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Research article 
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A B S T R A C T   

Pathological angiogenesis related to neovascularization in the eye is mediated through vascular endothelial 
growth factors (VEGFs) and their receptors. Ocular neovascular-related diseases are mainly treated with anti- 
VEGF agents. In this study we evaluated the efficacy and safety of novel gene therapy using adeno associated 
virus 2 vector expressing a truncated form of soluble VEGF receptor-2 fused to the Fc-part of human IgG1 (AAV2- 
sVEGFR-2-Fc) to inhibit ocular neovascularization in laser induced choroidal neovascularization (CNV) in mice. 
The biological activity of sVEGFR-2-Fc was determined in vitro. It was shown that sVEGFR-2-Fc secreted from 
ARPE-19 cells was able to bind to VEGF-A165 and reduce VEGF-A165 induced cell growth and survival. A single 
intravitreal injection (IVT) of AAV2-sVEGFR-2-Fc (1 μl, 4.7 × 1012 vg/ml) one-month prior laser photocoagu-
lation did not cause any changes in the retinal morphology and significantly suppressed fluorescein leakage at 7, 
14, 21 and 28 days post-lasering compared to controls. Macrophage infiltration was observed after the injection 
of both AAV2-sVEGFR-2-Fc and PBS. Our findings indicate that AAV2 mediated gene delivery of the sVEGFR-2-Fc 
efficiently reduces formation of CNV and could be developed to a therapeutic tool for the treatment of retinal 
diseases associated with neovascularization.   

1. Introduction 

Antiangiogenic treatment is one of the most effective strategies for 
managing pathological neovascularization in ocular diseases. Because 
vascular endothelial growth factors (VEGF) play a key role in patho-
logical angiogenesis (Kinnunen et al., 2009), VEGFs and their receptors 
are potential targets in the treatment of ocular neovascular -related 
diseases. Anti-VEGF agents, such as bevacizumab, aflibercept, ranibi-
zumab (Heier et al., 2016; Wykoff et al., 2018) and most recently bro-
lucizumab (Dugel et al., 2020) have revolutionized the treatment of 
patients with neovascular ocular diseases. Although anti-VEGF therapy 
has become the mainstay in the treatment of neovascular ocular diseases 
most of the patients require frequent injections every 1–3 months 

interval and regular long-term follow-up, which place burden to the 
patients and health care (Wykoff et al., 2018). Therefore, alternative 
therapies with long duration of action are needed. 

Ocular gene therapy is a promising approach to express anti-VEGF 
proteins for prolonged periods following a single injection. Several 
preclinical (Askou et al., 2017 and 2019, Lee et al., 2018; Ding et al., 
2019) and clinical studies (Rakoczy et al., 2019; ClinicalTrials.gov 
NCT03585556, NCT03066258, NCT04645212, NCT03748784) 
demonstrate the use of anti-angiogenic gene therapy agents to inhibit 
pathological angiogenesis in the eye. In these studies, anti-angiogenic 
therapy was shown to be safe and decrease choroidal neo-
vascularization. In clinical trials results have shown positive outcomes 
but also lack of efficacy (Rakoczy et al., 2019). 

One of the approaches to block VEGF signalling is utilization of 
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decoy receptors. VEGF-A functions are mediated by two main receptors: 
VEGF receptor − 1 (also called FLT1) and VEGF receptor − 2 (also called 
FLK1/KDR). Previous gene therapy experiments on treatment of neo-
vascular age-related macular degeneration (nAMD) have focused on 
soluble VEGFR-1 (sVEGFR-1) constructs because it has high affinity for 
VEGF-A. Intravitreal delivery of an adeno-associated virus (AAV) 
expressing sVEGFR-1 fused to the Fc-part of IgG1 (sFLT01) (Huang et al., 
2017) and subretinal delivery of an AAV vector expressing a sVEGFR-1 
(sFLT) (Rakoczy et al., 2019) were safe in clinical studies. However, 
AAV-mediated sVEGFR-2 expression has not been tested in the treat-
ment of ocular neovascularization. 

Binding affinity of mouse VEGF-A to human VEGFR-2 has not been 
published. Mouse VEGF-A164 shares significant homology with human 
VEGF-A165 (only 19 amino acids difference) (Mujagic et al., 2013). One 
study reported treatment of ocular neovascularization in oxygen 
induced retinopathy mouse model with recombinant chimeric VEGFR-2 
protein (sVEGFR-2) (Agostini et al., 2005). This protein contains the first 
757 amino acids of human VEGFR-2 that were fused to human Fc. 
Pathological vascular changes were reduced significantly after a single 
intravitreal injection of sVEGFR-2. Furthermore, clinically used 
anti-VEGF agent aflibercept (soluble decoy receptor with human 
VEGFR-1 IgG domain 2 and human VEGFR-2 IgG domain 3 fused to 
human Fc region of IgG1) can bind mouse VEGF-A (Papadopoulos et al., 

2012). Other anti-VEGF proteins bevacizumab (humanized monoclonal 
antibody) and ranibizumab (Fab-fragment) do not bind rodent VEGF-A 
efficiently (Lu and Adelman, 2009; Yu et al., 2008) 

