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therapy for age-related macular degeneration
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Xue Dong,1,2 Yi Lei,1,2 Wei Zhou,1 Hui Zhou,1 Shengnan Liu,1 Xiaohong Wang,1,2,4,* Dongming Zhou,3,*

and Hua Yan1,2,5,7,*

SUMMARY

Neovascular age-related macular degeneration AMD (nAMD) is characterized by choroidal neovasculari-
zation (CNV) and could lead to irreversible blindness. However, anti-vascular endothelial growth factor
(VEGF) therapy has limited efficacy. Therefore, we generated a chimpanzee adenoviral vector (AdC68-
PFC) containing three genes, pigment endothelial-derived factor (PEDF), soluble fms-like tyrosine
kinase-1 (sFlt-1), and soluble forms of CD59 (sCD59), to treat nAMD. The results showed that AdC68-
PFC mediated a strong onset of PEDF, sFlt-1, and sCD59 expression both in vivo and in vitro. AdC68-
PFC showed preventive and therapeutic effects following intravitreal (IVT) injection in the laser-induced
CNV model and very low-density lipoprotein receptor-deficient (Vldlr�/�) mouse model. In vitro assess-
ment indicated that AdC68-PFC had a strong inhibitory effect on endothelial cells. Importantly, the safety
test showed no evidence of in vivo toxicity of adenovirus inmurine eyes.Our findings suggest that AdC68-
PFC may be a long-acting and safe gene therapy vector for future nAMD treatments.

INTRODUCTION

Age-related macular degeneration (AMD) is currently the leading cause of vision loss in the elderly population over 60 years of age.1 Neo-

vascular AMD (nAMD) is a late stage of AMD, which is characterized by choroidal neovascularization (CNV), leading to several typical lesions,

including retinal hemorrhage, retinal pigment epithelial detachments, or hard exudate.2 Although nAMD only accounts for approximately

20% of patients with AMD, it is responsible for approximately 90% of the severe central vision loss caused by AMD.3 Anti-vascular endothelial

growth factor (VEGF) therapy is currently the first-line treatment for nAMD, but repetitive intraocular injections of anti-VEGF drugsmay lead to

several risks, including increased intraocular pressure and severe endophthalmitis.4,5 According to previous studies, vision gains during the

first 2 years were not retained after 5 or 7 years in two-thirds of patients who received anti-VEGFmonotherapy.6,7 Considering that nAMD is a

complicated and multifactorial disease, we attempted to develop a multitargeted approach that simultaneously targets VEGF and other

essential factors.

The exact mechanism of AMD pathogenesis remains unknown, but the damage in the retinal pigment epithelium (RPE), associated im-

mune responses, and degenerative changes within the choroidal vasculature are believed to drive the production of VEGFA, which is found

vital in nAMD. Examination of early AMD lesions indicated that loss of vessels and/or reduction of perfusion in the choroidal vasculature is

often accompanied by the accumulation of macrophages.8 Meanwhile, complement components, including C3a, C5, and the sublytic mem-

brane attack complex (MAC), reportedly induce VEGF expression and promote CNV.9 Currently, many studies have focused on the develop-

ment of combined therapies that target angiogenesis or other involvedpathways, which are superior to anti-VEGFmonotherapy. Remarkably,

preclinical assessment and clinical trials have proven the safety profile and efficacy of multitarget drugs, including ABBV642, faricimab, and

efdamrofusp alfa.9–11

Gene therapy offers sustained delivery of foreign genes and has been widely used in retinal diseases. The retina has unique advantages as

a target organ in gene therapy. The intraocular environment and blood-retinal barrier provide the retina with a degree of immune privilege,

which suppresses immune responses that could adversely affect the retinal function expression of the therapeutic gene.12 Recombinant ad-

eno-associated virus (AAV)-based vectors are well-accepted gene delivery vehicles for gene transfer to retinal cells because of their sustained

levels of gene expression, low toxicity, and immunogenicity. Although most clinical applications currently employ AAV vectors, the small
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packaging capability (4.7 kb) is a limitation for them.13 In this study, chimpanzee adenoviral vectors (AdCs) were used owing to their large

capacity, relatively lower level of seroprevalence, and neutralizing antibodies compared with human adenovirus type C5-based vectors.14

To further utilize the concept of a multitargeted approach, we developed a multigenic AdC with both anti-angiogenic and anti-inflamma-

tory effects, enabling the simultaneous expression of three different genes: pigment endothelial-derived factor (PEDF), soluble fms-like tyro-

sine kinase-1 (sFlt-1), and soluble forms of CD59 (sCD59). All three genes have been used in clinical trials of gene therapy for AMD, and their

clinical efficacy and safety in patients with AMD have been proven (ClinicalTrials.gov: NCT00109499, NCT01494805, NCT01024998,

NCT03585556, NCT03144999). To connect the two different genes, a 2A peptide derived from porcine teschovirus-1 (P2A) was used because

it exhibited a high cleavage efficiency.15 Our data suggest that the dual-acting AdC is a potential therapeutic tool for future gene therapy in

AMD and other neovascular eye diseases.

RESULTS

Development and validation of multigenic AdCs in vitro

Wegeneratedmultigenic AdC68 gene therapy vectors by inserting an additional expression cassette into the E1 deleted region of the AdC68

genome. The expression cassette included a codon-optimized sequence of PEDF, sFlt-1, and sCD59, and the cleavable linker P2Awas used to

connect two different genes, resulting in the generation of AdC68-PEDF-P2A-sFlt-1-P2A-sCD59 (AdC68-PFC) (Figure S1A). AdC68-eGFP (Fig-

ure S2A) was used to visualize the expression of the AdCs. Western blot analysis confirmed the dose-dependent expression of PEDF, sFlt-1,

and sCD59 in the cell lysate and supernatant of ARPE-19 cells (Figure S1B) and human umbilical vascular endothelial cells (HUVECs) (Fig-

ure S2B), respectively. Accordingly, dose-dependent and time-dependent expression of eGFP signal was detected in ARPE-19 cells (Fig-

ure S1C) and HUVECs (Figure S2C), respectively.

AdCs injection efficiently delivers foreign genes into the retina/choroid

To examine the kinetics of transgene expression mediated by AdCs via intravitreal (IVT) injection, AdC68-eGFP was administered at two

different doses (1.53109 viral particles (vp) and 7.53109 vp) per eye. The eGFP signal mediated by AdCs was readily detected as early as

48 h post-injection by ex vivo fluorescence microscopy and could last approximately 35 days (Figure 1A). We next injected AdC68-PFC

into wild-type mouse eyes at two different doses (1.53109 vp and 7.53109 vp) per eye and evaluated the PEDF, sFlt-1, and sCD59 mRNA

copy number 4 days after injection by qPCR analysis. Robust expression of PEDF, sFlt-1, and sCD59 mRNA was detected in the two

AdC68-PFC groups, and the low-dose (1.53109 vp) AdC68-PFC group expressed a relatively lower level of the three mRNAs, compared

with the high-dose (7.53109 vp) AdC68-PFC group (Figures 1B–1D). To test the expression of PEDF, sFlt-1, and sCD59 at the protein level,

western blot analyses were performed 7 days after treatment with 7.53109 vp AdC68-PFC. The results clearly showed robust expression of

PEDF, sFlt-1, and sCD59 protein in the eyes of the mice (Figures 1E–1H).

