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Abstract: Choroidal neovascularization (CNV) in age-related macular degeneration usually 

causes blindness. We established a novel targeted inhibitor for CNV in age-related macular 

degeneration. The inhibitor CR2-sFlt 1 comprises a CR2-targeting fragment and an anti-vascular 

endothelial growth factor (VEGF) domain (sFlt 1). The targeting of CR2-sFlt 1 was studied using 

the transwell assay in vitro and frozen sections in vivo using green fluorescent labeling. Trans

well assay results showed that CR2-sFlt 1 migrated to the interface of complement activation 

products and was present in the retinal tissue of the CR2-sFlt 1-treated CNV mice. Treatment 

effects were assessed by investigating the VEGF concentration in retinal pigmented epithelial 

cell medium and the thickness of the CNV complex in the mice treated with CR2-sFlt 1. CR2-

sFlt 1 significantly reduced the VEGF secretion from retinal pigmented epithelial cells in vitro 

and retarded CNV progress in a mouse model. Expression analysis of VEGF and VEGFRs after 

CR2-sFlt 1 intervention indicated the existence of feedback mechanisms in exogenous CR2-

sFlt 1, endogenous VEGF, and VEGFR interaction. In summary, we demonstrated for the first 

time that using CR2-sFlt 1 could inhibit CNV with clear targeting and high selectivity.

Keywords: choroidal neovascularization, macular degeneration, complement activation, 

vascular endothelial growth factor

Introduction
Approximately 10% of patients with age-related macular degeneration (AMD) will 

develop choroidal neovascularization (CNV), which is the most common cause of 

blindness in people older than 50 years old in developed countries.1–3 CNV, which is char-

acterized by choroidal capillary growth through the Bruch’s membrane beneath the retinal 

pigmented epithelial (RPE) cell layer, forms fibrovascular proliferative tissue containing 

vascular endothelial cells, fibroblasts, RPE cells, and various inflammatory cells.

Vascular endothelial growth factor (VEGF) plays a central role in CNV formation 

in AMD and usually exerts its biological effects by binding to its cell surface receptors.4 

VEGF-binding receptors include VEGF receptor-1 (VEGFR-1) and VEGFR-2. Soluble 

VEGFR-1 (sVEGFR-1, also known as soluble fms-like tyrosine kinase-1 [sFlt 1]) is 

a naturally occurring protein antagonist of VEGF formed by the alternative splicing 

of pre-mRNA for a full-length receptor.5–7 Its angiostatic effects are exerted via two 

inhibitory mechanisms: VEGF sequestering and inactive heterodimer formation with 

two membrane-spanning isoforms of VEGFR-1 and VEGFR-2. Therefore, sFlt 1 has 

gained considerable attention because of its potential clinical application as an inhibi-

tor of angiogenesis.8–11
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Complement activity is a fundamental component in the 

pathogenesis of CNV with AMD.12–15 Drusen formation and 

C3 deposition in the RPE–choroid interface (primary target 

tissue site of AMD) were confirmed by several studies.16–19 

Moreover, adequate complement activation products were 

identified within the CNV where iC3b/C3dg/C3d, the 

cell-bound cleavage fragments of C3, remain covalently 

attached to these sites for prolonged periods of time.20–22 In a 

previous study, a domain (SCR1–4 fragment of complement 

receptor 2  [CR2]) targeting the iC3b/C3dg/C3d ligand-

binding site was employed to target the regulatory domains 

to complement the activation site in AMD and attenuate the 

progression of CNV.22–26

In the present study, we established a novel targeted 

inhibitor of VEGF in CNV. The inhibitor CR2-sFlt 1 com-

prises a CR2-targeting fragment and an anti-VEGF domain 

(sFlt 1). We aimed to determine the targeting property and 

reducing effect of CR2-sFlt 1 on CNV.