We investigated the AAV2 mediated retinal gene transfer after 
intravitreal injection to establish long-term production of truncated 
form of sVEGFR-2 for the treatment of choroidal neovascularization. 
More precisely, we used sVEGFR-2-Fc which is a recombinant fusion 
protein composed of the 1–3 Ig domains of VEGFR-2 fused to the Fc 
region of human immunoglobulin gamma 1 (IgG1) (Fig. 1) to ensure 
dimerization of the soluble receptors. The Fc fusion proteins are 
homodimers and they can improve the solubility and stability of the 
receptors (Czajkowsky et al., 2012). The dimerization of VEGF receptors 
is required for their high-affinity binding to VEGF-A (Sallinen et al., 
2011). The efficacy of AAV2-sVEGFR-2-Fc against CNV formation and 
ocular safety of the transgene expression was evaluated in a mouse 
model of laser-induced choroidal neovascularization which mimics 
many of the abnormalities seen in the nAMD. This study is the first 
attempt to test AAV2-sVEGFR-2 gene therapy as a therapeutic tool for 
CNV -related diseases. 

2. Materials and methods 

2.1. Production of AAV-vectors 

AAV plasmid containing codon optimized sequences encoding 
VEGFR2 extracellular Ig like domains 1, 2 and 3 and human IgG1 Fc- 
fragment (pAAV-sVEGFR-2-Fc) was synthetized by Life Technologies. 
AAV Serotype 2 expressing Enhanced green fluorescent protein (AAV2- 
EGFP) with CMV promoter and Woodchuck Posttranscriptional Regu-
latory Element (WPRE) and AAV2-sVEGFR-2-Fc with CMV promoter 
vectors were produced as described previously by Zolotukhin et al. 
(1999). HEK293T cells were co-transferred with a vector plasmid and a 
helper plasmid pDG. Vectors were purifiedby iodixanol gradient 
centrifugation and 40% iodixanol step with Amicon. Functional titration 
of AAV2-EGFP was determined using a slot blot and flow cytometry as 
described previously by Paterna et al. (2000) Vector titers for 
AAV2-EGFP (2.8 ×1012 vg/ml) and for AAV2-sVEGFR-2-Fc (4.7 × 1012 

vg/ml) were determined with functional qPCR as described earlier 
(Suoranta et al., 2021) using inverted terminal repeat (ITR) specific 
primers. 

Abbreviations 

AAV adeno associated virus 
ARPE human retinal pigment epithelium 
BaF3 pro-B murine cell line 
CMV cytomegalovirus 
CNV choroidal neovascularization 
EGFP enhanced green fluorescent protein 
IVT intravitreal injection 
nAMD neovascular age related macular degeneration 
OCT optical coherence tomography 
ONL outer nuclear layer 
sVEGFR soluble vascular endothelial growth factor receptor 
WPRE woodchuck post-translational regulatory element  

Fig. 1. sVEGFR-2-Fc was constructed by fusing the first, second and third (D1-D3) Ig-like domains of VEGFR-2 to the Fc portion of human IgG1. Abbreviations: VEGF, 
vascular endothelial growth factor; sVEGFR, soluble VEGF receptor; Ig, immunoglobulin. 
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2.2. Cell transduction 

Human retinal pigment epithelium (ARPE-19) cells were cultured on 
6-well plates at 75 000 cells per well in Dulbecco’s modified Eagle’s 
minimum essential medium (DMEM) (Gibco) supplemented with 10% 
fetal bovine serum (FBS) (Gibco) and 1% penicillin/streptomycin 
(Gibco) and incubated at 37 ◦C in a humidified atmosphere with 5% 
CO2. Transduction of the cells was performed with AAV2-sVEGFR2-Fc 
vector at multiplicity of infection (MOI) 20 000, 100 000 and 1000 
000. Medium was changed the following day. Three days post- 
transduction, transduction medium was collected and stored at 
− 70 ◦C prior to be tested by Western blot and ELISA. 

2.3. Western blotting and SDS-PAGE 

The secreted sVEGFR-2-Fc protein from the medium collected from 
AAV2-sVEGFR2-Fc transduced ARPE-19 cells was detected by Western 
blot. Samples were denaturated for 5 min at 95 ◦C under reducing 
conditions and proteins were separated by sodium dodecyl sulfa-
te–polyacrylamide gel electrophoresis (SDS-PAGE) (4–20% Mini- 
Protean TGX Stain Free Gel, Bio-Rad). Proteins were transferred to 
nitrocellulose membrane (Nitrocellulose Membrane 0.2 μm, Trans-Blot 
Turbo, Bio-Rad) and blocked in 5% milk in 1 × TBS and 0.1% Tween. 
Blot was incubated first with Anti-Human IgG (Fc specific) antibody 
(I2136, Sigma-Aldrich) and then with Donkey Immunoglobulin G HRP 
conjugated secondary antibody (DkxGt-003-DHRPX, ImmunoReagents, 
Inc). Bands were visualized using Pierce ECL Plus Western Blotting 
Substrate (Thermo Scientific) and detected with ChemiDoc MP (Bio- 
Rad) imager. 

