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Abstract. Vascular endothelial growth factor (VEGF) is an 
important signaling protein and a predominant mediator of 
angiogenesis in tumor growth and metastasis. Therefore, antago-
nism of the VEGF pathway results in inhibition of abnormal 
angiogenesis, then suppression of tumor growth and metastasis. 
VEGF-Trap, a high-affinity soluble decoy receptor, is currently 
in phase II clinical trails, and has demonstrated more efficacy in 
different types of solid tumors by intravenous injection every two 
weeks. In our study, we used recombinant AAV2 as a delivery 
vehicle to achieve long-lasting expression of VEGF Trap protein 
in a mouse model for the first time. We report that AAV2-
VEGF-Trap can be safely administered and sustained expression 
in vivo via a single intravenously administration, simultaneously 
suppressing primary tumor growth and preventing the pulmo-
nary metastases of 4T1 tumors. Decreased microvessel density 
and increased tumor cell apoptosis were observed in the treat-
ment group. AAV2-VEGF-Trap can obviously decrease not only 
the concentration of VEGF in sera, but also the concentration 
of other angiogenic factors, such as aFGF, bFGF, angiopoietin-1 
and others. These studies suggest that AAV-mediated long-term 
expression of VEGF-Trap is a useful and safe tool to block tumor 
progression and inhibit spontaneous pulmonary metastases.

Introduction

Angiogenesis is necessary for tumor growth, invasiveness and 
development of metastasis (1-4). Angiogenesis is a complex 
process that is tightly regulated by pro- and anti-angiogenic 

growth factors (5). At present, it is clear that the role of 
angiogenic factors include VEGF, aFGF, bFGF, angiogenin, 
PD-ECGF, TGF and TNF (6‑9). The predominant regulator 
of tumor angiogenesis is vascular endothelial growth factor 
(VEGF) (10‑12), which plays a vital role during normal embry-
onic angiogenesis, endothelial cell proliferation and also in the 
physiological and pathological angiogenesis. Furthermore, 
an essential role for VEGF in tumor angiogenesis has been 
demonstrated in an animal model (13). VEGF has received 
attention as a target for therapeutic angiogenesis (14).

VEGF-targeted therapies were generally neutralizing 
VEGF antibody and dominant-negative VEGF receptors (15). 
A previous study has described antiangiogenic therapy with 
VEGF-Trap that may be a new and perhaps more effective 
approach to block tumor-associated VEGF, and act as a soluble 
decoy receptor and a high-affinity anti-VEGF agent for VEGF. 
VEGF-Trap consists of portions of the extracellular domains 
of both VEGFR-1 and VEGFR-2 fused to an Fc segment of 
human IgG (16). VEGF-Trap, an antiangiogenic agent, can 
prevent VEGF to bind to its receptor, in order to block activi-
ties of VEGF. Suppressing vascularization and tumor growth 
in vivo by VEGF-Trap, tumors appears to be stunted and almost 
completely avascular. The high affinity fusion proteins have 
been reported to cause regression of coopted vessels, therefore 
suppressing tumor growth by inhibiting tumor induced angio-
genesis (17). A recently study demonstrated that VEGF-Trap 
treatment was efficacious in both initial and advanced phases 
of tumor development by significantly prolonging survival 
(18). In order to obtain long-term tumor-free survival by 
VEGF-Trap therapy, the agent inhibiting tumor neovascula-
ture needs to be systemically maintained at stable therapeutic 
levels. Administration of purified VEGF-Trap needs multiple 
administrations and may be limited by their short half-life 
with associated discomfort and cost (4.0 mg/kg intravenously 
injection every two weeks in clinical trails). Thus, production 
of VEGF-Trap may overcome these limitations after gene 
transfer.