Materials and methods
Animals
C57BL/6 mice (National Institute for Food and Drug Control, 

Beijing, People’s Republic of China) were bred under a 

12 hour light/12 hour dark cycle. For CNV lesion preparation, 

3-month-old mice were anesthetized (10% chloral hydrate), 

and then the pupils of the mice were dilated (using compound 

tropicamide eye drops). All procedures were performed in 

strict accordance with the Association for Research in Vision 

and Ophthalmology Statement for the Use of Animals in 

Ophthalmic and Vision Research, and approved by the Local 

Commission of Ethics for the Care and Use of Laboratory 

Animals in Tianjin, People’s Republic of China. Human RPE 

cells (D407) were cultured as described previously.27

Plasmid construction, expression, and 
purification of CR2-sFlt 1
To generate the CR2-sFlt 1-green fluorescent protein (GFP) 

fusion protein, we cloned complementary DNA (cDNA) 

sequences consisting of four N-terminal SCRs of human 

CR2 (NM_001006658.2) linked to human sFlt 1-His tag 

(RefSeq: NM_001159920.1) with a signal peptide fragment 

at the N-terminus of sFlt 1 sequence into eukaryotic green 

fluorescent protein recombinant vector (pEGFP-N2) 

(Figure 1). The signal peptide fragment within the CR2-

sFlt  1-GFP fusion protein facilitated CR2-sFlt  1-GFP to 

localize outside the cells. The polyhistidine (His)-tags were 

used for the affinity purification of genetically modified 

proteins. The final plasmid constructs were transfected 

into HeLa cells to express the CR2-sFlt  1-GFP fusion 

protein, and the GFP gene was used as a reporter and 

directly tracked the fusion expression under a fluorescence 

microscope. HIS-Select Spin Columns (H7787; Sigma-

Aldrich Co., St Louis, MO, USA) were employed to purify 

the CR2-sFlt 1-GFP fusion protein in accordance with the 

manufacturer’s instructions, and the concentration of the 

purification protein was determined using the bicinchoninic 

acid (BCA) Protein Assay Kit (23225; Thermo Fisher 

Scientific, Waltham, MA, USA).

Figure 1 Construction map of the plasmid pEGFP-N2/CR2-sFlt 1.
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Transwell chamber assay
To assess the targeting of the CR2-sFlt 1-GFP fusion protein, 

we analyzed the migratory ability of CR2-sFlt 1-GFP toward 

complement activation products. Complement activation 

products were prepared by incubating fresh rat sera with 

rabbit erythrocytes, as described in a previous work.27 

Complement activation products were then detected in the 

lower compartment of a two-chamber Costar, which is a 

migratory well with a 0.4 μm pore size (3413; Corning 

Incorporated, Corning, NY, USA). By contrast, 200 µL of 

CR2-sFlt 1 (84 µg/mL) was loaded in the upper compartment. 

After 1 hour of incubation, images were obtained from the 

upper chamber, interface membrane, and lower chamber to 

analyze the GFP signal under a fluorescence microscope.

CNV model and CR2-sFlt 1 
administration
Argon laser photocoagulation (532 nm wavelength, 100 µm 

spot size, 0.05 seconds duration, and 100 mW) was employed 

to generate four to six laser spots in each eye surrounding the 

optic nerve by a slit-lamp delivery system and a handheld 

cover slide as contact lens. The production of a vaporization 

bubble at the laser spot indicated the rupture of the Bruch’s 

membrane, which is an important factor in successful CNV. 

Fundus image and optical coherence tomography (OCT; 

Spectralis; Heidelberg Engineering, Inc., Carlsbad, CA, 

USA) of CNV mice were performed at the seventh day after 

laser injury (Figure 2A and B). For tail injections, a 20 µL 

volume CR2-sFlt 1 (84 µg/mL) in phosphate-buffered saline 

(PBS) buffer was injected at the seventh day after laser injury 

in 30 mice. A total of 30 mice in the control group were 

then subjected to a similar intensity of photocoagulation and 

injections of the same amounts of PBS only.