Overall, the data suggest the potential for AdC68-PFC to neutralize VEGF and inflammatory factors, and consequently, to attenuate CNV.

The previously described data suggested that AdC was successfully constructed and that the three target genes could be successfully ex-

pressed in a dose-dependent manner. In addition, the expression of target genes carried by AdCs via IVT injection was sustained for

2–35 days.

Administration of AdC68-PFC prevents the progression of laser-induced CNV

The previously described results indicate the successful expression of the three therapeutic genes. Thus, to further test whether AdC68-PFC

could attenuate CNV, the laser-induced CNV model was employed, in which laser burn was used to rupture Bruch’s membrane and induce

vessel growth from the choroid.16 The mice were treated with PBS (negative control), AdC68-empty (sham control), or AdC68-PFC at day 4.

Conbercept, which was also used as the positive control, was injected at day 1. Laser burns were administered at day 0 (Figure 2A). Fundus

fluorescent angiography (FFA) results revealed that compared to the other three groups, AdC68-PFC efficiently reduced the CNV leakage

area at days 7 and 14 (Figures 2B–2D). However, the preventive effect of conbercept was not significant.

Since neovascularization and inflammation have been implicated in the pathological process of CNV, CD31 and F4/80 were stained on flat-

mounted RPE-choroid 7 and 14 days after laser burn to test whether AdC68-PFC exerts significant anti-angiogenic and anti-inflammatory ef-

fects in the laser-induced CNV model (Figure 2E).17,18 CD31+-positive area measurements revealed a statistically significant reduction in the

size of neovascularization in mice injected with AdC68-PFC 7 and 14 days after laser, compared with animals receiving PBS, AdC68-empty,

and conbercept (Figures 2F and 2G). F4/80+-positive area measurements suggested that at 7 and 14 days after laser, the size of macrophage

infiltration decreased in the AdC68-PFC group compared to the PBS, AdC68-empty, and conbercept groups (Figures 2H and 2I).

Furthermore, RPE-choroid flat mounts of laser spots were stained with MAC to test whether the AdC68-PFC could inhibit complement

activation (Figure S3). In our study, the results suggested that 7 days after laser, there was a significant reduction in MAC deposition in the

AdC68-PFC group compared with the AdC68-empty group (Figure S3C).

Taken together, our data showed that AdC68-PFC could prevent angiogenesis, macrophage infiltration, andMAC deposition, thus inhib-

iting the development of vascular leakage in CNV, which was superior to conbercept.
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Treatment with AdC68-PFC therapeutically inhibits laser-induced CNV lesions

To verify whether AdC68-PFC therapeutically inhibits CNV, we designed a therapeutic strategy to better simulate the process of disease pro-

gression and treatment (Figure 3A). In brief, we applied laser-inducedCNVmodel at day 0 and subsequently injectedmicewith PBS, low-dose

AdC68-empty (1.53109 vp), low-dose AdC68-PFC (1.53109 vp), high-dose AdC68-empty (7.53109 vp), high-dose AdC68-PFC (7.53109 vp), or

conbercept at day 1 post-laser. Notably, 1.53109 vp (low dose) AdC68-PFC showed no obvious effect in this case. This might be due to acute

injury-related angiogenesis and inflammation in the laser-induced CNV model, which fundamentally differs from the genetically influenced,

long-standing senescent degeneration and chronic pathology of AMD.19 Therefore, we added another high-dose (7.53109 vp) AdCs group.

Although the results showed a trend of low-dose AdC68-PFC in reducing the CNV leakage area, there was no statistically significant differ-

ence between the low-dose AdC68-PFC and low-dose AdC68-empty groups (Figures 3C and 3D). In contrast, compared with high-dose

A B
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D

E F G H

Figure 1. In vivo expression of eGFP, PEDF, sFlt-1, and sCD59 following IVT administration of AdCs

(A) Representative fundus images of the retina from individual mice following IVT injection of 1.53109 vp and 7.53109 vp AdC68-eGFP. The eGFP signal could be

detected from 48 h to 35 days post-injection. The dotted circles represent the edge of mouse retina.

(B–D) Assessment of PEDF, sFlt-1, and sCD59 mRNA expression in retina-choroid-sclera complexes isolated from 10 mice. In each mouse, one eye was injected

with AdC68-PFC (five mice for 1.53109 vp and five mice for 7.53109 vp) whereas the contralateral, un-injected eye served as control (only five eyes were used for

analysis). At 4 days post-injection, RNA was purified from the retina-choroid complexes and real-time qPCR was conducted. Absolute number of mRNA copies

were calculated using the standard curve method.

(E–H) Images of western blot and quantification of the PEDF, sFlt-1, and sCD59 protein amount expressed in retina-choroid complexes of five mice. In each

mouse, one eye was injected with AdC68-PFC (7.53109 vp) whereas the contralateral, un-injected eye served as control. Total protein was obtained from

retina-choroid-sclera complexes isolated from AdC68-PFC-treated (7.53109 vp) and un-injected eyes 7 days post-injection. Antibodies against GAPDH were

used for the internal control. The relative expression of PEDF, sFlt-1, and sCD59 in the un-injected eyes was set to 1. Data are expressed as mean G SEM,

and analyzed using one-way ANOVA multiple comparisons with Tukey’s method among groups in (B) and Student’s t test (two-tailed) in (C) (*p < 0.05,

**p < 0.01). PEDF, pigment epithelium-derived factor; sFlt-1, soluble fms-like tyrosine kinase-1; sCD59, soluble forms of CD59; IVT, intravitreal.
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Figure 2. AdC68-PFC prevents angiogenesis and F4/80+ cells infiltration in laser-induced CNV model

(A) Schematic illustrates chronological order of IVT injections, induction of CNV and analysis. PBS and AdCs (1.53109 vp) were intravitreally injected at day �4,

and conbercept (10 mg/mL, 1.5 mL) was intravitreally injected at day 1. CNV was laser induced at day 0, and analysis was performed at day 7 and day 14.

(B) Representative FFA images show vascular leakage from mice undergoing indicated prophylaxis after laser-induced CNV at day 7 and 14.

(C and D) Quantification of the leakage area shown in (B) (n = 22–28 lesions from 6 to 9 eyes per group for day 7; n = 17–20 lesions from 6 to 8 eyes per group for

day 14).

(E) Representative confocal images of RPE-choroid flat mounts stained with CD31 and F4/80. Scale bars, 50 mm.

(F and G) Quantification of the CNV area in (E), calculated as CD31+ area at the site of laser photocoagulation at day 7 and 14. (n = 16–19 lesions from 5 to 6 eyes

per group for day 7; n = 17–23 lesions from 5 to 7 eyes per group for day 14).

