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Retinal neovascularization (NV) may lead to irreversible vision
impairment, the main treatment for which is the inhibition of
vascular endothelial growth factor (VEGF). Existing drugs show
limited clinical benefits because of their high prices and short
half-lives, which increase the financial burden and medical risks
to patients. Gene therapy on the basis of adeno-associated viruses
is a promising approach to overcome these limitations because
of the nonintegrative nature, low immunogenicity, and potential
long-term gene expression of adeno-associated viruses. In this
study, we constructed a novel recombinant adeno-associated
virus with the single-chain fragment variable (scFv) fragment
of the anti-VEGF antibody, AAV2-antiVEGFscFv, consisting
of the VH and VL structural domains of IgG. AAV2-
antiVEGFscFv effectively inhibited NV, retinal leakage, and
retinal detachment in oxygen-induced retinopathy (OIR) mice,
Tet/opsin/VEGF double-transgenic mice, and VEGF-induced
rabbit NV models. AAV2-antiVEGFscFv also significantly sup-
pressed VEGF-induced inflammation. Furthermore, we showed
that AAV2-antiVEGFscFv could be sustainably expressed for a
prolonged period and exhibited low immunotoxicity in vivo.
This study indicates that AAV2-antiVEGFscFv could be a poten-
tial approach for NV treatment and provides strong support for
preclinical research.

INTRODUCTION
Retinal neovascularization (NV) is associated with a variety of retinal
diseases, such as neovascular age-related macular degeneration
(nAMD), retinopathy of prematurity (ROP), and pathologicalmyopia.1

NV can cause severe tissue edema, hemorrhage, fibrotic scar formation,
retinal detachment, and other pathological changes, resulting in loss of
central vision, visual distortion, and reduced contrast sensitivity, even-
tually progressing to irreversible vision loss and blindness.2,3

NV shares similar characteristics with pathological angiogenesis else-
where in the body, exhibiting features including hypoxia, endothelial
proliferation andmigration, elevated vascular permeability, and inflam-
mation, all processes in which vascular endothelial growth factor
(VEGF)plays a crucial role.4Hence,VEGF is a key target for therapeutic
intervention in the treatment of patients with NV-associated diseases.
Currently available anti-VEGF drugs include ranibizumab, brolucizu-
mab, aflibercept, and conbercept, which are widely used in the treat-
ment of patients with NV and retinal leakage.5 However, their high pri-
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ces and short half-lives limit the clinical benefits of existing anti-VEGF
drugs. Patients need intraocular injections of anti-VEGF drugs every 1
to 3 months to maximize and maintain efficacy, a process that imposes
heavyfinancial burden and highmedical risks on patients.6 Therefore, it
is necessary todevelop an anti-VEGFdrugwith a sustainable expression
pattern and reduce the frequency of administration.

Adeno-associated virus (AAV) vectors are an appealing platform
because of their nonintegrative nature, low immunogenicity, and
long-term gene expression.7,8 Early results from the most recent
anti-VEGF gene therapy clinical studies, one using surgical subretinal
delivery carried out in the operating room (RGX-314), one using in-
office IVI (ADVM-022),9,10 and the other IVI AAV-based gene ther-
apy designed to express aflibercept (4D-150) (NCT05197270), have
shown efficacy and a good safety profile in clinical trials for nAMD
and demonstrated the potential of one-time gene therapy to provide
long-lasting control of NV-associated diseases.7,11

In this study,wedeveloped anovel recombinantAAV-based therapy for
NV, AAV2-antiVEGFscFv, which was optimized for efficient and long-
termprotein expression.After assessing its activity in vitro, we evaluated
the therapeutic efficiency of AAV2-antiVEGFscFv in oxygen-induced
retinopathy (OIR) mice, Tet/opsin/VEGF double-transgenic mice, and
a VEGF-induced rabbit NVmodel.We also evaluated the sustainability
of expression and immunotoxicity of AAV2-antiVEGFscFv in C57BL/
6J mice. The results of this study support further preclinical research of
AAV2-antiVEGFscFv vector as potentially safe and effective long-term
treatment option for NV-associated diseases.

RESULTS
Construction and in vitro testing of AAV2-antiVEGFscFv

AAV2-antiVEGFscFv uses the AAV serotype 2 (AAV2) capsid as a vec-
tor for delivering and encoding the antiVEGFscFv antibody, a VEGF
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Figure 1. Construction and in vitro testing of AAV2-antiVEGFscFv

(A) Schematic representation of AAV2-antiVEGFscFv vector. ITR, inverted terminal repeat of AAV2. CBA, CBA promoter. antiVEGFscFv, single-chain antibody. bGH-pA,

bovine growth hormone polyadenylation signal. (B) Demonstrating the expression of antiVEGFscFv antibodies secreted by AAV2-antiVEGFscFv-transduced cells by western

blot. HEK293T cells were transduced by AAV2-antiVEGFscFv or a control empty vector. (C) Antigen specificity of antiVEGFscFv antibodies secreted by AAV2-antiVEGFscFv-

transduced cells. 293T cells were transduced by AAV2-antiVEGFscFv at differentMOIs or a control empty vector, and the supernatants were assayed for activity using ELISA.