Histological examination
The in vivo localization of CR2-sFlt 1-GFP was performed 

in fresh frozen sections postfixed in ice-cold acetone. At the 

first day after tail vein injection, the eyes and main tissues 

(bladder, brain, colon, heart, kidney, liver, lung, skeletal 

muscle, spleen, and thyroid) of the mice were enucleated. 

Figure 2 CNV model (A–C) and therapeutic assessment of CR2-sFlt 1 (D).
Notes: (A) IR fundus image of CNV mice induced by laser at the seventh day (green line is scan position of Figure [B], red arrows show laser spot). (B) OCT of CNV 
mice induced by laser at the seventh day (red arrows show CNV position). (C) The thickness of the CNV complex (red line marking) in morphology measured through 
HE staining (red arrow shows CNV complex). (D) The thickness analysis of the CNV complex in mice after CR2-sFlt 1 or PBS treatment. Data are expressed as mean ± 
standard deviation. *P,0.05.
Abbreviations: CNV, choroidal neovascularization; IR, infrared radiation; OCT, optical coherence tomography; HE, hematoxylin and eosin; PBS, phosphate-buffered saline.
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The posterior eyecups and main tissues were fixed in 4% 

formaldehyde for 1 hour. After washing with PBS, the eye-

cups were cryoprotected in 30% sucrose overnight at 4°C 

and then embedded in optimal cutting temperature compound 

at -20°C. Sections were cut on a cryostat, placed on glass 

slides, and allowed to dry overnight. The GFP fluorescence 

image was obtained using a fluorescence microscope. To 

assess the CNV lesions, the mice were sacrificed on the first, 

third, and seventh days after injections; paraffin sections 

were then prepared for hematoxylin and eosin staining, and 

the thickness of the CNV complex was measured using the 

Image software (CellSens, version 1.6; Olympus America 

Inc., Center Valley, PA, USA) (Figure 2C).

Enzyme-linked immunosorbent assay
The supernatant of RPE cells with CR2-sFlt  1 (84, 420, 

and 840 µg/mL) was collected to measure VEGF levels 

using enzyme-linked immunosorbent assay (ELISA). 

Groups cultured in both normal media and bevacizumab 

(0.25 mg/mL) were used as control. VEGF ELISA was 

performed in accordance with the manufacturer’s instructions 

(VEGF ELISA; R&D systems, Inc., Minneapolis, MN, 

USA). D407 cells were cultured in a serum-free medium 

at a density of 1×106 cells/mL with or without VEGF for 

24  hours. The conditioned media of the D407 cells were 

placed on a plate coated with anti-VEGF. After 2 hours, the 

plate was washed, and an antibody against VEGF conjugated 

to horseradish peroxidase was added. After another 2 hours, 

the plate was again washed and the substrate solution added 

for 30 minutes. The reaction was stopped and the fluorescence 

read on an ELISA reader (Thermo Max; Molecular Devices 

LLC, Sunnyvale, CA, USA) at 450 nm with a correction 

set to 540 nm. The results were plotted against the standard 

curve to determine the actual concentrations. Bevacizumab 

(0.25 mg/mL) was administered as positive control.

Quantitative real-time PCR
RNA was purified using the GeneJET RNA Purification 

Kit  (K0731; Thermo Fisher Scientific). Total mRNA was 

isolated from the parental or transfected cells. RevertAid 

First Strand cDNA Synthesis Kit (K1622; Thermo Fisher 

Scientific) was utilized to generate cDNA from total mRNA. 

Quantitative reverse transcription polymerase chain reac-

tion (PCR) using the SYBR Green Master Mix for VEGF, 

VEGFR-1, VEGFR-2, and glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) was performed on an ABI Prism 

7900 Sequence Detection System (Applied Biosystems, 

Foster City, CA, USA). The ratio between each respective 

gene and the corresponding GAPDH was calculated in accor-

dance with the ∆∆Ct threshold cycle method. The following 

primers were used for PCR: 

VEGF, forward: 5′-GGAGGAGGCATTCGGAAAGT-3′, 
reverse: 5′-GCACTACCTGGGTCAGCTTCA-3′; 