2.4. Binding assays 

Enzyme-linked immunosorbent assay (ELISA) was used to determine 
the capability of sVEGFR-2-Fc to bind recombinant human VEGF-A165. 
Wells of 96-well plates were coated with VEGF-A165 (5 μg/ml) (293-VE, 
R&D Systems) in bicarbonate buffer (0,1M NaHCO3) overnight. Block-
ing was done with 0.5% BSA in Phosphate Buffered Saline with Tween™ 
20 (PBST) for 1.5 h. Dilution series of medium containing sVEGFR-2-Fc 
collected from the transduced ARPE-19 cells was added to the plates and 
incubated for 1 h following incubation with anti-human IgG-HRP anti-
body for 1 h (Anti Human IgG Peroxidase conjugate, A8792, Sigma). 
3,3′, 5,5′′-tetramethylbenzidine (TMB) substrate solution (N301, 
Thermo-Fischer) was added to the plates and incubated for 20 min, and 
reaction was stopped by adding stop solution (N600, Thermo-Fischer). 
Absorbance was measured at 450 nm wavelength. 

2.5. BaF3-VEGFR-2 viability assay 

BaF3 (BaF3-VEGFR-2) cells expressing VEGFR-2/EpoR described by 
Achen et al. (1998) (received as a generous gift from Dr. Alitalo) were 
cultured in DMEM (Gibco) supplemented with 10% FBS (Gibco), 1% 
penicillin/streptomycin (Gibco), 500 μg/ml Geniticin (G418, Inviv-
oGen) and recombinant mouse interleukin-3 (rmIl-3) (407 631, EDM-
Millipore). For the viability assay, 18000 cells per well were cultured on 
96-well plates in the medium containing 25 ng/ml VEGF-A165 (293-VE, 
R&D Systems) without rmIl-3 and with dilution series of medium con-
taining sVEGFR-2-Fc collected from the transduced (100 000) ARPE-19 
cells. Recombinant sVEGFR-2 described earlier (Toivanen et al., 2009) 
was used as a positive control. After 48 h of incubation at 37 ◦C in a 
humidified atmosphere with 5% CO2, cell viability was quantified by 
adding CellTiter 96® AQueous One Solution Cell Proliferation Assay 
(MTS) (G3582, Promega) to the wells and plates were incubated 2 h. 
After the incubation, absorbances were measured using 490 nm 
wavelength. 

2.6. Animals 

Eight to 10-weeks old male C57BL/6J mice (Lab Animal Center, 
Kuopio, Finland) were used in this study. All animals were treated in 
standard conditions under a 12-h light/dark cycle with food and water 
available ad libitum. Animal experiments were conducted in accordance 
with the Association for Research in Vision and Ophthalmology state-
ment for the Use of Animals in Ophthalmic and Vision Research and was 
approved by the Finnish National Animal Experiment Board (ESAVI- 
2020-027 769). All animal experiments were conducted under anes-
thesia by intraperitoneal injection of 60 mg/kg ketamine (Ketaminol®, 
Intervet International B.V.) and 0.4 mg/kg medetomidine (Domitor®, 
Orion Oy, Finland). The pupils were dilated with topical application of 
0.5% tropicamid (Santen Pharmaceuticals Co, Ltd., Tampere, Finland). 
The effect of anesthetics was reversed with 1 mg/kg atipamezole 
(Antisedan®, Orion Oy, Finland) given subcutaneously. In vivo study 
design is presented in Fig. 2. 

2.7. Laser-induced choroidal neovascularization model 

Mice were anaesthetized and pupils were dilated as described above. 
The animals were positioned in front of a slit-lamp and the beam from a 
diode laser (Vitra 2; Quantal Medical, Rockwall, TX, USA) was focused 
onto the retina. Both eyes of each mouse were subjected to laser 
photocoagulation and four laser burns were placed around optic nerve 
head in each eye (spot size 50 μm, duration 0.1 s, power 50 mW). The 
lesions were located at the 3, 6, 9 and 12 o’clock centered on the optic 
nerve head and located approximately three-disc diameters from the 
optic disc. Acute vapor bubbles formed at the laser spots indicated the 
rupture of Bruch’s membrane. Mice with hemorrhage were excluded 
from the further studies. 

Experimental choroidal neovascularization (CNV) model was vali-
dated with intravitreal injection of aflibercept (Eylea®, 40 mg/ml, 
Regeneron Pharmaceuticals, Tarrytown, NY, USA) as illustrated in 
Fig. 2A. Immediately after photocoagulation 40 μg of aflibercept (1 μl, n 
= 10) as positive control or PBS (Dulbecco’s Phosphate-Buffered Saline, 
ThermoFisher Scientific) (pH 7.4, 10 mM, n = 8) as negative control 
were injected into vitreous cavity (n = 10). Proper placement of the 
compound was confirmed with optical coherence tomography (OCT). 
Efficacy of aflibercept treatment on CNV development was evaluated 
with fluorescein angiography on days 7, 14, 21 and 28. Efficacy of PBS 
was evaluated with fluorescein angiography on day 7. Fluorescein 
leakage areas were compared to equal number of lasered non-treated 
controls. 