The plates were coatedwith hVEGF. (D) Measurement of 490 nm values of HUVECs in 96-well plates 1 h after added CCK8 reagent at 48 h after treatment with vehicle (blank),

exogenous VEGF (50 ng/mL) on its own or combined with empty vector (MOI = 1:100,000), brolucizumab (2 mg/mL, 200 ng/mL, or 20 ng/mL), or AAV2-antiVEGFscFv (MOI =

1:500,000, MOI = 1:50,000, and MOI = 1:5,000). (E) Representative images of HUVEC wound healing assays were acquired at 0, 6, 12, and 24 h after treatment with vehicle

(blank), exogenous VEGF (50 ng/mL) on its own or combined with empty vector (MOI = 1:100,000), brolucizumab (100 ng/mL), or AAV2-antiVEGFscFv (MOI = 1:100,000). (F)

Quantitative analysis of HUVEC wound healing assays at 24 h after treatment. One-way ANOVA was used for statistical analysis and data are mean ± standard error.

*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001; ns, not significant.
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antibody, in single-chain fragment variable (scFv) format.Brolucizumab
was the source of the scFv sequence. A schematic representation of the
sequenceofAAV2-antiVEGFscFv is shown inFigure1A.The cDNAen-
coding antiVEGFscFv was inserted into an expression cassette contain-
ing the cytometric bead array (CBA) promoter to drive its expression.

We validated the correct assembly using western blot and an ELISA to
detect the expression and antigen specificity of the antiVEGFscFv an-
2 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
tibodies secreted by AAV2-antiVEGFscFv-transduced human em-
bryonic kidney 293T (HEK293T) cells. As shown in the results, the
specific bands could be detected in transduced cells and cell superna-
tants by western blot, and the VEGF-binding activity could be proved
in cell supernatants using ELISA (Figures 1B and 1C). To evaluate
the anti-VEGF effect of AAV2-antiVEGFscFv in vitro, cell prolifera-
tion and migration assays were performed using VEGF-dependent
human umbilical vein endothelial cells (HUVECs). As shown in
er 2023
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Figures 1D–1F, the brolucizumab (positive control) and AAV2-
antiVEGFscFv groups had dose-dependent inhibitory effects on
HUVEC proliferation and migration. Compared with positive con-
trol, AAV2-antiVEGFscFv had better effect on cell proliferation
and a similar effect on cell migration.

Single intravitreal injection of AAV2-antiVEGFscFv suppresses

NV in OIR mice

Considering that hypoxia is one of the features of NV, the OIR mouse
model was used to evaluate the anti-angiogenesis effect of AAV2-
antiVEGFscFv in vivo.4 Pups of C57BL/6J mice at postnatal day 7
(P7) along with their nursing mothers were placed in 75% oxygen
for 5 days (P12) and then returned to room atmosphere for another
5 days (P17). The mice received intravitreal injections of 1 mL PBS
(control group), 2.5 � 108 GC empty vector, 40 mg aflibercept (posi-
tive control group), or 2.5 � 108 GC AAV2-antiVEGFscFv at P7.
Retinal vessels were investigated using whole-mount IB4 lectin stain-
ing performed at P17 (Figure 2B, lower image). Unlike normal retinal
vasculature in the control group, neovascular and avascular areas
were observed in the retinas of OIR mice. After AAV2-
antiVEGFscFv treatment, neovascular areas were markedly reduced,
comparable with those in the positive control group (Figure 2C).
However, there was no significant reduction in the avascular areas
in the AAV2-antiVEGFscFv group, similar to the positive control
group (Figure 2D). To further analyze the effect of AAV2-
antiVEGFscFv on pathologies, we performed H&E staining of mouse
eyes. Unlike the normal superficial retinal vascular network (SCP) in
the nerve fiber and inner plexiform layers of the control group, there
were abnormal blood vessels growing into the vitreous cavity and
enlarged blood vessels (Figure 2E, black arrows) within the retina
of the empty vector group and the fellow eye in the AAV2-
antiVEGFscFv group, indicating retinal NV (RNV). After the admin-
istration of aflibercept or AAV2-antiVEGFscFv, neatly arranged cells
in the nerve fiber layer and decreased abnormal SCP were observed,
suggesting an inhibitory effect of AAV2-antiVEGFscFv on RNV,
comparable with that of aflibercept.

Single intravitreal injection of AAV2-antiVEGFscFv improves

vascular pathologies in Tet/opsin/VEGF mice

Tet/opsin/VEGF double-transgenic mice, in which the tet-on system
and the rhodopsin promoter provide doxycycline-inducible expres-
sion of VEGF165, develop exudative retinal detachment within
4 days of starting 2 mg/mL doxycycline in drinking water.12

Two weeks after intravitreal injection of 2 mL PBS, 5 � 108 GC
empty vector, or intravitreal monocular injection of 5 � 108 GC
AAV2-antiVEGFscFv into Tet/opsin/VEGF double-transgenic mice,
2 mg/mL doxycycline was added to their drinking water. Ten days af-
Figure 2. AAV2-antiVEGFscFv inhibits retinal vascular neogenesis in OIR mice

(A) Schematic representation of the schedule of OIR induction, administration, and subse