(H and I) Quantification of the macrophages infiltration area in (E) calculated as F4/80+ area surrounding the CNV lesion at day 7 and day 14. (n = 16–19 lesions

from 5 to 6 eyes per group for day 7; n = 17–23 lesions from 5 to 7 eyes per group for day 14). Data are expressed as meanG SEM, and analyzed using one-way

ANOVA multiple comparisons with Tukey’s method among groups in (C), (D), and (F–I) (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). CNV, choroidal

neovascularization; FFA, fundus fluorescent angiography.
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AdC68-empty and PBS, high-dose AdC68-PFC dramatically reduced the CNV leakage area on days 7 and 14. However, treatment with a high

dose of AdC68-PFC did not differ from that of conbercept (Figures 3C and 3D).

We also stained flat-mounted RPE-choroid complexes with CD31 and F4/80 on days 7 and 14 (Figure 3E). On day 7, high-dose AdC68-PFC

inhibited neovascularization compared with the AdC68-empty counterpart, but low-dose AdC68-PFC and conbercept did not show an anti-

angiogenic effect (Figures 3F and 3H). However, on day 14, low-dose AdC68-PFC and high-dose AdC68-PFC both showed inhibitory effects

on the area of neovascularization and macrophage infiltration compared to their AdC68-empty counterparts (Figures 3G and 3I). Further-

more, compared with the PBS group, conbercept also inhibited CD31+ and F4/80+ areas, which was not significantly different from the

low- and high-dose AdC68-PFC groups.

These findings demonstrate that high-dose AdC68-PFC has a stronger inhibitory effect on CNV vascular leakage than low-dose AdC68-

PFC does. Additionally, two doses of AdC68-PFC inhibited neovascularization and macrophage infiltration at the 14-day follow-up visit.

AdC68-PFC suppresses vascular leakage and neovascular lesions in the retina of Vldlr�/� mice model

To further assess the therapeutic effect of AdC68-PFC, another mouse model was used. Very low-density lipoprotein receptor (VLDLR)-defi-

cient (Vldlr�/�) mice develop retinal angiomatous proliferation, which is observed in 15%–20% of cases of neovascular AMD.20,21 Elevated

VEGF and inflammatory signals have been proven important for pathological subretinal angiogenesis in this model.22 While Vldlr�/� pups

develop abnormal subretinal vessels from birth, adult Vldlr�/� mice aged 6–8 weeks demonstrated sustained vascular leakage, as previously

described.23 Thus, we assessed whether the AdC68-PFC has therapeutic effects in the Vldlr�/�mousemodel. We first used 6- to 8-week adult

Vldlr�/� mice to explore the therapeutic effect of AdC68-PFC on vascular leakage using FFA (Figure 4A), as previously described.23 The

assessment of vascular leakage spots and vascular leakage area clearly demonstrated that 7, 14, and 35 days after IVT injection, AdC68-

PFC markedly suppressed vascular leakage compared to PBS and AdC68-empty, whereas conbercept could only reduce the number of

vascular leakage spots on days 7 and 14, and did not reduce the area of vascular leakage (Figures 4B–4D). These findings suggest that

the AdC68-PFC was superior to conbercept, especially in long-term follow-up.

Vldlr�/� mice pups were used to investigate the therapeutic effect of AdC68-PFC on neovascular lesions (Figure 4E), as previously

described.22 Analysis of the total lesion number and total lesion size revealed an anti-angiogenic effect of AdC68-PFC on neovascular lesions

10 days after IVT injection, while PBS and AdC68-empty showed no effect (Figures 4F–4H). Notably, the results indicated that there was no

significant difference between the AdC68-PFC and conbercept groups (Figures 4G and 4H).

AdC68-PFC inhibits VEGF-induced EC proliferation and migration in vitro

To further characterize endothelial cell (EC) proliferation and migration upon treatment with AdC68-PFC, 5-bromo-2-deoxyuridine and

wound scratch assays were performed. The results demonstrated that compared with the control and AdC68-empty groups, AdC68-PFC

showed a pronounced inhibitory effect on EC proliferation both with and without VEGF stimulation (Figures 5A and 5B). Additionally, the

AdC68-PFC had an inhibitory effect on EC migration in the basal state without VEGF stimulation. After VEGF stimulation, AdC68-PFC

pre-treatment showed a more robust inhibitory effect (Figures 5C and 5D). Collectively, these data suggest that the AdC68-PFC has a strong

anti-angiogenic effect in ECs, especially in response to VEGF stimulation.

Suppression of VEGF-induced MAPK signal transduction pathway and LPS-induced vascular inflammation

PEDF can reportedly suppress the VEGF-VEGF receptor (VEGFR) 2 downstreammitogen-activated protein kinase (MAPK) signaling pathway

under VEGF stimulation.24 sFlt-1 binds to VEGF and involves blockade of the function of VEGF,25 thus inhibiting the VEGF-induced MAPK

signaling. Extracellular signal-regulated kinase (ERK)-MAPK signaling has been implicated in EC proliferation and motility.26 p38 MAPK

has been demonstrated to be involved in angiogenesis, migration, permeability, and survival in ECs.27 Therefore, we evaluated the combined

effect of PEDF and sFlt-1 in suppressing VEGF-induced MAPK signaling in HUVECs. According to the results, we observed that AdC68-PFC

significantly reduced ERK1/2 phosphorylation in response to VEGF stimulation compared with the control group, which was much more

robust than the conbercept group. In stark contrast, AdC68-PFC showed only a mild reduction, and conbercept showed no inhibitory effect

without VEGF stimulation (Figures 6A and 6B). We also found that AdC68-PFC suppressed p38 MAPK phosphorylation upon VEGF

Figure 3. AdC68-PFC inhibits angiogenesis and F4/80+ cells infiltration in laser-induced CNV model

(A) Schematic illustrates chronological order of IVT injections, induction of CNV, and analysis. CNV was laser induced at day 0, and PBS, AdCs (1.53109 vp and

7.53109 vp), and conbercept (10 mg/mL, 1.5 mL) were injected at day 1. Analysis was performed at day 7 and 14.

(B) Representative FFA images show vascular leakage from mice undergoing indicated treatment after laser-induced CNV at day 7 and 14.

(C and D) Quantification of the leakage area shown in (B) (n = 39–47 lesions from 12 to 16 eyes per group day 7; n = 11–23 lesions from 5 to 8 eyes per

group for day 14).

(E) Representative confocal images of RPE-choroid flat mounts stained with CD31 and F4/80. Scale bars, 50 mm.

(F and G) Quantification of the CNV area in (E), calculated as CD31+ area at the site of laser photocoagulation at day 7 and 14. (n = 15–18 lesions from 5 to 6 eyes

per group for day 7; n = 11–20 lesions from 3 to 6 eyes per group for day 14).

(H and I) Quantification of the macrophages infiltration area in (E) calculated as F4/80+ area surrounding the CNV lesion at day 7 and 14. (n = 15–18 lesions from 5

to 6 eyes per group for day 7; n = 11–20 lesions from 3 to 6 eyes per group for day 14). Data are expressed as meanG SEM, and analyzed using one-way ANOVA

multiple comparisons with Tukey’s method among groups in (C), (D), and (F–I) (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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Figure 4. AdC68-PFC inhibits pathological angiogenesis in Vldlr�/� mouse model

(A) Schematic diagram illustrating the treatment strategy for adult Vldlr�/� mice in (B-D). IVT injection of PBS, AdCs (1.53109 vp), and conbercept (10 mg/mL,

1.5 mL) was performed at day 0, and FFA was performed 7, 14, and 35 days post-injection.

