle under a stereomicroscope. Then, a
blunt 33G needle (Hamilton) was inserted through the hole and
directed toward the subretinal space, avoiding lens damage. Each
eye was given 1 mL AAV8-nVEGFi at a titer of 4 � 106, 4 � 107,
4 � 108 or 4 � 109 GC/mL, AAV8-aflibercept or AAV8-EGFP at a
titer of 4� 108 or 4� 109 GC/mL, or PBS. Immediately after injection,
a retinal imaging microscope (Micron IV, Phoenix Research Labs)
was used to observe the fundus. Injections creating subretinal blebs
without massive vitreous or subretinal hemorrhage were considered
to be successful. After the examination, ofloxacin eye ointment was
applied to the cornea. For the aflibercept (2.5 mg, 2 mL) and nVEGFi
protein (3.25 mg, 2 mL) treated groups, the mice were bilaterally intra-
vitreally injected immediately after laser photocoagulation at 8 weeks
of age. The process of intravitreal injection was similar to that of sub-
retinal injection, except for injecting the medicine into the vitreous
cavity rather than the subretinal space. All the AAV, aflibercept,
and nVEGFi proteins used for intraocular injection were diluted
with PBS.

Fluorescent in situ hybridization

Mice were euthanatized 12 weeks after injection. Eyes were enucleated
and fixed in 4% paraformaldehyde (PFA)/PBS at RT for 6 h. PFA/
PBS-fixed eyes were dehydrated in ethanol, cleared in xylene, and
embedded in paraffin. In situ hybridization was performed on
paraffin-embedded retinal sections using the ViewRNA ISH Tissue
Assay Kit (Thermo Fisher Scientific) with a custom designed nVEGFi
probe (CVX-01, assay ID: VP47VRZ, Thermo Fisher Scientific) ac-
cording to the manufacturer’s instructions. Briefly, paraffin sections
were deparaffinized at 60�C for 4 h and washed in xylene and 100%
ethanol. Tissue was incubated with 1� pretreatment solution at
95�C for 5 min, followed by protease digestion at 40�C for 20 min.
Sections were fixed with 4% PFA for 5 min and incubated with alka-
line phosphatase-conjugated nVEGFi probes at 40�C for 2 h.
Following a 2 h incubation, sections were washed and placed in stor-
age buffer overnight. Fluorescently labeled substrate (Fast Red) was
used to detect nVEGFi probes. Slides were costained with DAPI
and imaged using a confocal laser microscope (Nikon).

Laser-induced CNV

Laser induction of CNV in mice was performed by an image-guided
laser system (Micron IV, Phoenix Research Laboratories) in accor-
dance with the method described by Gong et al.55 After anesthesia
and pupil dilation, 2.5% Hypromellose was applied to the mouse
Molecular
cornea. The laser settings were as follows: wavelength, 532 nm; diam-
eter, 50 mm; duration: 70 ms; and power, 260 mW. Three of four laser
burns were induced around the optic disc. The distance between two
laser burns and between the laser burn and the optic disc was approx-
imately double the diameter of the optic disc. The success of the oper-
ation was confirmed by the formation of a bubble and haze area
around the lesion immediately after lase photocoagulation. Eyes
with significant subretinal or vitreous hemorrhage were excluded.

FFA

FFA was performed 6 days after laser photocoagulation with a retinal
imaging microscope (Micron IV, Phoenix Research Laboratories).
After anesthetization and pupil dilation, mice were intraperitoneally
injected with 200 mL 1% fluorescein (Alcon). At 5 and 10 min after
fluorescein injection, fluorescein fundus images were taken.

Immunostaining of RPE and choroidal flat-mounts

Mice were euthanized 7 days after laser photocoagulation. Eyes were
enucleated and fixed in 4% PFA/PBS at RT for 1 h. RPE complexes
(RPE/choroid/sclera) were prepared and permeabilized with 0.1%
Triton X-100 at RT for 1 h. Then the RPE complexes were stained
with 10 mg/mL IB4 (isolectin GS-IB4 from Griffonia simplicifolia,
Alexa Fluor 594 conjugate, Thermo Fisher Scientific) overnight at
RT. After washing with PBS 3 times, the RPE complexes were flat
mounted with the scleral side down and viewed with a fluorescence
microscope (DFC7000 T, Leica) at a magnification of 20�. The
CNV area was measured using ImageJ (National Institutes of Health)
by blind observers.

ERG

Scotopic ERG was measured 4 weeks and 12 weeks post subretinal in-
jection. ERG was recorded under the manufacturer’s instructions of
the Phoenix Ganzfeld ERG (Phoenix Research Labs). Briefly, mice
were dark adapted for 16 h and then all the preparations were oper-
ated under dim red light. After anesthesia, mice were placed on a heat-
ing pad to maintain body temperature. The pupils were dilated. The
reference electrode was placed subcutaneously in the forehead be-
tween the ears, and the ground electrode was placed subcutaneously
in the tail. A corneal electrode was placed on the cornea after applying
2.5% Hypromellose. ERG was recorded with stimulus intensity at 1.2
log cd s/m2.

Hematoxylin and eosin

Eyes were enucleated and fixed in 4% PFA/PBS at RT for 6 h. PFA/
PBS-fixed eyes were dehydrated in ethanol, cleared in xylene, and
embedded in paraffin. Paraffin-embedded retinas were sectioned at
5 mm and stained with hematoxylin and eosin according to standard
protocols for light microscopy and photomicrography (Leica).

Statistical analysis

Data are presented as mean ± SD in Figures 1, 2 and 4, as median
(P25, P75) in Figure 3, and as mean ± SEM in Figure 5. GraphPad
Prism (University of California, San Diego, California) was used to
perform statistical analysis and make figures. Comparisons were
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considered statistically significant when p < 0.05. The Student t test
was used to analyze the difference between two groups in Figure 1.
One-way ANOVA analysis with Tukey’s post hoc test was used in Fig-
ures 2B and 4A. The nonparametric Kruskal-Wallis with post hoc
Dunnett’s test were used to analyze the differences in CNV area
among different groups in Figure 3E. The comparison of ERG among
different groups in Figure 5A was carried out by one-way ANOVA
and post hoc Dunnett’s test.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
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