P17. Below is an enlarged view of the neovascularize area. n = 5. (C) The neovasculariz

area. n = 5. (D) The avascular areas were quantified as the ratio of the central avascular

mouse eye, with black arrows indicating neovascularization. n = 5. One-way ANOVA wa

not significant. OIR, oxygen-induced retinopathy.
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ter doxycycline induction, fundus fluorescein angiography (FFA) and
optical coherence tomography (OCT) were performed to evaluate the
effect of AAV2-antiVEGFscFv on fundus vascular leakage (Fig-
ure 3A). Fluorescein leakage was evident in the eyes of Tet/opsin/
VEGF mice after induction, indicating increased vascular perme-
ability induced by doxycycline. FFA demonstrated that the size and
number areas with fluorescein outside of the blood vessels signifi-
cantly decreased in the AAV2-antiVEGFscFv group, suggesting that
AAV2-antiVEGFscFv suppressed fluorescein leakage by decreasing
vascular permeability (Figures 3B and 3C). Four days after induction,
eight of nine eyes administered an intravitreal injection of PBS and
seven of nine eyes injected with empty vector had total retinal detach-
ment. OCT suggested that unlike in the mice of PBS or empty vector
group, the retinal detachment was improved in the mice of AAV2-
antiVEGFscFv group, with only one of nine eyes exhibiting it
(Figures 3D and 3E). To further understand the pathophysiological
changes in AAV2-antiVEGFscFv treated Tet/opsin/VEGF mice, we
analyzed the histological cross-sections of these eyes. Compared
with the control group, H&E staining showed a disordered arrange-
ment of retinal cells and presented massive pathologies, including
edema (Figure 3F), significant subretinal and intraretinal hemor-
rhages, and retinal detachment, in the retina of the PBS group or
the empty vector group mice. Following treatment with AAV2-
antiVEGFscFv, the pathologies described above improved remark-
ably improved (Figure 3F).

AAV2-antiVEGFscFv reduces VEGF-induced inflammation in

Tet/opsin/VEGF mice

Recent studies have demonstrated that inflammation is an important
mechanism that promotes the formation of choroidal NV (CNV),
which is regulated by inflammatory cytokines.13,14 Considering the ef-
ficacy of AAV2-antiVEGFscFv on NV, we speculated that it could
inhibit inflammation and evaluated it inTet/opsin/VEGFmice.We first
verified the anti-VEGF effect of AAV2-antiVEGFscFv in vivo using
western blot. Compared with the PBS group or the empty vector group,
the relative expression of VEGFR2 and phosphorylated VEGFR2
(pVEGFR2) was significantly decreased in the eyes of the AAV2-
antiVEGFscFv group, indicating an inhibitory effect of AAV2-
antiVEGFscFv on VEGFR2 protein phosphorylation (Figure 4A).
Then, we performed immunofluorescence, immunohistochemistry
(IHC), and ELISA to evaluate the effect of AAV2-antiVEGFscFv
on CNV-associated inflammation in Tet/opsin/VEGF mice. Macro-
phages have been considered themain type of infiltrating inflammatory
cells in nAMD eyes.15,16 Therefore, we evaluated the macrophage
infiltration by immunofluorescence. As shown in Figure 4B, there
was obvious recruitment and infiltration of macrophage in the
retina of the PBS and empty vector groups, which was absent in the
quent analysis. (B) Representative retinal whole-mount IB4 staining of each group on

e areas were quantified as the ratio of the central avascular area to the whole retinal

area to the whole retinal area. n = 5. (E) Representative image of H&E staining of a

s used for statistical analysis, and data are mean ± standard error. ***p < 0.001; ns,
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AAV2-antiVEGFscFv group, consistentwith thepositive control group.
Furthermore, compared with the upregulated expression of the inflam-
matory factors TNF-a, IL-1, and IL-6 in the retina of the PBS group and
the empty vector group, there was a significant downregulation in the
AAV2-antiVEGFscFv group (Figures 5A and 5D). These results re-
vealed that AAV2-antiVEGFscFv suppressed VEGF-induced inflam-
mation by reducing the recruitment and infiltration of macrophages
and downregulating the expression of inflammatory factors.

Single subretinal injection of AAV2-antiVEGFscFv blocks

vascular leakage in VEGF-induced rabbit NV model

The encouraging results regarding the anti-angiogenic efficacy of
AAV2-antiVEGFscFv led us to extend the study to a rabbit NVmodel
of VEGF-induced retinal vascular leakage. Male Dutch black-banded
rabbits aged 3–6 months were selected for subretinal monocular in-
jection of 1.5 � 1010 GC empty vector orAAV2-antiVEGFscFv (day
0 [D0]). As shown in Figure 6A, we performed intravitreal monocular
injection of 50 mL (40mg/mL) aflibercept in the eye at D12, which was
used as the positive control. The fellow eye was untreated and served
as the control. Then, intravitreal injection of 50 mL (1.8 mg/eye) hu-
man-derived VEGFA165 was performed at D14 to construct the rabbit
NV model.17 To evaluate the efficacy of AAV2-antiVEGFscFv in the
rabbit NV model, the retinal vascular leakage at D17 and D21was
evaluated using FFA. After induction with human-derived
VEGFA165, there was significant vascular leakage in the eyes of the
empty vector group, regardless of whether the empty vector was
administered. Compared with the fellow eye, the vascular leakage in
the eyes treated with aflibercept or AAV2-antiVEGFscFv was remark-
ably reduced (Figures 6B–6E). In addition, the inhibitory effects of
aflibercept or AAV2-antiVEGFscFv increased with treatment time.