2.8. Intravitreal AAV administration 

AAV2-sVEGFR-2-Fc. Total of 20 mice were randomly divided into 
two groups (n = 10 per group). Group 1 received intravitreal (IVT) in-
jection of AAV2- sVEGFR-2-Fc with CMV promoter (1 μl, 4.7 × 1012 vg/ 
ml). Group 2 did not receive intravitreal injections and acted as control. 
Briefly, mice in group 1 were anaesthetized and pupils were dilated with 
tropicamide eye drops. Topical analgesia was given prior injections with 
oxybuprocaine (Oftan Obucain, 4 mg/ml, Santen Oy, Finland) eyedrops. 
AAV vectors were administered into vitreous cavity using 32G needle 
fitted with Hamilton syringe (Hamilton Co., Reno, NV, USA). Both eyes 
were treated. The needle was directed toward the center of the vitreous 
and volume of 1 μl was slowly injected. A topical eye drop (Viscotears®, 
Alcon, Finland) was applied to the eyes of mice immediately after IVT 
injection avoiding any material leakage from the vitreous. Quality of IVT 
injections was confirmed with optical coherence tomography (OCT) and 
fundus images (Micron IV; Phoenix Research Labs, Pleasanton, CA, 
USA). Laser photocoagulation was performed four weeks after IVT in-
jection. Efficacy was monitored with fluorescein angiography (FA) and 
CNV size analysis. The experimental setup is presented in Fig. 2B. For 
sVEGFR-2-Fc protein expression analyses the animals received 
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intravitreally AAV2-sVEGFR-2-Fc (3.2 × 1012 vg/ml; 2 μl) into both 
eyes. Procedure was done similar as for group 1. These animals were not 
subjected to OCT, FA or laser photocoagulation procedures. 

AAV2-EGFP. AAV2-EGFP (2.8 × 1012 vg/ml) was injected into vit-
reous as described above (n = 5 mice). Enhanced green fluorescent 
proteins were visualized using fundus camera with green filter at days 
14, 21, 49 and 63 post-treatments. 

2.9. Fluorescein fundus angiography 

Fluorescein angiography was performed to anaesthetized mice using 
Micron IV imaging system (Micron IV; Phoenix Research Labs, Pleas-
anton, CA, USA) at 7, 14, 21 and 28 days after laser photocoagulation. 
Photographs were captured in contact with fundus camera lens at 10-s 
intervals after subcutaneous injection with 0.1 ml of 1% fluorescein 
sodium (Alcon Laboratories Inc., Fort Worth, TX, USA). Late phase im-
ages (5 min) were used for comparative analyses. The area of fluorescein 
leakage was calculated as number of pixels by ImageJ software (Na-
tional Institute of Health, Bethesda, MD, USA). Total of 80 fluorescein 
leakage areas per group for each timepoint were analysed (n = 10 mice 
per group, both eyes were treated and each eye had 4 laser spots). 

2.10. Analysis of CNV area 

ImageJ software was used to delineate and measure the CNV area 
from OCT pictures (ImageJ, National Institute of Health, Bethesda, MD, 
USA). CNV size was defined as the subretinal hyperreflective material 
above retinal pigment epithelium layer. Cross-sectional areas passing 
through the lesion were manually contoured, and measurements were 
performed in all laser photocoagulation sites. Maximum lesion size of 
the CNV was included in the data set. 

2.11. Ocular tolerability to AAV2-sVEGFR-2-Fc gene therapy in choroidal 
neovascularization mouse model 

The mice were monitored for AAV2-sVEGFR-2-Fc treatment related 
ocular toxicities (Fig. 2C). Toxicity examinations included retinal layer 
measurements (Outer nuclear layer thickness, ONL) and immunohisto-
chemical analyses. In this study, the mice were divided into four groups 
(n = 4 mice in each group). Mice in groups 1 and 2 received IVT in-
jections of AAV2-sVEGFR-2-Fc (1 μl, 4.7 × 1012) or PBS-buffer (1 μl, 
1xPBS pH 7.4), respectively. Mice in Group 3 did not receive any IVT 
injections but were treated with laser (laser group; four laser spots per 
eye) and mice in group 4 were naïve. 

Image based quantitative analysis of ONL thickness. The mice were 
anaesthetized and pupils were dilated with 0.5% tropicamide eye drops. 
Mice were placed in a holder in front of OCT imaging device and the eyes 
were moisturized with Viscotears™ (Alcon, Finland). High resolution 
OCT (Micron IV; Phoenix Research Labs, Pleasanton, CA, USA) was 
performed with a line scan protocol (line scans of 0◦, composed of 20 
images) before and 8 weeks after the IVT injection. Segmentation of the 
retinal layers was performed automatically with in-built software 
(InSight, version 2.0.5940). OCT imaging was performed on two regions 
of each eye using the optic disc as a reference point, one on the superior 
side of the optic disc and one on the inferior side. Only b-scans with 
straight entry position of the OCT beam to retina were chosen for 
analysis. Automatically drawn segmentation lines were checked and 
manually corrected when needed. The area between outer plexiform 
layer and the external limiting membrane displayed the mean ONL 
thickness. 