VEGFR-1, forward: 5 ′-ACAAGGCTGCCCCG 

ACTAC-3′, reverse: 5′-CTCCTGGTATGAAATGGCA 

AATC-3′;
VEGFR-2, forward: 5′-GGAGGAGGCATTCGG 

AAAGT-3′, reverse: 5′-GCACTACCTGGGTCAGC 

TTCA-3′;
GAPDH, forward: 5′-TGAAACCCTAGTTCATATCTTC

AAACA-3′, reverse: 5′-CTCCTTCTGTGACTCTAACTTCT 

CCAT-3′.

Immunoblotting and antibodies
D407 cells or retinal tissues were homogenized in radioim-

munoprecipitation assay lysis buffer supplemented with 

protease inhibitor cocktail (P8340; Sigma-Aldrich Co.). The 

total lysates were collected by centrifugation at 16,000× g 

for  15 minutes at 4°C. The concentration of lysates was 

determined using BCA assay. The same amounts of proteins 

were separated by sodium dodecyl sulfate–polyacrylamide 

gel electrophoresis and then transferred to polyvinylidene 

fluoride membranes. After incubation with blocking buffer 

for 1  hour at room temperature, the membranes were 

probed with antibodies specific to VEGF (ab46154; Abcam, 

Cambridge, MA, USA), VEGFR-1 (ab32152; Abcam), and 

VEGFR-2 (ab2349; Abcam), with GAPDH (ab8245; Abcam) 

as the loading control.

Statistical analysis
All data were analyzed using a commercially available 

statistical software package (SPSS, version 21.0; IBM 

Corporation, Armonk, NY, USA). The parameters were 

presented as mean ± standard deviation. Expression of gene 

mRNA, the thicknesses of the CNV complex, and the secre-

tion of VEGF were analyzed using analysis of variance. 

A P-value of ,0.05 was considered significant.

Results
Targeting of CR2-sFlt 1 to complement 
activation sites in vitro and in vivo
The targeting performance of CR2-sFlt 1 was confirmed by 

performing the transwell assay to analyze the chemotaxis 

of GFP-labeled CR2-sFlt  1 toward complement cleav-

age fragments. The complement cleavage fragments were 

deposited in the lower chamber, whereas the purified 
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CR2-sFlt 1-GFP protein was loaded in the upper transwell 

chamber (Figure 3A). After 1 hour of incubation, no GFP 

signal was detected in the upper chamber suspension 

(Figure  3B). Most increased green signals were excited 

within the interface membrane of the transwell chamber 

(Figure 3C). Some green signals passed through the mem-

brane and were localized in the lower chamber suspension 

(Figure 3D). This result suggests that the CR2 domain can 

target CR2-sFlt 1 to complement activation sites in vitro.

In the mouse CNV model, on the first day after tail 

vein injection, frozen sections of retinal tissue in the CR2-

sFlt  1-treated group showed green fluorescence signals, 

but the signals were significantly stronger in the optic disk 

area and laser spots. This result suggests that CR2-sFlt 1 

was mobilized and deposited in the retina of the CNV mice 

(Figure 3E and F). No fluorescence was observed in the main 

tissues, including the bladder, brain, colon, heart, kidney, 

liver, lung, skeletal muscle, spleen, and thyroid.

Therapeutic assessment of CR2-sFlt 1
Histological analysis was performed to investigate the 

development of CNV in the mice after tail vein treatment 

with CR2-sFlt 1 or vehicle (PBS). Animals received tail vein 

injections on the seventh day after laser photocoagulation. 

On the first, third, and seventh days after injection, the mice 

were sacrificed to prepare the paraffin section of retinal tissue. 

The thickness of the CNV complex was 146.17±14.15 µm on 

the seventh day after laser photocoagulation in the untreated 

mice. On the first, third, and seventh days after CR2-sFlt 1 

treatment, the thicknesses of the CNV complex were 

123.17±6.62, 73.32±9.26, and 66.36±7.52 µm, respectively. 