Long-term expression and safety of AAV2-antiVEGFscFv

Long-term expression is one of the outstanding advantages of gene ther-
apy. Therefore, on the basis of Tet/opsin/VEGF mouse model, we de-
tected the antiVEGFscFv expression in the retinas at different time
points after AAV2-antiVEGFscFv injection. As shown in Figure 7A,
antiVEGFscFv began to express at 1 week after AAV2-antiVEGFscFv-
injection, with a peak 4 weeks after injection. In addition, FFA showed
a significant inhibitory effect of AAV2-antiVEGFscFv on vascular
leakage in Tet/opsin/VEGF mouse model at 12 weeks after injection,
indicating the long-term expression of AAV2-antiVEGFscFv. Further-
more, to assess the safety of AAV2-antiVEGFscFv in vivo, we evaluated
its influence on retinal structure and function usingOCTand electroret-
inography (ERG). C57BL/6J mice at the age of 4 weeks were selected for
subretinal injection of 1 � 109 GC of empty vector, AAV2-
antiVEGFscFv, or 2 mL PBS, which was used as a control. AAV2-
Figure 3. AAV2-antiVEGFscFv efficacy experiments in Tet/opsin/VEGF transge

(A) Flowchart of the experiment. (B) Representative pictures of FFA. The area with strong

assessed using fundus fluorescein angiography (FFA). The fluorescence signal of eyes in

with PBS (n = 10) or empty vector (n = 10). (C) A quantitative statistical plot of (B), by sco

antiVEGFscFv group was not photographed because of cataracts or vitreous opacity. (D

can be observed in the PBS and Empty vector groups, but not in the AAV-injected group

n = 9. (F) Representative pictures of eye sections taken for H&E staining after executio
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antiVEGFscfv caused a bleb in the retina at the beginning of injection.
However, with the absorption of the drug, the bleb in the retina returned
tonormal anddid not differ from those in the PBS group at 4weeks after
injection (Figure 7B). In addition, there was no significant reduction in
A- and B-wave amplitudes and implicit times in the AAV2-
antiVEGFscfv group at 4 weeks after injection, indicating that AAV2-
antiVEGFscfv treatment did not affect retinal function in C57BL/6J
mice (Figure 7C). AAV-induced immune response may lead to signifi-
cant inflammation and/or deterioration of vision.18 Therefore, we de-
tected the expression of inflammatory factors in the retinas of C57BL/
6J mice to evaluate the safety of AAV2-antiVEGFscFv. Compared
with the PBS or empty vector groups, there was no significant difference
in the AAV2-antiVEGFscFv group, indicating that AAV2-
antiVEGFscFv may not cause inflammation in the retinas (Figure 7D).

DISCUSSION
Current anti-angiogenic drugs commonly used to treat NV-related
retinal diseases include bevacizumab and ranibizumab, which are
very effective at suppressing NV and retinal vascular leakage and alle-
viating visual impairment.19–22 However, the short half-lives of anti-
body drugs cause patients to frequently undergo ocular injection for
long-term treatment, seriously affecting their quality of life.6,23 There-
fore, it is necessary to find an effective means to reduce the frequency
of administration while ensuring long-term therapeutic effect and
safety. Gene therapy based on AAV vectors has the potential to over-
come these limitations because of the long-term gene expression
following a single administration.7

In this study, we constructed a novel recombinant AAV-based therapy
for NV, AAV2-antiVEGFscFv, consisting of only the VH and VL
structural domains of IgG, which encodes brolucizumab. Brolucizu-
mab is a novel scFv antibody that inhibits all isoforms of VEGFA
and prevents binding of this ligand to VEGFR1 and VEGFR2.24

Compared with the full antibody (bevacizumab) or the Fab fragment
(ranibizumab), brolucizumab is a small molecular humanized anti-
bodywith only 26 kDa, half the size of ranibizumab, which is suggested
to have more tissue penetration in retina.25,26 It has been shown that
Fcg receptor upregulation in age-related macular degeneration
(AMD) produces immune complex-mediated inflammation.27,28

Therefore, in theory, antibodies of scFv structure without the Fc struc-
ture could reduce such immune responses.

Local and systemic immune responses and ocular inflammation have
been reported after clinical ocular delivery of AAV.18 A detailed under-
standing of local AAV-induced immune responses in the eye, which
are called gene therapy-associated uveitis (GTU), is particularly
nic mice

fluorescence signal is retinal vascular leakage, and the effect of drug on leakage was

jected with AAV (n = 9) was significantly lower than that of the control groups injected

ring the fluorescence leakage in each eye n = 9. One eye of the mouse in the AAV2-

) A representative picture of OCT, where the area of retinal detachment (white arrow)

. n = 9. (E) Statistical plot of (D), counting the retinal detachment rate of each group.

n of mice. n = 3.
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(A) Western blot quantitative analysis of the relative

expression of VEGFR2 and phosphorylated VEGFR2
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for statistical analysis, and data are mean ± standard
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80 expression in the eye of mice 10 days after
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important because they can lead to clinically significant inflammation
and deterioration of vision.18,29,30 Depending on factors such as carrier
type, route of administration, and dose, GTU can include retinal toxicity,
innate immune response, and adaptive immune response. The carrier
type used in this study was AAV2, which is the first AAV vector discov-
ered in adenoviruses in the 1960s. Besides, of themany serotypes, AAV2
has been the most thoroughly studied.31 In addition, Luxturna, the only
ophthalmic gene therapy drug on the market, uses the AAV2 serotype,
and no major adverse events have been observed in clinical use to
date.32,33 The evaluation of retinal TNF-a, IL-1, or IL-6 expression indi-
cated that AAV2-antiVEGFscFv may not lead to antigen specific adap-
tive immune response, which is mainly caused by AAV-mediated PRR
signaling.18,34