There are some requirements for vectors used in antiangio-
genic gene therapy, for example, no or low toxicity or immunity, 
and the sustained expression. Therefore, adeno-associated 
virus (AAV) is a very attractive candidate for creating viral 
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vectors for gene therapy (19‑21). Adeno-associated virus 
(AAV) as vectors are non-pathogenic and less immunogenic 
compared with other gene therapy vectors (22). To date, AAV 
vectors have been used for many clinical trials for treatment of 
certain tumors (23). The present study evaluated recombinant 
AAV (rAAV) encoding secretable forms of VEGF-Trap. We 
show that a single intravenous administration of adeno-asso-
ciated virus-mediated gene therapy expressing VEGF-Trap 
resulted in persistent expression of VEGF-Trap, reduction of 
the concentration of VEGF and other antigenic factors, such 
as aFGF, bFGF, angiogenin and PD-ECGF, inhibition of tumor 
growth and prevention of lung metastases formation in 4T1 
metastatic breast cancer model.

Materials and methods

Cell lines. The murine breast carcinoma 4T1 cells were 
purchased from the American Type Culture Collection 
(ATCC; Rockville, MD, USA). These cells were cultured in 
RPMI‑1640 supplemented with 10% fetal bovine serum, 2 mM 
glutamine, and antibiotics (100 U/ml penicillin and 100 µg/ml 
streptomycin). Cells were grown at 37˚C in a humidified 5% 
CO2 atmosphere.

Western blot analysis of AAV2-VEGF-Trap in  vitro. 
AAV-VEGF-Trap and AAV-Null virus were transfected into 
HEK293 cells (ATCC; Rockville). After 48 h, the media of 
tranfected 293 cells were collected, concentrated and electro-
phoresed in 12% SDS-PAGE. Then, proteins were transferred 
at 100  V for 1  h to a polyvinylidene difluoride (PVDF) 
membrane (Bio-Rad, Richmond, CA, USA). The membranes 
were blocked with 5% milk in TBST at 4˚C overnight, then 
incubated with either human VEGFR1/Flt-1 antibody (R&D 
Systems, USA) or human VEGFR2/KDR antibody (R&D 
Systems) for 1 h at 37℃. Membranes were washed three times 
in TBST and HRP-conjugate rabbit anti-goat immunoglobu-
lins (R&D Systems) were incubated. The protein bands were 
visualized via an enhanced chemiluminescence detection 
system (Pierce, Rockford, IL, USA).

Breast carcinoma model. Female Balb/c mice, 6 weeks of 
age, were purchased from Beijing Hua Fu Kang Biological 
Technology Co., Ltd. All animals were housed under pathogen-
free conditions and fed autoclaved pellets and water. Mice 
were inoculated s.c. with 5x105 4T1 tumor cells. After small 
s.c. tumors became about 3 mm (about 1 week after implant
ation), treatment with the AAV2-VEGF-Trap was initiated. 
The mice were divided into three groups after inoculated s.c. 
with 4T1 tumor cells and each group had six animals. Seven 
days after inoculation, AAV2-VEGF-Trap or AAV2-Null in 
50 µl of PBS was administered intravenously. The first group 
was injected with normal saline (NS). The second group of 
animals was treated with 6x109 viral genomes (vg) AAV2-
VEGF-Trap, and the third group with 6x109 vg of AAV2-Null. 
Tumor size was measured every 3 days with a digital caliper 
for two-dimensional length and width, and tumor volume was 
calculated as (length x width2)/2.

Two groups of normal female Balb/c mice, 6 weeks of 
age, were intravenously administered with AAV2-VEGF-Trap 
(6x109 vg) or AAV2-Null (6x109 vg). The sera were collected 

every week for 13 weeks to measure the levels of VEGF Trap 
by ELISA.