This result indicates that CR2-sFlt 1 significantly reduced 

CNV lesion sizes when compared with PBS treatment 

(*P,0.05) (Figure 2D).

ELISA results revealed the effect of CR2-sFlt 1 on the 

secretion of VEGF in RPE cells. CR2-sFlt 1 significantly 

reduced VEGF secretion from RPE cells (Figure 4). After 

24 hours, the VEGF concentration in the medium reduced 

in the CR2-sFlt 1-treated groups compared with the normal 

control group. After 48 hours, the VEGF concentration 

in the medium with 84 µg/mL CR2-sFlt  1 was reduced. 

However, the VEGF concentration in the medium with 

420 and 840 µg/mL CR2-sFlt 1 slightly rebounded. After 

72 hours, the increase in VEGF concentration in the medium 

with 84 µg/mL CR2-sFlt 1 was lower than that in the control 

group. A total of 84 µg/mL CR2-sFlt 1 was generated with 

the adequate dosage of intervention. However, CR2-sFlt 1 

was less effective than bevacizumab. Thus, the optimal 

therapeutic dosage of CR2-sFlt 1 treatment must be identi-

fied in future studies.

Figure 3 Chemotaxis of the GFP-labeled CR2-sFlt 1 toward complement cleavage fragments in the transwell assay (A–D) and mouse CNV model (E and F).
Notes: (A) GFP signal of CR2-sFlt 1 suspension in the upper chamber before incubation. (B) No GFP signal in the upper chamber suspension after 1 hour incubation. 
(C) Most increased green signals in the interface membrane of the transwell chamber after 1 hour incubation. (D) Green signals were detected in the lower chamber 
suspension after 1 hour incubation. (E) Green fluorescence signals in frozen sections of eye tissue in the CR2-sFlt 1-treated group. (F) Green fluorescence signals merged 
with corresponding HE staining.
Abbreviations: GFP, green fluorescent protein; CNV, choroidal neovascularization; HE, hematoxylin and eosin.
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Effects of CR2-sFlt 1 on the expression 
of VEGF and VEGFRs
VEGF, VEGFR-1, and VEGFR-2 were significantly upregu-

lated at 24 hours and then dramatically decreased at 48 hours 

in the RPE cells treated with 84 µg/mL CR2-sFlt 1. However, 

VEGF and VEGFRs slightly increased again at 72 hours 

(Figure 5A). VEGF expression significantly increased in the 

CNV mice on the seventh day compared with that on the first 

day after PBS injection. After CR2-sFlt 1 intervention, VEGF 

expression significantly decreased on the seventh day unlike that 

in the PBS-treated group at the same time point (Figure 5B).

Discussion
Various antiangiogenic therapies, such as bevacizumab, 

ranibizumab, conbercept, and aflibercept, have been 

developed. These therapies target the VEGF–VEGFR system 

to inhibit CNV. An inhibitor of the alternative pathway of 

Figure 4 Concentration analysis of VEGF in the supernatant of the RPE cells treated with CR2-sFlt 1 (84 [A], 420 [B], and 840 µg/mL [C]) and bevacizumab (D).
Notes: Data are expressed as mean ± standard deviation. *P0.05.
Abbreviations: VEGF, vascular endothelial growth factor; RPE, retinal pigmented epithelial; OD, optical density.

complement activation linked to a CR2-targeting fragment 

also exists; this inhibitor has been proven effective in mouse 

CNV, but has not yet entered clinical practice.22 The novel 

CR2-sFlt 1 developed in this study can be “targeted” to sites 

of complement activation lesions and bind with VEGF with 

high affinity. This occurrence then inhibits the progression 

of mouse CNV.

The main results of the current study are as follows.

1.	 The CR2-sFlt 1 fusion protein mobilizes from remote 

tissues to the C3-deposited RPE/choroid interface in a 

target organ and requires mobilization signals provided 

primarily by the CR2 domain. The targeting of CR2-sFlt 1 

was demonstrated both in vitro and in vivo. In vitro, the 

transwell assay showed that the CR2-sFlt 1 in the upper 

chamber could migrate to the interface incubated with 

a solution containing complement activation products. 