(B) Adult Vldlr�/� mice aged 6–8 weeks were treated as indicated. Representative FFA images show the vascular leakage from mice undergoing indicated

treatment at day 7, 14, and 35.
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stimulation, which was more robust in HUVECs pre-treated with conbercept. However, no inhibitory effects were observed in the absence of

VEGF stimulation (Figures 6C and 6D).

Lipopolysaccharide (LPS) stimulation of HUVECs is commonly used as an experimentalmodel of vascular inflammation in vitro. The expres-

sion of adhesion molecules, including ICAM-1 and VCAM-1, in endothelial inflammation increases robustly upon LPS stimulation.28 PEDF

downregulates the expression of ICAM-1 and VCAM-1, thus inhibiting EC leukostasis.29–31 Similarly, we tested the combined effect of

AdC68-PFC in reducing ICAM-1 and VCAM-1 with LPS stimulation. The results clearly illustrated that the AdC68-PFC showed a strong reduc-

tion compared with the control, AdC68-empty, and conbercept groups (Figures 6E–6H). Moreover, these effects were not observed in the

conbercept groups, suggesting that conbercept had no clear effect on blocking LPS-induced endothelial inflammation.

AdC68-PFC does not elicit detectable adverse effects in mice

To investigate whether IVT administration of AdC68-PFC causes toxicity to the retina, we examined themorphological and structural changes

in the retina 35 days after IVT injection.Optical coherence tomography was used to test the thickness of different layers of the retina, including

the retinal nerve fiber ganglion cell-inner plexiform layer, inner nuclear layer, outer nuclear layer, and whole retinal thickness.32 The results

showed no significant differences between the different groups (Figures 7A–7E). Moreover, we analyzed the blood vessels of flat-mount ret-

inas stained with CD31 (Figure 7F). The results revealed no significant differences of vascularized area between different groups (Figure 7G),

suggesting that AdCs have no adverse effects on retinal vascular. Furthermore, the terminal deoxynucleotidyl transferase-mediated dUTP

nick end labeling (TUNEL) assay was used to test apoptotic cells in retinas. The results suggested that TUNEL+ cells in the retina of the

AdC-treated mice (both low and high dose) were not detected, which was similar to that seen in the PBS and conbercept groups (Figure 7H).

In summary, these results demonstrate that AdC68-PFC is not significantly toxic.

DISCUSSION

In this study, we constructed a recombinant AdC and assessed its expression, efficacy, and safety. Our results showed that the AdC68-PFC

that we generated can efficiently mediate gene expression of PEDF, sFlt-1, and sCD59 both in vitro and in vivo. Moreover, AdC68-PFC has

been proven safe, tolerable, and efficient at suppressing vascular leakage, neovascularization, and inflammation in laser-induced CNV and

Vldlr�/� animal models, and demonstrated a suppressive effect on EC proliferation, migration, and inflammation.

Due to the limited efficacy of anti-VEGFmonotherapy in treating nAMD, several multitarget drugs have been developed, such as faricimab

and efdamrofusp alfa. These drugs target VEGFA/angiopoietin-2 and the complement cascade/VEGF family, respectively. Their success

highlights the potential therapeutic benefits of multitarget approaches for nAMD. Given that choroidal inflammation and complement acti-

vation are prominent features of AMD, we have selected PEDF and sCD59, in addition to the VEGF neutralizing protein sFlt-1, as our target

genes.33,34 PEDF is a 50-kDamultifunctional glycoprotein belonging to the serine protease inhibitor (serpins) family. It has demonstrated sup-

pressive effects on angiogenesis, inflammation, and fibrosis.35 A clinical trial by Campochiaro et al. utilized an adenoviral vector encoding

PEDF as a single gene therapy for nAMD (NCT00109499). The results indicated the safety and tolerability of IVT injection of the adenoviral

vector expressing human PEDF. Patients receiving a lower dose of less than 108 particle units experienced visual impairment and an enlarge-

ment of the CNV lesion area, while those receiving 108 or more particle units remained stable, suggesting a potential dose-escalation

response.36 Subsequent clinical and preclinical studies have further demonstrated the efficacy of PEDF as a single or multiple gene therapy

for nAMD.37–39 sFlt-1 is an endogenously expressed VEGF antagonist that binds to and neutralizes VEGFA, thereby preventing the normal

binding of VEGF to its endothelial receptors.40 Preclinical studies have demonstrated the mechanism of gene therapy using sFlt-1 to inhibit

CNV formation.41,42 Phase I and Phase II clinical trials have also investigated the safety profile and effectiveness of subretinal injections of

rAAV-sFlt-1 in human nAMD (NCT01494805, NCT01024998). CD59 is a naturally occurring membrane-bound inhibitor of MAC formation,

which binds to the terminal complement protein complex C5b-8, thereby preventing the incorporation of C9molecules required to complete

the formation of pores on cell membranes.43MAC-mediated release of growth factors, including b-fibroblast growth factor and VEGF,may be

a pathogenic mechanism in angiogenesis.44,45 Moreover, a recent study suggested that the inhibition of MAC deposition and complement

activation is related to decreased F4/80+ macrophage infiltration and could further suppress CNV progression. The sCD59 delivered via a

gene therapy approach using adenoviral and AAV vectors has been demonstrated to attenuate MAC deposition and CNV in the eyes of

mice.46,47 The preclinical effectiveness has encouraged Hemera Biosciences to construct an AAVCAGsCD59 (HMR59) gene therapy vector

for the treatment of human dry AMD (NCT03144999).

In our study, we took advantage of the large capacity of AdCs and inserted three genes in the E1 area of AdCs simultaneously, with the

cleavable linker P2A to ensure the separate expression of the therapeutic genes. The recombinant AdC that we generated had a dual and

Figure 4. Continued

(C andD)Quantification of the vascular leakage spots and leakage area of (B) (n = 16–19 eyes from 8 to 10mice per group for day 7; n = 13–16 eyes from 7 to 8mice

per group for day 14; n = 10–13 eyes from 5 to 7 mice per group for day 35).

(E) Schematic diagram illustrating the treatment strategy for Vldlr�/� pups in (F–H). IVT injection of PBS, AdCs (0.83109 vp), and conbercept (10 mg/mL, 0.8 mL)

was performed at p10, and analysis was performed at p20.

(F) Representative confocal images of retinal flat mounts stained with IsoB4. Scale bars, 500 mm in the upper row and 50 mm in the next row.