However, the safety assessment of AAV2-antiVEGFscFv is far from
sufficient. The administration of gene therapy is also one of important
factors affecting the inflammatory response. In retinal gene therapy,
the AAV vector is typically applied either by intravitreal injection
or by subretinal injection.18 Compared with intravitreal injection,
subretinal injection with the same dose and carrier serotype has a
higher transduction efficiency for intraretinal cells.35 In this study,
we evaluated the efficiency of intravitreally injected AAV2-
Molecular Therapy: Methods & C
antiVEGFscFv in OIR mouse model and Tet/
opsin/VEGF mouse model. We did not evaluate
the efficacy of subretinal injection in the mouse
disease model, mainly because the eyes in the
disease model are very fragile, and subretinal in-
jection may cause retinal detachment. Indeed,
recently subretinal injection was found to result
in the adverse events potentially associated with
subclinical immune response. The development
of retinal atrophy has been reported in many pa-
tients after subretinal gene therapy with subreti-
nal injection, leading to photoreceptor loss both
within and outside of the bleb area.36 In addition,
a number of patients were reported to develop
intraocular inflammation, which was treatable
with immunosuppressant therapy, following
the administration of subretinal injection.37 We
used subretinal injection in a larger animal model (rabbit CNV
model) and evaluated its safety in wild-type mice, despite numerous
defects. Compared with subretinal injection, vitreous injection can
cause an increase in aqueous humor and systemic serum load, which
increases the possibility of inflammation.38 In addition, vitreous in-
jections exhibit a stronger AAV2-neutralizing antibody response
than subretinal injections, potentially reducing drug efficacy.39 The
administration of AAV2-antiVEGFscFv in the future clinical use
needs more exploration on the basis of large animal models, such
as the cynomolgus monkey CNV model.

Previous studies have demonstrated the therapeutic efficacy of scFv and
immunoglobulin G1 (IgG1) format antibodies in CNV mouse models.
Although laser-induced CNV mouse models are similar to human
retinal diseases, they are transient and self-healing.40 For the long-
term evaluation of AAV2-antiVEGFscFv, we first used OIR mice, a
vascular wound healing model induced by hypoxia.41,42 We found
that the vitreous cavity injection of 2.5 � 108 GC AAV2-
antiVEGFscFv strongly inhibited NV in OIR mice. Of note, AAV2-
antiVEGFscFv had no significant effect on the size of avascular areas
(Figure 2D), suggesting that this anti-angiogenic effect targeted only
abnormal NV, rather than the repair of normal retinal vasculature.41
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Figure 5. AAV2-antiVEGFscFv downregulates expression of inflammatory factors in the eyes of doxycycline-induced Tet/opsin/VEGF mice

(A) Immunohistochemical analysis of the expression of inflammatory factors in the eyes of mice 10 days after doxycycline induction in each treatment group. n = 3. (B–D) The

expression of inflammatory factors in the retinas of mice. n = 3. One-way ANOVA was used for statistical analysis, and data are mean ± standard error. **p < 0.01 and

***p < 0.001; ns, not significant.
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Compared with OIR mice, Tet/opsin/VEGF mice, induced by overex-
pression of human VEGF165, could better simulate the progression of
clinical chronic disease from angiogenesis and leakage to retinal detach-
ment.43 InTet/opsin/VEGFmice, vitreous cavity injection of 5� 108GC
AAV2-antiVEGFscFv significantly reduced vascular leakage and even
retinal detachment, indicating that AAV2-antiVEGFscFv has a protec-
tive effect on severe ocular vascular lesions. These encouraging results
regarding the anti-angiogenic efficacy of AAV2-antiVEGFscFv led us
to extend the study to large animalmodels. Comparedwith the non-hu-
man primate CNVmodel, the rabbit NVmodel avoids the expense and
ethical issues of the primatemodel, although the rabbit retina is supplied
by a medullary ray, unlike the vascular supply of the retina to primates
and rodents.44 In the human-derived VEGF-induced rabbit NVmodel,
8 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
leakage was suppressed by subretinal injection of 1.5� 1010 GCAAV2-
antiVEGFscFv group, although it was not statistically different at D17
compared with the empty vector group. However, at D21, leakage
was suppressed compared with that in the negative control, which
may be due to an increase in antibody expression over time. Further-
more, in the rabbit disease model, subretinal injection was chosen
because chronic intravitreal injection of AAV must bypass the inner
limiting membrane (ILM). In the above mouse experiments, especially
in the newborn mice used for OIR modeling, subretinal injection was
difficult because of the small size of the eyeball, so only vitreous cavity
injection was chosen. The ILM is a typical basement membrane that
forms the vitreoretinal junction and acts as a biological barrier to intra-
vitreal injected capsids.45 Primates have a more impenetrable ILM than
er 2023
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rodents.46 Subretinal injections resulted in better retinal gene transfer
than intravitreal injection.47 In addition, this selection can provide a
certain degree of reference for the dosage and volumeof the drug in sub-
sequent primate experiments.