In vivo, CR2-sFlt 1 transported from remote tissues to 
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the C3-deposited RPE/choroid interface in a target organ 

visualized using imaging technology.

2.	 CR2-sFlt  1, a soluble VEGF inhibitor, significantly 

reduced CNV. We confirmed that administering CR2-

sFlt 1 by tail vein injection reduces the thickness of the 

CNV complex.

3.	 CR2-sFlt 1 exerted its action on the secreted VEGF in 

RPE cells by binding VEGF with high affinity, thus 

preventing VEGF from interacting with VEGFR-1 and 

VEGFR-2. The formation of the VEGF-CR2-sFlt  1 

complex failed to activate the VEGF–VEGFR signaling 

pathway within RPE cells, which provide protection 

against CNV.

4.	 The therapeutic effect of CR2-sFlt  1 was achieved 

with tail vein injections and did not require intraocular 

applications. Current inhibitors of VEGF could inhibit 

the ocular neovascularization efficiently, but require 

repeated intraocular injections that carry a risk of injec-

tion-related adverse events, including ocular inflamma-

tion, retinal injury or detachment, and endophthalmitis. 

Moreover, commercial VEGF inhibitors, such as VEGF 

monoclonal antibody or VEGF-trap-inactivated VEGF, 

are potent without selectivity. In other words, these 

inhibitors failed to distinguish pathological VEGF from 

physiological VEGF. Normal VEGF plays an essential 

role in maintaining vascular structure and function. 

The overinhibition of VEGF inevitably causes future 

complications. Therefore, these disadvantages prompt 

the development of efficient VEGF inhibitors that can 

potentially be administered less frequently and act more 

selectively and potently. Herein, we proposed the use 

of CR2-sFlt 1, a unique VEGF blocker, as a systemic 

Figure 5 Effects of CR2-sFlt 1 on VEGF and VEGFR expression.
Notes: (A) Real-time PCR analysis and immunoblotting of VEGF, VEGFR1, and VEGFR2 expression products in the RPE cells 24, 48, and 72 hours after CR2-sFlt  1 
intervention. Data are expressed as mean ± standard deviation. (B) With PBS injections, real-time PCR analysis and immunoblotting of VEGF expression products in the 
CNV mice after CR2-sFlt 1 intervention on the first and seventh days. Data are expressed as mean ± standard deviation. *P,0.05.
Abbreviations: VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial growth factor receptor; RPE, retinal pigmented epithelial; CNV, choroidal 
neovascularization; PCR, polymerase chain reaction; PBS, phosphate-buffered saline.
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approach for ocular delivery with clear-cut targeting that 

successfully circumvents adverse events.

Our data also indicated the existence of feedback mecha-

nisms among exogenous CR2-sFlt 1, endogenous VEGF, and 

VEGFR interaction. The expression of VEGF in RPE cells 

was upregulated shortly after CR2-sFlt 1 intervention, indicat-

ing that negative feedback regulations may be immediately 

triggered by the interaction between endogenous VEGF and 

CR2-sFlt 1. The high VEGF expression in RPE cells was 

temporary, and the amount of VEGF secreted by RPE cells 

always decreased with CR2-sFlt  1 intervention. VEGFR 

expression was consistent with the VEGF changes in RPE 

cells. The effectiveness of CR2-sFlt 1 remains unsatisfactory 

and needs to be improved. An optimal therapeutic dosage of 

CR2-sFlt 1 treatment must be determined in the future.

Conclusion
The CR2 domain within CR2-sFlt 1 can target CR2-sFlt 1 

to sites of complement deposition within the CNV area. The 

targeted inhibitor specific for VEGF significantly retarded 

CNV progress in a mouse model. We demonstrated for the 

first time that using CR2-sFlt 1 could inhibit CNV with clear 

targeting and high selectivity.
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