(G andH)Quantification of the total lesion number and lesion size shown in (F) (n = 7–8 eyes from 4 to 5mice per group). Data are expressed asmeanG SEM, and

analyzed using one-way ANOVA multiple comparisons with Tukey’s method among groups in (C), (D), (G), and (H) (*p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001). Vldlr�/�, very low-density lipoprotein receptor-deficient.
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strong inhibitory effect on pathological vascularization and inflammation. This has not been performed before because of the limited

packaging capacity of AAV.48 Although AAV vectors are now the most popular viral vectors for gene therapy owing to their long-lasting

gene expression, low inflammatory response, and low immunogenicity, there are still challenges in the application of AAV vectors. For

instance, in addition to the limited transgene capacity mentioned previously, there is the difficulty of mass production of AAV, which leads

to high treatment costs.49 Therefore, AAV vectors may not be suitable for simultaneously carrying PEDF, sFlt-1, and sCD59. By contrast,

adenoviral vectors are more appropriate for our study. Notably, adenoviral vectors reportedly activate the innate immune response, which

is a major obstacle in the application of these agents in human gene therapy.50,51 However, the presence of the blood-retinal barrier and

the combination of heterologous adenoviral vectors might help ignore the influence of the negative immune response induced by the

vector itself.

Although this study focused on CNV, it would also be interesting to test the efficacy of AdC68-PFC in other diseasemodels of pathological

angiogenesis. Of note, the oxygen-induced retinopathy (OIR) mouse model, which is the most widely used model for retinal neovasculariza-

tion and inflammation, has also been demonstrated in the OIR pathogenesis.52,53 OIR model resembles human retinopathy of prematurity,

proliferative diabetic retinopathy, and retinal vein occlusion.54,55 As our results showed that AdC68-PFC inhibited vascular leakage and neo-

vascularization, and suppressed macrophage infiltration in laser-induced CNV models, further studies are required to test the therapeutic

effect of AdC68-PFC in the OIR model. Corneal neovascularization (CoNV) is a sight-threatening disease that is usually related to inflamma-

tory disorders of the ocular surface.56–58 Similarly, AdC68-PFC can also be applied for the treatment of CoNV.

In summary, AdC68-PFC provided sustained delivery of anti-angiogenic and anti-inflammatory proteins following IVT injection, leading

to efficacious inhibition of CNV for up to 35 days. This study reuses adenoviral vectors for gene therapy strategy, and we conducted a

comprehensive efficacy evaluation in both laser-induced CNV and Vldlr�/� mouse models and further assessed their anti-vascular and

A B

C D

Figure 5. AdC68-PFC suppresses vascular proliferation and migration in vitro

(A) Starved HUVECs were pre-treated with AdC68-empty (2.53109 vp) and AdC68-PFC (2.53109 vp) for 24 h and then stimulated with 50 ng/mL VEGF for 24 h.

Representative images showing the immunostaining results of BrdU indicate the proliferation of HUVECs. Scale bars, 50 mm.

(B) Quantification of the percentages of BrdU+DAPI+ cells in DAPI+ cells (n = 4 biological repeats) shown in (A), and the results were normalized to the control

condition.

(C and D) Starved HUVECs were pre-treated with AdC68-empty (131010 vp) and AdC68-PFC (131010 vp) for 48 h and then stimulated with 50 ng/mL VEGF for

12 h. Representative images showing wound-healing scratch experiments and the gap closure rate was calculated (D) (n = 8 biological repeats). The results were

normalized to the control condition. Scale bars, 50 mm. Data are expressed as mean G SEM, and analyzed using one-way ANOVA multiple comparisons with

Tukey’s method among groups in (B) and (D) (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). HUVEC, Human Umbilical Vascular Endothelial Cell.
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anti-inflammatory effects in ECs. The results of our study encourage us to study helper-dependent adenovirus (HDAd) vectors, whichmay be a

potential long-acting and relatively safe gene therapy vector for the treatment of eye diseases in the future.

Limitations of the study

There are three main limitations of this study. First, in our study, we used a rodent animal model instead of primates. C57BL/6J mice do not

have maculae, and acute injury-related angiogenesis and inflammation in the laser-induced CNVmodel fundamentally differ from the genet-

ically influenced, long-standing senescent degeneration and chronic pathology of AMD. Second, the transgene expression time of AdCs is

relatively shorter compared to AAV vectors, lasting only approximately 35 days. For clinical use in the future, new AdCs and long-term assess-

ment of toxicity are required. Thus, it would be valuable to explore the use of HDAd vectors, which offer a larger DNA-carrying capacity,

longer term transgene expression, and reduced toxicity.59,60 Third, while our in vivo data demonstrate that eGFP expression driven by the

cytomegalovirus (CMV) promoter can persist for approximately 35 days, it is important to note that the CMV promoter is susceptible to tran-

scriptional silencing, potentially due to CpG island methylation within the CMV promoter.61 To overcome this limitation, alternative pro-

moters should be considered for achieving stable transgene expression. One example is the CAG promoter, which combines the CMV

enhancer with the chicken beta-actin promoter and has been shown to be a robust and stable artificial construct.62
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Figure 6. AdC68-PFC suppresses VEGF-induced MAPK signal transduction pathway and LPS-induced vascular inflammation in ECs

(A) Starved HUVECs were pre-treated with AdC68-empty (131010 vp), AdC68-PFC (131010 vp) for 48 h and then stimulated with 50 ng/mL VEGF for 10 min.

Conbercept (10 mg) was used as a positive control, and the pre-treatment time was 5 min before VEGF stimulation. Representative western blot show pERK

and total ERK expression in HUVECs.

(B) Quantification of pERK/total ERK (n = 5 biological repeats) shown in (A).

(C and D) Western blot analysis of pp38 and total p38 in HUVECs treated as in (A) and quantification (n = 6 biological repeats).

(E) Starved HUVECs were pre-treated with AdC68-empty (131010 vp), AdC68-PFC (131010 vp) for 40 h and then stimulated with LPS (1 mg/mL) for 8 h. Conbercept

(10 mg) was used as a positive control, and the pre-treatment time was 5min after LPS stimulation. Representative western blot for ICAM-1 expression in HUVECs.

(F) Quantification of ICAM-1 (n = 5 biological repeats) shown in (E).

(G and H) Western blot analysis of VCAM-1 in HUVECs treated as in (E) and quantification (n = 5 biological repeats). Data are expressed as mean G SEM, and

analyzed using one-way ANOVA multiple comparisons with Tukey’s method among groups in (B), (D), (F), and (H) (*p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001). VEGF, vascular endothelial-derived growth factor; MAPK, mitogen-activated protein kinase. LPS, lipopolysaccharides; EC, endothelial cell.
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Figure 7. Safety test following AdC68-PFC intraocular injection

(A) The retina thickness 35 days after IVT injection of PBS, AdC68-empty, AdC68-PFC, or conbercept was visualized by OCT.

(B–E) Quantification of (B) RNFGC-IPL (n = 10–12 eyes from 5 to 6 mice per group), (C) INL (n = 10–12 eyes from 5 to 6 mice per group), (D) ONL (n = 10–12 eyes

from 5 to 6 mice per group) and (E) retina (n = 10–12 eyes from 5 to 6 mice per group) 35 days after IVT injection.

(F) Representative confocal images of retinal flat mounts stained with CD31. Scale bars, 500 mm in the upper row and 100 mm in the next row.

(G) Quantification of % of vascularized area shown in (F) (n = 4–6 eyes from 4 to 6 mice per group).