The results presented here represent the first instance of preclinical ev-
idence demonstrating robust expression and efficacy of AAV2-
antiVEGFscFv at a dose that was well tolerated in mice and did not
lead to the evidence of ocular inflammation. This study suggests that
AAV2-antiVEGFscFv may be a potential treatment strategy for NV,
laying the foundation for subsequent preclinical studies in non-human
primates and providing strong support for its clinical application.

MATERIALS AND METHODS
Animals

All animals underwent experimentation in compliance with stan-
dards of China Medical University Animal Ethics Committee
(CMU2021552).

OIR mice

The OIR model was carried out in C57BL/6J mice as previously
described by Connor et al.42 Wild-type C57BL/6J mice were pur-
chased from Beijing Viton Lever. Newborn mice were housed in a
room air (21% O2) with their nursing mothers from birth to P7.
They were housed with their mothers in a 75%O2 hyperoxia environ-
ment from P7 to P12, leading to vaso-obliteration in several retinal
areas. Then, newborn mice were returned to a room air and received
intravitreal injection at P12. The relative hypoxia over the subsequent
5 days promotes excess VEGF production and leads to tufts of new
blood vessels characteristic of the pathological RNV form on the in-
ner surface of the retina at P17. All the OIR mice were randomly
divided into four groups, and each group included five mice.

Intravitreal injection

At P12, the OIR mice were received intravitreal injection. First, the
mice were anesthetized with 1% pentobarbital sodium (50 mg/kg),
and compound tropicamide drops were administered on the corneal
surface. Next, 1 mL empty vector (2.5 � 108 GC), aflibercept (40 mg),
or AAV-antiVEGFscFv (2.5� 108 GC) was injected into the vitreous.
A 33G beveled needle affixed to a Hamilton syringe (2.5 mL; Hamil-
ton, Reno, NV) was used to puncture into the vitreous cavity medially
at the corneoscleral rim, and then slowly pushed in, under a stereomi-
croscope to avoid lens injury. Immediately after the syringe was with-
drawn, levofloxacin hydrochloride gel was applied to the inlet port to
prevent drug leakage and infection after the operation.

Tet/opsin/VEGF mice and treatment

Double-transgenic mice (Tet/opsin/VEGF mice) induced to express
VEGF in photoreceptors were purchased from Southern Model Or-
Figure 7. Long-term expression and safety assessment of AAV2-antiVEGFscFv

(A) Long-term gene expression of antiVEGFscFv. n = 3. (B) OCT images taken on the d

results of amplitudes of ERGAwave and Bwave inmice examined onemonth after admin

3. One-way ANOVA was used for statistical analysis, and data are mean ± standard er

Molecular Th
ganisms, were in a C57BL/6 background, and were genotyped to
confirm the presence of the transgene prior to use in the experiments.
The virus is injected through the vitreous cavity in the fourth week
after birth. See intravitreal injection for specific injection methods.
In addition, 2 mL PBS, empty vector (5 � 108 GC), or AAV-
antiVEGFscFv (5 � 108 GC) was injected into the vitreous. Doxycy-
cline was added to the drinking water for induction at a concentration
of 2 mg/mL, starting 2 weeks after vitreous injection of the virus. All
mice were randomly divided into three groups, and each group
included five mice.

VEGF-induced rabbit and treatment

Dutch black-banded rabbits were purchased from Pizhou Oriental
Breeding. Animals in all groups weremolded by bilateral vitreous cav-
ity injection of human-derived VEGFA165 (dose of 1.8 mg/eye, 50 mL/
eye). Under an ophthalmology-specific surgical microscope (M620;
Leica), the corneoscleral rim was punctured medially with a 30G
disposable injection needle, and amicroinjector with a 35G flat needle
was used to enter along the puncture and bypass the lens to reach the
vitreous, where the syringe reached the vitreous cavity and was slowly
pushed in. Immediately after withdrawing the syringe, the injection
port was compressed for 5 s with a swab with iodophor. Empty vector
and AAV2-antiVEGFscFv group were injected unilaterally in the sub-
retinal cavity. The previous steps were the same as for vitreous cavity
injection, then the needle was gradually advanced into the subretinal
space and slowly pushed out. The aflibercept group was injected
unilaterally into the vitreous cavity (2 mg/eye, 50 mL/eye) 2 days prior
to entry (D12). FFA images were taken at D17 and D21. All animals
were randomly divided into three groups. The empty vector group
and AAV-antiVEGFscFv group included five animals each, and the
aflibercept group included three animals.

Plasmids

AAV2-antiVEGFscFv is a non-replicative AAV2 vector containing a
gene cassette encoding a humanized monoclonal antigen-binding
fragment that binds and represses human VEGF flanked by an
AAV2 inverted terminal repeat (ITR) sequence. Expression of the
heavy and light chains is controlled by the CBA promoter, which con-
sists of the chicken b-actin promoter and CMV enhancer, the chicken
b-actin intron, and the rabbit b-bead protein poly(A) signal. The ex-
pressed protein products were similar but not identical to brolucizu-
mab. The AAV2 rep/cap plasmid, and pAD helper plasmid for re-
combinant AAV2 vector production were obtained from Addgene
(Cambridge, MA).