Histopathological examination. The mice were sacrificed and eyes 
were collected for histopathological examinations 56 days after the 
AAV2-sVEGFR-2-Fc. The eyes were preserved in 4% paraformaldehyde 
in 0.1M phosphate buffer (pH 7.4) for overnight at 4 ◦C. The eyes were 

Fig. 2. In vivo part of the study was divided into 
three experimental arms (A, B and C). A. The CNV 
mouse model was validated with single intravitreal 
injection of aflibercept and phosphate buffer. Photo-
coagulation was done immediately after intravitreal 
treatment. The inhibitory effects of aflibercept on 
CNV development was confirmed with fluorescein 
angiography measurements at 7, 14, 21 and 28 days 
after intravitreal administration. B. In the second 
study the efficacy of AAV2-sVEGFR-2-Fc to CNV for-
mation was examined in the CNV mouse model. Laser 
photocoagulation was induced 28 days after the 
intravitreal injection of AAV2-sVEGFR-2-Fc vectors to 
allow sufficient time for transgene expression. Fluo-
rescein angiography was done at days 7, 14, 21 and 
28 post-lasering. Fluorescein angiography and OCT 
data was used for efficacy analysis. Mice were sacri-
ficed and eyes were collected for histopathological 
examinations 56 days after AAV2-sVEGFR-2-Fc 
administration. Parallel to the study, intraocular 
expression of EGFP following by intravitreal injection 
of AAV2-EGFP was examined. Transgene expression 
profile was visualized by green-filter fundus photog-
raphy at days 14, 21, 49 and 63 post intravitreal in-
jection and with anti-GFP immunostaining. C. Ocular 
tolerability and immune response examinations were 
made with retinal layer measurements (ONL thick-
ness) and immunohistochemical analysis. Four 
different experimental groups were used in this study. 
Mice in group 1) and 2) received IVT injection of 
AAV2-sVEGFR-2-Fc (1 μl) or PBS-buffer (1 μl), 
respectively. Mice in Group 3) got no IVT injections 
and were treated with laser (laser group; four laser 

spots per eye) and mice in group 4) were naïve. Mice were sacrificed 56 days after the treatments. IVT = intravitreal administration. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.)   
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embedded into paraffin and sagittal sections (5 μm thickness) were cut 
with a microtome (Leica Microsystems, Nussloch GmbH, Germany). The 
sagittal sections were stained with Anti-GFP Antibody ((FL): sc-8334, 
Santa Cruz Biotechnology, Inc.) to confirm the EGFP expression in the 
retina. Antibody F4/80 (Rat anti Mouse F4/80 antibody, clone A3-1, 
MCA497G, Bio-Rad) was used to detect macrophages in the eye. Pres-
ence or absence of immunopositivity was evaluated blindly by exam-
ining 9 sections sectioned at different levels of each eye using a 
brightfield microscope (Nikon Eclipse Ni-e, Nikon Instruments Europe B. 
V, manufactured in Japan). F4/80 positive cells in the retina and vit-
reous were counted manually. 

2.12. sVEGFR-2-Fc protein expression in the mouse eye after intravitreal 
injection of AAV2-sVEGFR-2-Fc 

Expression of sVEGFR-2-Fc protein levels were studied by ELISA. The 
proteins were extracted from whole eye samples collected at timepoints 
2 weeks (n = 3) and 6 weeks (n = 3) after the intravitreal injection of 
AAV2-sVEGFR-2-Fc. Naïve animals were used as controls (n = 4). The 
eyes (~50 mg, 2 eyes pooled together) were lysed with buffer (cOm-
plete™ EDTA free protease inhibitor cocktail tablets, Roche; T-PER 
Tissue Protein Extraction, Thermo Scientific). Bicinchoninic acid (BCA)- 
protein assay (Pierce™ BCA Protein Assay Kit, Thermo Scientific™) was 
used to determine the total protein content of the samples. ELISA was 
used to quantify the sVEGFR-2 protein in the samples according to the 
manufacturer’s protocol (Human VEGFR2/KDR Quantikine ELISA Kit, 
cat.no. DVR200, R&D Systems). Absorbances were measured at 450 nm 
and 540 nm wavelengths and normalized to the total protein content. 

2.13. Statistical analysis 

Statistical data were analysed with SPSS (v. 27, SPSS Inc., Chicago, 
USA). Two group comparisons were performed using a non-parametric 
test (Mann-Whitney U test). Results were expressed as the mean ±
SEM. Differences were considered significant when p < 0.05. 

3. Results 

3.1. AAV2-sVEGFR-2-Fc efficiently transduces ARPE-19 cells 

To show that AAV2-sVEGFR-2-Fc is able to transduce ARPE-19 cells 
and sVEGFR-2-Fc protein is secreted to the medium, immunoblotting 
was performed from medium collected from AAV2-sVEGFR-2-Fc trans-
duced ARPE-19 cells (n = 2). sVEGFR-2-Fc was highly expressed with 
the used MOI’s and no sVEGFR-2-Fc was detected in non-transduced 

cells (Fig. 3A). 