(H) Representative confocal images show TUNEL+ cells (TUNEL, green) in the retina. Scale bars, 50 mm. Data are expressed as meanG SEM, and analyzed using

one-way ANOVAmultiple comparisons with Tukey’s method among groups in (B), (C), (D), (E), and (G). (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). OCT,

optical coherence tomography; RNFGC-IPL, retinal nerve fiber ganglion cell-inner plexiform layer; INL, inner nuclear layer; ONL, outer nuclear layer.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-PEDF Sino Biological Cat#11104-RP02

Rabbit polyclonal antibody anti-VEGFR1 Affinity Cat#AF7748

Rabbit polyclonal anti-CD59 Sino Biological Cat#12474-RP02

Rabbit polyclonal anti-p44/42 MAPK (Erk1/2) Cell Signaling Technology Cat#9102

Mouse monoclonal anti- Phospho-p44/42 MAPK (Erk1/2)

(Thr202/Tyr204) (E10)

Cell Signaling Technology Cat#9106

Rabbit monoclonal anti-p38 MAPK (D13E1) Cell Signaling Technology Cat#8690

Rabbit monoclonal anti-Phospho-p38 MAPK

(Thr180/Tyr182) (12F8)

Cell Signaling Technology Cat#4631

Rabbit polyclonal anti-ICAM-1 Proteintech Cat#10831-1-AP

Mouse monoclonal anti-VCAM-1 Santa Cruz biotechnology Cat#sc-13160

Mouse monoclonal anti-GAPDH Proteintech Cat#HRP-60004

Hamster monoclonal anti-CD31 Millipore Cat#MAB1398Z

Rabbit monoclonal anti-F4/80 Cell Signaling Technology Cat#30325S

Mouse monoclonal anti-C5b-9 Santa Cruz Biotechnology Cat#sc-66190

Rat monoclonal anti-BrdU Abcam Cat# ab6326

Goat polyclonal anti-mouse H&L (HRP) Abcam Cat#ab6789

Goat polyclonal anti-rabbit H&L (HRP) Abcam Cat#ab6721

Goat polyclonal anti-armenian hamster, Alexa Fluor 594 Jackson ImmunoResearch Cat#127-585-099

Donkey polyclonal anti-rabbit, Alexa Fluor 488 Jackson ImmunoResearch Cat#711-545-152

Donkey polyclonal anti-mouse, Alexa Fluor 488 Jackson ImmunoResearch Cat#715-545-150

Donkey polyclonal anti-rat, Alexa Fluor 594 Jackson ImmunoResearch Cat#712-585-150

Bacterial and virus strains

AdC68-empty This paper N/A

E.coli Stbl2 Chemically Competent Cell (JM109 strain) Shanghai Weidi Biotechnology Co., Ltd Cat#DL1045

Chemicals, peptides, and recombinant proteins

SrfI New England Biolabs Cat#R0629S

PI-SceI New England Biolabs Cat#R0696S

I-CeuI New England Biolabs Cat#R0699S

PacI New England Biolabs Cat#R0547L

ApaI New England Biolabs Cat#R0114S

MfeI-HF New England Biolabs Cat#R3589L

XhoI New England Biolabs Cat#R0146S

23RealStar Power SYBR qPCR Mix (UNG) Genstar Cat#A312

X-tremeGENE� HP DNA Transfection Reagent Roche Cat#6366236001

5-Bromo-2-deoxyuridine (BrdU) Sigma-Aldrich Cat#B5002

VEGF R&D Cat#293-VE

LPS Sigma-Aldrich Cat#L2630

protease inhibitor cocktail APExBIO Cat#K1007

phosphatase inhibitor cocktail APExBIO Cat#K1015

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact Prof. Hua Yan

(zyyyanhua@tmu.edu.cn).

Materials availability

Plasmids, viruses and animal models generated in this paper will be shared freely upon request to the lead contact.

Data and code availability

Data: All data reported in this paper will be shared by the lead contact upon request.

Code: This paper does not report original code.

Any additional information reported in this paper is available from the lead contact upon request.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

EndoFree Mini Plasmid Kit II TIANGEN Cat#DP118-02

Gel Extraction Kit Omega Cat#D2500-02

GenRec Assembly Master Mix Kit General Bio Cat#CL08050

TIANamp Genomic DNA Kit TIANGEN Cat#DP304-03

Experimental models: Cell lines

293A ATCC Cat#CRL-1573

ARPE-19 ATCC Cat#CRL-2302

HUVEC This paper N/A

Experimental models: Organisms/strains

Vldlr-/- mice This paper N/A

Oligonucleotides

qPCR Primer: Human PEDF Forward:

5ʹ-CAAGGTGCCCGTGAACAAAC-3ʹ

This paper N/A

qPCR Primer: Human PEDF Reverse:

5ʹ-CTCCTTGTAGGTCCCGTGGAT-3ʹ

This paper N/A

qPCR Primer: Human sFlt-1 Forward:

5ʹ-CATCATCAGCAACGCCACCTAC-3ʹ

This paper N/A

qPCR Primer: Human sFlt-1 Reverse:

5ʹ- TTCTTCTTCTCACGCTGGCTCT-3ʹ

This paper N/A

qPCR Primer: Human sCD59 Forward:

5ʹ-GATTTCGACGCCTGCCTGAT-3ʹ

This paper N/A

qPCR Primer: Human sCD59 Reverse:

5ʹ-CAGTCTGGTGGTCACGTCGTTG-3ʹ

This paper N/A

Recombinant DNA

AdC68-PEDF-P2A-sFlt-1-P2A-sCD59 (AdC68-PFC) This paper N/A

AdC68-eGFP This paper N/A

Software and algorithms

GraphPad Prism 9.0 GraphPad Software https://www.graphpad.com/

SnapgGene 7.0 GSL Biotech https://www.snapgene.com/

ImageJ National Institutes of Health https://imagej.nih.gov/
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

All study protocols involving animal use were approved by the Institutional Animal Care and Use Committee of Tianjin Medical University

(approval number: TMUaMEC 2022006). All the mice were treated in accordance with the Association for Research in Vision and Ophthal-

mology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research. Male C57BL/6J mice of 6–8 weeks old were purchased

from the Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). Vldlr-/- mice were generated according to the structure of the

Vldlr gene, and exon2-exon11 of Vldlr-207 (ENSMUST00000167487.7) transcript was knocked out using CRISPR/Cas9 technology. All mice

were housed in specific pathogen-free (SPF) animal facilities, which have standardized conditions with a 12-h light/12-h dark cycle, at Tianjin

Medical University, Tianjin, China.

Laser-induced CNV model

After anaesthesia and pupil dilatation, four laser burns were induced using an Nd: YAG laser (LB-002088 REV B, Lumenis, USA) around the

optic disk at the 3, 6, 9, and 12 o’clock positions. The laser settings were as follows: 100 mmspot size, 0.15 s exposure time, and 200mWpower.

The generation of a bubble demonstrated the rupture of Bruch’s membrane, which confirmed the successful laser burn. To analyse CNV and

macrophage infiltration areas, RPE-choroid flat mounts stained with CD31 and F4/80 were performed on days 7 and 14 after laser burn.