Production of recombinant AAV2 viral vectors

Recombinant AAV2 full particles expressing antiVEGFscFv were
produced using triple transfection in HEK293T cells, as previously
described.8 In brief, the transgene plasmid pAAV2-antiVEGFscFv,
in eyes

ay of completion of subretinal injection and one month later. n = 16. (C) Statistical

istration. n = 16. (D) The expression of inflammatory factors in the retinas of mice. n =

ror. *p < 0.05; ns, not significant.
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the AAV helper plasmid containing Rep and Cap genes, and the
adenoviral helper plasmid pAD were co-transfected into HEK293T
cells. HEK293T cells were collected and lysed 72 h post-transfection.
The supernatant was then subjected to a cesium chloride gradient
ultracentrifugation.

Cell culture

HUVECs were purchased from ScienCell Research Laboratories (San
Diego, CA) and cultured in endothelial cell medium (ScienCell
Research Laboratories) supplemented with 5% fetal bovine serum
(FBS) (ScienCell Research Laboratories) and 1% endothelial cell
growth supplement (ScienCell Research Laboratories) in a humidified
incubator containing 5% CO2 in a humidified atmosphere at 37�C
incubator to grow HEK293T cells in DMEM + 10% FBS. A humidi-
fied incubator at 37�C and 5% CO2 was used to culture 293T cells and
HUVECs.

In vitro testing of AAV2-antiVEGFscFv

HEK293T cells were inoculated into 24-well plates at a density of
5 � 105 cells/well in 200 mL DMEM containing 10% FBS and
100 U/mL penicillin/streptomycin. Twelve hours later, under a micro-
scope, when the cell density grew to 80%, the cells were transduced with
AAV2-antiVEGFscFv or empty vector virus configured with multiplic-
ities of infection (MOIs) of 1:5,000, 1:50,000, and 1:500,000, respec-
tively. The cells and supernatant were collected after 48 h and used
for western blot and ELISA to determine protein expression.

Western blot

Proteins were extracted from cells and supernatants obtained by
in vitro transfection of AAV, cells were extracted using NP40 lysate,
and equal amounts of proteins were electrophoresed on 12% SDS-
polyacrylamide gels. The proteins were transferred to polyvinylidene
difluoride membranes (Merck Millipore) and then closed with 5%
skim milk powder solution containing Tween 20 (TBST; pH 7.5)
diluted in TBST at (RT) for 1 h. After dilution with anti-anti-
VEGFscFv specific antibody (Zhongding Biologics) 1:5,000 or anti-
actin antibody (ab197345; Abcam). The membrane was washed 3
times with 1 � TBST for 10 min each time to completely wash out
the residual primary antibody, and the secondary antibody horse-
radish peroxidase (HRP)-conjugated Affinipure Goat Anti-Rabbit
IgG(H+L) (SA00001-2; Proteintech) was then added, diluted
1:5,000 and incubated for 60 min at RT. The membrane was washed
5 times for 5 min each time and then imaged in a pre-cooled chem-
iluminescence instrument.

ELISA

Antibody expression and ability to bind VEGF was analyzed using
ELISA by coating 96-well ELISA plates (Fisher, Loughborough,
UK) with 1 mg/mL hVEGF (Z02689; Kingsley) and incubated over-
night at 4�C. Plates were then closed by incubation in 2% BSA at
37�C for 1 h. Culture supernatant was placed in triplicate in the wells
and incubated at 37�C for 2 h. Anti-antiVEGFscFv-specific antibody
diluted 1:5,000 in blocking buffer was used, with incubation for 2 h at
RT. Incubation was performed for 1 h at RT with HRP-conjugated
12 Molecular Therapy: Methods & Clinical Development Vol. 31 Decem
Affinipure Goat Anti-Rabbit IgG(H+L) diluted 1:5,000 in blocking
buffer. After each of the above steps, the plate was washed 5 times
with PBS + 0.05% Tween 20. After adding HRP substrate and devel-
oping color in the dark at 37�C, the reaction is terminated with
3,30,5,50-tetramethylbenzidine (TMB) (Sigma-Aldrich, St. Louis,
MO) at RT in the dark for 30 min, after which 50 mL stop solution
(2NH2SO4) was added to each well, and the plate was read at
450 nm. TNF-a (RX203097M; Ruixin Biotech), IL-1 (RX203076M;
Ruixin Biotech), and IL-6 (RX203049M; Ruixin Biotech) were de-
tected according to the manufacturer’s instructions.

Eye tissue homogenization

The eyeballs were removed immediately after death, and individual
eyeball tissues were rinsed with pre-cooled PBS (0.01 M, pH 7.4) to
remove any residual blood and weighed. After weighing, the slices
were processed, and 200 mL NP40 was added. Slices were then pressed
until the tissue is fully dissolved. Finally, the homogenate was centri-
fuged at 5,000� g for 5–10 min, and the supernatant was diluted with
PBS for subsequent detection using ELISA.