3.2. sVEGFR-2-Fc binds to VEGFA165 and reduces VEGF-A165 induced 
cell growth and survival 

Binding of sVEGFR-2-Fc to VEGF-A165 was determined using ELISA. 
Dilution series of sVEGFR-2-Fc containing medium from transduced 
ARPE-19 cells showed specific binding to VEGF-A165 coated plates, but 
no binding to VEGF-A165 was detected with medium collected from non- 
transduced cells or plates without coating (Fig. 3B). Binding was 
reduced with higher dilutions of the medium. The effect of sVEGFR-2-Fc 
on VEGF-A165 induced BaF3-VEGFR2 cell proliferation and survival was 
also evaluated. VEGF-A165 induced cell growth and viability was 
reduced by increasing amounts of sVEGFR-2-Fc containing medium 
from the transduced ARPE-19 cells, similar to higher concentrations of 
the positive control (recombinant sVEGFR-2-Fc), but no change was 
observed with medium collected from the non-transduced cells 
(Fig. 3C.) 

3.3. Single intravitreal injection of aflibercept suppresses fluorescein 
leakage for 7 days in CNV mouse model 

Validation of the CNV mouse model was done by a single IVT 
administration of aflibercept (40 μg). Aflibercept significantly sup-
pressed fluorescein leakage 7 days post photocoagulation (Fig. 4). There 
was no statistically significant difference between the control and 
aflibercept-treated group after 7-day timepoints. Intravitreally admin-
istered PBS (negative control) did not suppress fluorescein leakage 7 
days post treatment (Fig. S1). 

3.4. AAV2 mediated soluble VEGFR-2-Fc gene transfer suppresses the 
choroidal neovascularization after intravitreal administration 

The AAV2-EGFP (2.8 ×1012 vg/ml) vector was injected intravitreally 
and the changes in GFP expression in the retinas of live mice were fol-
lowed by green filter fundus camera (Fig. 5A). GFP expression was 
confirmed 1 week after the injection and intensity gradually increased 
from 1 to 9 weeks (63 days). Expression pattern was more prominent 
around the optic disk and the center of the retina and distributed to the 
injection site. Enhanced vector transduction was shown to locate in 
various cells of the inner nuclear layer after intravitreal administration 
(Fig. S2). 

Mice treated with a single intravitreal injection of AAV2-sVEGFR-2- 
Fc (4.7 × 1012 vg/ml) showed a significantly suppressed fluorescein 
leakage at 7, 14, 21 and 28 days post-lasering (Fig. 5B). The fluorescein 

Fig. 3. A. sVEGFR-2-Fc protein expression. sVEGFR- 
2-Fc expression was detected in AAV2-sVEGFR-2-Fc 
transduced ARPE-19 cell medium with MOIs 20 000 
(20), 100 000 (100) and 1000 000 (1000), and not in 
the medium collected from non-transduced cells 
(CTRL). B. Binding of sVEGFR-2-Fc to VEGF-A165. 
Secreted sVEGFR-2-Fc bound to VEGF-A165 coated 
wells at all used MOIs: 20 000 (20), 100 000 (100) 
and 1000 000 (1000). No binding was seen when the 
medium of non-transduced cells (n = 2 wells/sample) 
or non-VEGF-A165 coated wells (no coat.) was used. 
C. VEGF-A165 induced BaF3-VEGFR-2 cell growth and 
viability was reduced in the presence of sVEGFR-2-Fc 
containing medium (100 000 (100) MOI’s) and re-
combinant sVEGFR-2 (dilution start concentration 20 
μg/ml) (positive control), and not in the presence of 
medium collected from non-transduced cells (CTRL) 
(n = 2 wells/sample).   
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Fig. 4. Fluorescein angiography of single intravitreal 
administration of aflibercept (dose 40 μg). A. Repre-
sentative fluorescein angiography photos from afli-
bercept (photocoagulation and intravitreal treatment) 
and control mice (photocoagulation only) at 7, 14, 21 
and 28-day post lasering. B. A diagram showing the 
fluorescein leakage areas from aflibercept and control 
group at 7-, 14-, 21- and 28-day timepoints. The data 
is presented as mean ± SEM (n = 80 fluorescein 
leakage areas per group for each timepoint). * de-
notes statistically significant difference compared to 
the controls (p < 0.05).   

Fig. 5. A. Intraocular transgene expression at 14, 21, 
49 and 63 days after intravitreal injection of AAV2- 
EGFP. B. Representative fluorescein angiography 
photos from AAV2-sVEGFR-2-Fc (photocoagulation 
and intravitreal treatment) and control (photocoagu-
lation only) mice at 7, 14, 21 and 28-day post laser-
ing. C. A diagram showing the fluorescein leakage 
areas from AAV2-sVEGFR-2-Fc and control group at 
7-, 14-, 21- and 28-day timepoints. The data is pre-
sented as mean ± SEM (n = 80 fluorescein leakage 
areas per group for each timepoint). * denotes sta-
tistically significant difference compared to the con-
trols (p < 0.05).   