Cell cultures

HEK293A cells were purchased from the American Type Culture Collection (ATCC). ARPE-19 cells were obtained from Qianzhikang Labora-

tory (Public Health Clinical Center, Shanghai, China). HUVECs were cultured in ECGM (QiDa Biotechnology, Shanghai, China) supplemented

with 5% FBS, 1% cell growth factor and 1%Gentamicin/Amphotericin, and were used from passages 2–6.63 HEK293A and ARPE-19 cells were

maintained in complete Dulbecco’s modified Eagle’s medium (DMEM; HyClone, Logan, UT, USA) supplemented with 10% (v/v) foetal bovine

serum (FBS; EallBio, China), 100 U/mL penicillin, and 100 mg/mL streptomycin. All cells were incubated at 37�C under 5% CO2. For the stim-

ulation experiments, HUVECs were cultured in starved ECGM supplemented with 1% FBS.

To study the role of AdC68-PFC in MAPK pathway activation, 23105 HUVECs were pre-treated with PBS (negative control), 131010 vp

AdC68-empty, and 131010 vp AdC68-PFC for 48 h in starvation medium at 37�C. In the conbercept (positive control; KANGHONG,

China)-treated wells, cells were pre-treated with 10 mg conbercept for 5 min before VEGF stimulation. HUVECs were then stimulated with

VEGF (50 ng/mL; R&D Systems, US) for 10min. To test the effect of AdC68-PFC on endothelial inflammation, 23105 HUVECswere pre-treated

with PBS (negative control), 131010 vp AdC68-empty, or 131010 vp AdC68-PFC for 40 h in starvation medium and then stimulated with LPS

(1 mg/mL, Sigma, US) for 8 h. In the conbercept (positive control)-treatedwells, HUVECswere pre-treatedwith 10 mg conbercept for 5min after

LPS stimulation.

METHOD DETAILS

Vector production

Recombinant adenoviral AdC68 vectors were generated via one-step isothermal assembly, as previously described.64 AdC68 vectors incor-

porating eGFP and AdC68 vectors incorporating PEDF, sFlt-1, and sCD59 were constructed, and the cleavable linker P2A was used for the

connection of two different genes. In brief, human PEDF, sFlt-1, sCD59, and P2A sequences were codon-optimized and synthesized by

TSINGKE (Beijing, China) and inserted into the E1-deleted region of the replication-deficient adenoviral vector AdC68, driven by a modified

human cytomegalovirusmajor immediate early promoter (IE CMV). Finally, AdC68-PEDF-P2A-sFlt-1-P2A-sCD59 (AdC68-PFC) was generated.

The eGFP gene was also inserted into the E1-deleted region of AdC68, driven by the IE CMV promoter, to generate AdC68-eGFP. AdC68-

empty was used as a sham control, with no insertion at the E1-deleted locus. Recombinant adenoviruses were rescued and amplified in

HEK293A cells and purified by CsCl gradient ultracentrifugation. Viral particles were calculated by measuring UV absorbance at 260 nm

(A260) using spectrophotometry: vp = OD2603dilution31.131012. Adenoviral vectors were confirmed by restriction enzyme digestion and

DNA fragments were sequenced to ensure correct ligation.65

PEDF, sFlt-1, and sCD59 expression analyses

To analyse the in vitro expression of PEDF, sFlt-1, sCD59, ARPE-19 cells, and HUVECs were cultured and seeded in 6-well plates and then

infected with AdC68-PFC at varying doses of 13108 vp, 13109 vp, and 131010 vp each well, and 131010 vp of AdC68-empty was used as

the control group. Cells and supernatants were harvested for western blotting 48h post-infection and stored at -80�C for protein extraction

and subsequent immunoblotting.

To analyse the in vivo expression of PEDF, sFlt-1, and sCD59, each mouse was injected in the right eye of 7.53109 vp AdC68-PFC, and the

left eye without injection was used as the control group. Seven days after the IVT injection, the retina-choroid-sclera complexes were

dissected and lysed in ice-cold lysis buffer (RIPA; R0010; Solarbio, China) for subsequent immunoblotting.
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IVT injection

For the preventive strategy, laser induction was performed 4 days after PBS and AdCs injection, and 1 d after the conbercept injection. As a

therapeutic strategy, laser induction was performed 1 d before IVT injection. The IVT injections were performed using a 33-gauge syringe

needle (Hamilton, US). For the preventive strategy, 1.5 mL PBS or buffer containing 1.53109 vp AdCs was delivered by each calibrated micro-

pipette 4 days before the laser, and 1.5 mL conbercept (10 mg/mL) was delivered 1 d before the laser. For the therapeutic strategy, 1.5 mL PBS,

1.5 mL buffer containing 1.53109 vp/7.53109 vp AdCs, or 1.5 mL conbercept (10 mg/mL) were delivered by each calibratedmicropipette 1 day

after laser. For adult (6–8 week) Vldlr-/- mice, 1.5 mL PBS, 1.5 mL buffer containing 1.53109 vp AdCs, and 1.5 mL conbercept (10 mg/mL) were

injected intravitreally. For P10 Vldlr-/- mice, 0.8 mL PBS, 0.8 mL buffer containing 0.83109 vp AdCs, and 0.8 mL conbercept (10 mg/mL) were

injected intravitreally.

In vivo fluorescence imaging

Male C57BL/6J mice of 6–8 weeks old were observed weekly for five weeks after AdC68-eGFP administration. eGFP expression in the mouse

eye was observed using a Micron IV Retinal Imaging Microscope (Phoenix Research Labs, Pleasanton, CA, USA).

FFA

For laser-induced CNV model mice, FFA was performed using Heidelberg confocal retinal angiography (Heidelberg, Spectralis HRA, Ger-

many) at 7 and 14 days after laser irradiation. After pupil dilatation with compound tropicamide eye drops, the mice were anaesthetized

and 0.1 mL/kg 10% fluorescein sodium (Alcon Research LLC, US) was injected intraperitoneally. FFA images were acquired 2 min after the

injection of fluorescein sodium.

For adult Vldlr-/- mice, FFA was performed 7, 14, and 35 days after IVT injection using a Micron IV Retinal Imaging Microscope (Phoenix

Research Laboratories, Pleasanton, CA, USA). Similarly, the pupils were dilated, the mice were anaesthetized, and fluorescein sodium (Alcon

Research LLC, US) was injected intraperitoneally. FFA images were acquired 2 min after the injection of fluorescein sodium. All FFA images

were analysed using FIJI/Image J (NIH, US) software.

Immunofluorescence

Mouse eyeballs were fixed in 4% paraformaldehyde (PFA) for 45 min at room temperature (RT). Then, the RPE-choroid complexes were

dissected, permeabilized 1% TritonX-100 overnight at 4�C then blocked with 2% BSA, 0.3% TritonX-100 in PBS for 12 h at 4�C. Subsequently,
the tissues were incubated with proper primary antibodies for two days at 4�C: hamster anti-CD31 monoclonal antibody (1:150, MAB1398Z,

Millipore, US), rabbit anti-F4/80monoclonal antibody (1:200, 30325S, Cell Signaling Technology, US), andmouse anti-C5b-9monoclonal anti-

body (1:100, sc-66190, Santa Cruz Biotechnology, US). After three washes in PBS, the tissues were incubated with the corresponding second-

ary antibodies (1:300, Jackson ImmunoResearch, US) for 2 h at RT. After washing with PBS overnight at 4�C, the RPE-choroid complexes were

flat-mounted with mounting medium on glass slides.