Cell migration

The migration ability of HUVECs was measured in the wound heal-
ing assay. First, 6-well plates of 2 � 106 cells/mL HUVECs were pre-
pared, and the cell density reached 70%–80% when the serum-free
medium was changed to add empty vector or AAV2-antiVEGFscFv
(MOI = 1:100,000) to infect the cells respectively for 48 h, and then
the supernatant of clean medium was collected. Cells were created
by scratching using a sterile gun tip, then recombinant human
VEGF165 (50 ng/mL) or brolucizumab (100 ng/mL) was added to
the collected supernatants of different subgroups (as indicated in
the results), mixed well, and added to the wells. Cells were incubated
at 37�C for 0–24 h to observe the scratch healing rate. Cell images
were obtained immediately after scratching and again by inverted
fluorescence microscopy (Olympus) at four time points (0, 6, 12,
and 24 h) after cells migrated to the scratched area. For each image,
the wound area was quantified using ImageJ version 1.46r (NIH),
and the scratch closure rate was determined by normalizing it to
the original wound area. All experiments were performed in triplicate.

Cell proliferation

Logarithmic growth phase HUVECs were taken, digested with 0.25%
trypsin, and resuspended in ECMmedium without FBS. The cell sus-
pension density was adjusted to 1� 105 cells/mL, and 100 mL per well
was inoculated in 96-well plates. Incubation was performed with
ECM medium without FBS in a 5% CO2, 37�C incubator, with star-
vation for 24 h. AAV2-antiVEGFscFv, empty vector with ECM
without FBS were diluted, and the MOI was set to 1:500,000,
1:50,000, 1:5,000, respectively; the original cell culture medium was
removed, and 100 mL ECM medium without FBS was added as a
blank control group, 100 mL VEGF165 (50 ng/mL) was added as a
positive control group, and brolucizumab (ATAD00374; Atagenix)
was added as a drug intervention group at concentrations of
2 mg/mL, 200 ng/mL, and 20 ng/mL, respectively, and 3 parallel wells
were set up for each group and incubated in a 5% CO2, 37�C
ber 2023
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incubator for another 48 h. CCK8 (C6005; NCM Biotech) 10 mL was
added to each well, and the incubation was continued for 2 h with 5%
CO2 in 37�C incubators. The optical density (OD) value of each well
was measured at 450 nm with an enzyme marker and the test was
repeated three times.

Retinal IB4 staining

Retinas were immersed in 5% Triton X-100 and incubated overnight
at 4�C. At the end of the incubation, the retinas were washed three
times with PBS, and immediately 500 mL lectin solution (I21412; In-
vitrogen) was added, wrapped in aluminum foil to protect from light,
and shaken overnight at RT. At the end of staining, the retinas were
washed again three times with PBS. The stained retina was placed on a
slide, and four incisions were made from the center to the edge of the
retina, each at an angle of 90�C. A drop of sealer was added to the
coverslip, and the retina was then covered for fixation. Using a Nikon
C2 laser confocal microscope at 10�magnification, the whole retinal
pavement was scanned, and the complete image was synthesized.

FFA and OCT

Animals were placed on a Micron III camera (Phoenix Labs). The an-
imal was placed on a heated platform. The retina is focused and the
camera lens objective is pointed at the eye. A 0.3 mL of 2% fluorescein
(Centaur Services) was injected intraperitoneally. Early (30 s) and late
(3 min) FFA images were captured for each eye using a version of
Streampix (Phoenix Labs). OCT images were subsequently captured
and analyzed using OCT Explore.

H&E staining and IHC

Mice were euthanized, eyes were removed and frozen, and 10 mm se-
rial sections were cut. Sections were partially post-fixed in 4% parafor-
maldehyde, stained with H&E, and examined using light microscopy
to determine the presence and extent of exudative retinal detachment.

Immunohistochemical sections were blocked with 2% BSA and then
washed with PBS, followed by incubation with rabbit anti-IL-1b
(YT5201; Immunoway), rabbit anti-IL-6 ( YT5348; Immunoway),
or rabbit anti-TNF-a (YT4689; Immunoway). After that, the
slides were incubated with secondary antibody HRP-conjugated Affi-
nipure Goat Anti-Rabbit IgG(H+L) and photographed under the
microscope.

Immunofluorescence

Paraffin sections of eye tissue were taken, closed with 2% BSA, and
washed in PBS, followed by incubation with rabbit anti-anti-
VEGFscFv and anti-F4/80 (71299; Cell Signaling Technology). After
that, the slides were incubated with CY3 fluorescent labeled goat anti-
rabbit IgG (GB21303; Servicebio). After incubation, nuclei were re-
stained with DAPI solution, and fluorescent images were collected us-
ing microscopy for analysis.

ERG

The mice were placed in a dark room overnight (at least 12 h) prior to
the examination. After anesthesia, the mice were fixed on the oper-
Molecular Th
ating table, pupil-dilating drops were added, electrodes were fitted,
and the ERG was measured and recorded using a Diagnosys Celeris
small animal electrophysiologist.

CBA

Wild-type mice blood was collected from a peripheral vein after
ocular injections of AAVs. The blood sample was centrifuged at
800 � g for 10 min, and the serum (supernatant) was transferred
into a separate Eppendorf tube and stored at �80�C until for CBA
detection.

IFN-g (558296; BD Biosciences), TNF (558299; BD Biosciences), and
IL-2 (558297; BD Biosciences) were assessed using BD CBA Mouse/
Rat Soluble Protein Master Buffer Kit (558266; BD Biosciences), ac-
cording to the manufacturer’s instructions. Data were captured using
a BD Accuri C6 flow cytometer (BD Biosciences) and analyzed using
FCAP Array version 3 (BD Biosciences).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 7.0 soft-
ware. One-way ANOVA was used for univariate analysis. p values
<0.05 were considered to indicate statistical significance.
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