Fig. 6. A. Color fundus photography from the mouse 
CNV model. Green arrow indicates the plane of OCT 
image. B. OCT image from laser-induced CNV lesions. 
White arrow illustrates the subretinal hyper-reflective 
material used for data analysis (CNV area). Asterix 
indicates the presence of subretinal fluid. C. A dia-
gram represents CNV areas calculated from AAV2- 
sVEGFR-2-Fc and the control groups. All data pre-
sented as mean ± SEM (n = 80 fluorescein leakage 
areas per group for each timepoint). GCL = ganglion 
cell layer, INL = inner nuclear layer, ONL = outer 
nuclear layer. (For interpretation of the references to 
colour in this figure legend, the reader is referred to 
the Web version of this article.)   
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leakage area was more than 50% smaller in the AAV2-sVEGFR-2-Fc 
treated group compared to the control group at all timepoints (Fig. 5C). 

To confirm whether the decrease in the leakage in fluorescein angi-
ography is a consequence of the suppression of CNV, we analysed CNV 
areas also from the OCT pictures (Fig. 6). The results revealed that CNV 
areas were smaller in eyes treated with AAV2-sVEGFR-2-Fc compared 
with those in the controls at days 7, 14, 21 and 28. 

3.5. Outer nuclear layers are well preserved in the retina eight weeks after 
intravitreal administration of AAV2-sVEGFR-2-Fc 

The relative thickness of the ONL was measured from OCT pictures to 
assess the relationship between AAV2-sVEGFR-2-Fc treatment and 
photoreceptor death. Fig. 7 shows the typical examples from the auto-
matic segmentation of the ONL layer. The average outer nuclear layer 
thickness was 72 ± 2 μm in all groups. The average ONL thickness in 
AAV2-sVEGFR-2-Fc treated mice was not significantly thinner than in 
the controls (p > 0.05), indicating that the AAV2-sVEGFR-2-Fc treat-
ment did not cause any changes in the retinal morphology that could be 
detected with OCT. 

3.6. Elevated number of F4/80 (+) cells in the retina eight weeks after 
intravitreal administration of AAV2-sVEGFR-2-Fc 

The recruitment of macrophages after intravitreal injections and 
photocoagulation was assessed by counting F4/80 positive cells per 
retinal section manually (Fig. 8). The F4/80 positive cells were visible in 
all groups. Single intravitreal injection of PBS showed a moderate 
(grading ++) F4/80- positive cell count compared to untreated naïve 
animals (grading +). Eyes treated with AAV2-sVEGFR-2-Fc showed a 
higher positive cell count (grading +++) compared to any other groups. 

3.7. sVEGFR-2-Fc protein is expressed in the mouse eye after intravitreal 
administration of AAV2-sVEGFR-2-Fc 

sVEGFR-2 protein was expressed two and six weeks after the intra-
vitreal injection of AAV2-sVEGFR-2-Fc (3.2 × 1012 vg/ml, 2 μl/eye). No 
sVEGFR-2-Fc protein expression was detected in naïve animal (Fig. 9). 
The level of sVEGFR-2 protein was approximately two times higher at six 
weeks than at two weeks after injection. 

4. Discussion 

Our findings demonstrate that AAV2-mediated delivery of sVEGFR- 
2-Fc reduces formation of laser induced CNV in mice. In addition, one 
study report containing genome editing of VEGFR2 by using CRISPR- 
CAS has shown suppression of neovascularization in laser induced 
CNV mice (Huang et al., 2017). These results shed light on the devel-
opment of VEGFR-2 based therapy for the wet form of AMD and possibly 
other ocular neovascular diseases. 

In this study AAV2 was selected as carrier of sVEGFR-2-Fc, because 

AAV2 has shown to transduce retina efficiently in the previous studies 
(Kalesnykas et al., 2017; Lee et al., 2018) and sub-retinal voretigene 
neparvovec-rzyl (Luxturna) has already been approved by the FDA in 
2017 for the treatment of rare inherited retinal disease. We investigated 
the intravitreal route of gene delivery due to its potential ease of clinical 
use as compared to the subretinal injections. 

Human VEGFR-2 is composed of seven extracellular 
immunoglobulin-like domains (D1-D7) of which subunits D2 and D3 
serve as the binding sites for activating ligands. VEGFR-2 binds the A, C 
and D isomers of human VEGF, it has relatively selective expression in 
the endothelial cells and it is upregulated during pathological angio-
genesis ((Shibuya et al., 2011). VEGFR-2 exists both as transmembrane 
form and sVEGFR-2. As VEGFR-2 traps and inhibits VEGF-C and 
VEGF-D, this receptor functions also as a key regulator in the develop-
ment and growth of lymphatic vessels. In functional in vivo studies, 
sVEGFR-2 was demonstrated to play a pivotal role in inhibiting angio-
genesis in various tumours (Collet et al., 2013; Kou et al., 2004; Wu 
et al., 2006) and dysregulation has been associated with different 
pathological processes in the eye (Noma et al., 2011). These results 
suggest that sVEGFR-2 therapy may have potential in the treatment of 
ocular neovascular diseases. The function of sVEGFR2-Fc is mainly 
inhibitory, complexing VEGF and thus acting as a regulator of VEGF-A, 
–C and -D bioavailability. Furthermore, it can form heterodimers with 
wild type VEGFR-2 and block the activity by competitive suppression 
(Millauer et al., 1996). 