For flat-mounted retinas, the eyes of themice were enucleated and fixed in 4% PFA for 1 h at RT, and then the retinas were dissected. After

washing with PBS, the retinas were permeabilized with PBS containing 1% TritonX-100 overnight at 4�C then blocked in PBS containing 5%

BSA, 0.5% TritonX-100 for 12 h at 4�C. The flat-mounted retinas were stained with isolectinGS-IB4 (1:100) for 3 h at RT. After washing with PBS

containing 0.1% TritonX-100 overnight at 4�C, the retinas were flat-mounted with mounting medium on glass slides.

The immunostaining of choroidal and retinal flat mounts was captured using a confocal fluorescence microscope (LSM 900, Carl Zeiss,

Germany) and analysed using the FIJI/ImageJ software.

Western blot assay

Tissues and cells were lysed in 200 mL RIPA buffer containing protease inhibitors (Roche) and the supernatant was filtered (0–20 mm). Then,

equal protein was loaded and electrophoresed in 8–15% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a PVDF

membrane (IPVH00010, Millipore, USA). PVDF membranes were blocked with 5% milk in PBST (PBS+Tween-20) for 2 h at RT and then target

proteins were detected by specific primary antibodies including PEDF (1:500, 11104-RP02, Sino Biological, China), VEGFR1 (1:500, AF7748,

Affinity, US), sCD59 (1:500, 12474-RP02, Sino Biological, China), Erk1/2 p44/42 (1:1000, 9102, Cell Signaling Technology, US), Erk1/2 phospho-

p44/42 (T202/Y204) (1:1000, 9106, Cell Signaling Technology, US), p38 MAPK(1:1000, 8690, Cell Signaling Technology, US), Phospho-p38

MAPK (Thr180/Tyr182) (1:1000, 4631, Cell Signaling Technology, US), ICAM-1 (1:1000, 10831-1-AP, Proteintech, US), VCAM-1 (1:200, sc-

13160, Santa Cruz biotechnology, US). HRP-Conjugated GAPDH Monoclonal Antibody (1:10000, HRP-60004, Proteintech, US) was used as

an internal control. FIJI/Image J software was used to quantify the WB bands. The protein expression values were normalized to that of

GAPDH. Each experiment was performed at least thrice.

RNA extraction, complementary DNA synthesis, and quantitative real-time qPCR analysis

The eyes of mice were enucleated 4 days after administration of 1.53109 vp or 7.53109 vp AdC68-PFC. Eachmouse was injected into the right

eye; the left eye with no injection was used as the control group. Retina-choroid complexes were dissected and homogenized in TRIzol� re-

agent (Invitrogen, US). RNA samples were reverse-transcribed to complementary DNA (cDNA) using the StarScript II RT Mix with gDNA

Remover (GenStar, China). qPCR was performed using 23RealStar Power SYBR qPCR Mix (GenStar, China) and processed with the
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QuantStudio 5 Real-Time PCR system (Applied Biosystems, US). The primers used in this study were as follows: human PEDF forward, 5ʹ-
CAAGGTGCCCGTGAACAAAC-3ʹ; human PEDF reverse, 5ʹ-CTCCTTGTAGGTCCCGTGGAT-3ʹ; human sFlt-1 forward, 5ʹ-CATCATCAG
CAACGCCACCTAC-3ʹ; human sFlt-1 reverse, 5ʹ- TTCTTCTTCTCACGCTGGCTCT-3ʹ; human sCD59 forward, 5ʹ-GATTTCGACGCCTGCCT

GAT-3ʹ; and human sCD59 reverse, 5ʹ-CAGTCTGGTGGTCACGTCGTTG-3ʹ. The absolute number of mRNA copies was calculated using a

standard curve method.

The BrdU incorporation assay in ECs

To analyze EC proliferation in vitro, the BrdU incorporation assay was performed. Briefly, HUVECs were cultured on collagen-coated cover-

slips in 24-well plates and pre-treatedwith PBS, 2.53109 vp AdC68-empty, or 2.53109 vp AdC68-PFC for 24 h in starvationmedium. Cells were

then treated with or without VEGF (50 ng/mL) for 24 h. BrdU (10 mM, B5002, Sigma-Aldrich, US) was added 4 h before PFA fixation. The cells

were then permeabilized and blocked in PBS containing 2% BSA and 0.3% TritonX-100 for 30min at RT. Unmasking was performed by adding

ice-cold 0.1 M HCl for 20 min followed by 2 M HCl for 30 min. Neutralization was performed with sodium borate buffer (0.1 M Na2B4O7 in

water, PH8.5) for 15 min, prior to primary antibody incubation. An anti-BrdU antibody (1:250, ab6326, Abcam, UK) was incubated in blocking

solution overnight at 4�C, and appropriate secondary antibody (1:400, Alexa Fluor 594-conjugated, Jackson ImmunoResearch, US) was incu-

bated for 2 h at RT. Nuclei were counterstained with DAPI (1:1000, D1306, Invitrogen). Imageswere obtained using a fluorescencemicroscope

(CKX53; Olympus). Quantification was performed blinded to the experimental conditions. Four biological replicates were used for

quantification.

Scratch assay

To analyse EC migration, HUVECs were cultured in collagen coated in 6-well plates. When cells were confluent, they were infected with 13

1010 vpAdC68-empty or 131010 vpAdC68-PFC for 48 h in starvationmedium.Awoundwasmadeby scraping the cell monolayer with a 200 mL

pipette tip, and the cells were stimulated with or without VEGF (50 ng/mL). Pictures were acquired at time-point zero and 12 h after incubation

at 37�C. The percentage of wound closure between 0 and 12 h was analysed using FIJI/Image J software with investigators blinded to the

experimental conditions. Eight biological replicates were used.

OCT

OCT was performed 35 days after IVT injection in 6–8-week-old male C57BL/6J mice using a Micron IV Retinal Imaging Microscope (Phoenix

Research Labs, Pleasanton, CA, USA). The thickness of the retina around the optic disc was measured and calculated using built-in software.

TUNEL assay

TUNEL assay was used to examine apoptotic cells in retinas/choroids. Mice were sacrificed 35 days after the IVT injection, and the eyes from

each group were enucleated. Eyes were fixed in 4% PFA for 2 h at RT. Afterwards, they were transferred to 30% sucrose/PBS at 4�C overnight

and subsequently toOCT (Sakura, Japan) and frozen at -80�C. Serial 10 mm-thick sections were cut using a cryostat (CM1950, Leica, Germany).

TUNEL assay was performed using a One Step TUNEL Apoptosis Assay Kit (C1088, Beyotime, China) according to the manufacturer’s

instructions.

QUANTIFICATION AND STATISTICAL ANALYSIS

All results are presented as mean G SEM, and statistical analyses were performed using GraphPad Prism 8.0.1 (GraphPad Software). Com-

parison of data between groups was performed using Student’s t-test (two-tailed) (when comparing two groups) or one-way ANOVA followed

by Tukey’s multiple comparisons test (when comparing three or more groups). Statistical significance was set at P < 0.05.
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