The efficacy of the AAV2-sVEGFR-2-Fc was confirmed in a mouse 
model of ocular neovascularization. Retinal laser treatment was done 4 
weeks after the intravitreal injection of AAV2-sVEGFR-2-Fc to allow a 
sufficient time for the transgene expression. Following laser treatment, 
the efficacy of sVEGFR-2-Fc therapy against CNV was demonstrated by 
(i) fluorescein angiography and (ii) quantitative OCT analysis. All the 
animals treated with the AAV2-sVEGFR-2-Fc had reduced fluorescein 
leakage compared to the control eyes. Single intravitreal injection sup-
pressed fluorescein leakage for 28 days. Additionally, the size of CNV 
tended to be reduced compared to the CNV size in the control eyes, 
although this was not statistically significant. This may reflect the fact 
that the diameter of the CNV on the cross-sections is difficult to measure 
due to the diffuse boundaries of the CNV. 

Aflibercept treatment supressed leakage of vessels only for 7 days; 
presumably due to its rapid elimination from the eye. Aflibercept is 
similar in size to sVEGFR-2-Fc (molecular weight ~110 kDa) and based 
on molecular sizes their estimated intravitreal half-lives are in the range 
of 20–40 h in mice (Schmitt et al., 2019) and 7 days in humans (Stewart, 
2011). Therefore, a single intravitreal administration of aflibercept can 
inhibit ocular angiogenesis for one week in mice (Fig. 4) and one month 
in humans (Carrasco et al., 2020). The disparity in the half-lives is due to 
the size differences of the eyes (Schmitt et al., 2019). The size of mouse 
vitreous is only 5 μl (compared to 4 ml in human eye). Prolonged action 
after gene transfer is attributed to the continuous secretion of the 
transgene product from the transfected retinal cells. In previous study it 
was shown that AAV2 mediated gene delivery of GFP tranduces cells in 

Fig. 7. A. Segmentation of retinal layers with 
Insight® software. Blue line denotes outer plexiform 
layer, green line shows external limiting membrane. 
B. Comparison of the thickness of the outer nuclear 
layer between naïve, PBS-IVT (intravitreally injected 
PBS), laser (photocoagulation only) and AAV2- 
sVEGFR-2-Fc treated groups. Data is presented as 
mean ± SD (n = 8 eyes per group). (For interpreta-
tion of the references to colour in this figure legend, 
the reader is referred to the Web version of this 
article.)   
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retinal pigment epithelium, ganglion cell layer, inner nuclear layer, 
inner and outer plexiform layer (Kalesnykas et al., 2017). 

The AAV vectors do not cause human or animal diseases, they exert 
low toxicity and provide a long-term gene expression (MacLachlan et al., 
2011; Timmers et al., 2020). Despite these advantages, AAV injection 
can cause mild or moderate inflammation in the eye. The level of 
inflammation correlates with the level of dosing: the higher the dosing 
the higher the inflammation. After a high intravitreal dose of 
AAV2-sVEGFR-2-Fc (4.7 × 1012 vg/ml) increased immune responses via 
infiltrating macrophages was seen in the eyes, which is in line with other 
experiments with viral vectors (Kalesnykas et al., 2017). Clinical in-
flammatory adverse events of anti-VEGF injections (Cox et al., 2021; 
Fine et al., 2015) can be treated with topical or systemic corticosteroids 
(Cox et al., 2021). Moreover, given that sVEGFR-2 is already found 
naturally (Albuquerque et al., 2009) in ocular and other tissues (albeit 
not likely at the levels following the transgene expression) the prospect 
of immune responses against sVEGFR-2-Fc are less likely in human. 

In conclusion, we have explored the treatment of ocular neo-
vascularization using sVEGFR-2-Fc expressed by intravitreal AAV2 gene 

delivery. Gene therapy is an exciting approach to express novel in-
hibitors of VEGFs, resulting in a greater efficacy and a more sustained 
effect than intravitreal proteins. However, a greater understanding of 
the underlying drivers of inflammation and its prevention is needed. The 
demonstration of AAV2-mediated expression of sVEGFR-2-Fc in the 
retina and efficacy against CNV is an important step in the development 
of antiangiogenic gene therapy for patients with ocular neovascular 
diseases. 
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M., Heinonen, S., Alitalo, K., Ylä-Herttuala, S., 2011. Cotargeting of VEGFR-1 and -3 
and angiopoietin receptor Tie2 reduces the growth of solid human ovarian cancer in 
mice. Cancer Gene Ther. 18, 100–109. https://doi.org/10.1038/cgt.2010.56. 
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