Expression of VEGF-Trap by ELISA. Levels of VEGF-Trap 
were measured by ELISA. Briefly, blood was collected through 
the tail vein on days 0, 1, 3, 7, 21 and 28 after AAV2-VEGF-
Trap administration in the tumor model and the sera were 
collected every week for 13 weeks in two groups of normal 
female Balb/c mice. ELISA plates were coated with 2 µg/ml 
hVEGF165 in carbonate/bicarbonate buffer at 4˚C overnight. 
Plates were washed three times with PBST (0.1% Tween in 
PBS) and blocked with 0.5% solution of non-fat dried milk in 
PBST for 1 h at 37˚C. Serum samples were diluted in 1:5 and 
added to the wells, then and incubated for 1 h at 37˚C. Later, 
plates were incubated with 1 µg/ml of human VEGFR1/Flt-1 
biotinylated antibody (R&D Systems) at 37˚C of 1 h. After 
washed, the secondary antibody was Streptavidin-HRP (R&D 
Systems) diluted 1:200. After five washes with PBST, the 
substrate was developed with 3,3',5,5'-tetramethyl benzidine 
(TMB) (Sigma-Aldrich, USA), which was developed at RT for 
20 min and stopped with 2 M H2SO4. Plates were read by a 
Bio-Rad microplate reader at 450 nm.

Immunohistochemistry. The tissues were fixed in 4% 
paraformaldehyde and embedded in paraffin. Lungs and 
tumors were cut into sections and stained with hematoxylin 
and eosin. Frozen tumor tissues were stained for blood 
vessels using a monoclonal rabbit anti-mouse CD-31-
phycoerythrin conjugate (BD, USA). Nuclei were stained 
with 4',6-diamidino-2-phenylindole (DAPI; dilution 1:5000). 
Apoptosis was determined by TUNEL staining, using 
DeadEnd™ Fluorometric TUNEL System (Promega, USA). 
The sections were examined with an upright fluorescence 
microscope. In addition, tissues simples of kidney, liver, 
heart and brain were sectioned and stained with H&E to 
measure the toxicity.

Analyzing angiogenesis-related proteins levels in the serum. 
To examine the change of angiogenesis-related protein levels, 
serum was collected and stored at -20˚C. Mouse Angiogenesis 
Array kit (R&D System), which can detect expression levels of 
53 mouse angiogenesis related proteins, was used. Array data 
can be quantified on developed X-ray film by scanning the 
film on transmission-mode and using image analysis software 
(Quantity One) to analyze the array image file.

Statistical analysis. SPSS 17.0 was used for statistical analysis. 
Data were expressed as mean ± SE. One-way analysis of vari-
ance or the unpaired Student's t-test were used for comparison 
between groups. Differences were considered statistically 
significant at P<0.05. Comparisons of image analysis measure-
ment, tumor volume and metastasis were performed.

Results

Inhibition of s.c. tumor growth and spontaneous lung 
metastases. VEGF is necessary for the development of 
neovasculatures at very early stages of tumorigenesis (24‑26). 
AAV2-VEGF-Trap was injected intravenously at early stage 
of tumor about 3 mm in diameter. Although, every animal 
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developed a tumor, the growth rate of the AAV2-VEGF-Trap 
group was significantly slower than that in the NS group and 
AAV2-Null group (Fig. 1A). The mice of all groups were chal-

lenged with 5x105 4T1 breast tumor cells by s.c. inoculation. 
4T1 tumor cells can trigger spontaneous lung metastases about 
1.5 cm. Comparison of the respective metastatic surface areas 

Figure 1. Inhibition of tumor growth and pulmonary metastases after initiation of AAV2-VEGF-Trap injections. The mice were challenged s.c. with 5x105 4T1 
cells. After 7 days, the first group of mice were treated with normal saline, the second group was treated with AAV2-VEGF-Trap (6x109 viral genomes), and 
the third group of mice were treated with AAV2-Null (6x109 viral genomes). (A) The tumor size on each mouse was monitored every 3 days. There was a great 
difference in tumor volume between the experiment group (AAV2-VEGF-Trap) and the control groups (NS, AAV2-Null). (B) Surface of lung metastases. (C) 
The number of lung metastases. (D) Lung weight. (*P<0.05, **P<0.001 AAV2-VEGF-Trap vs. AAV2-Null and NS).

Figure 2. Inhibition of tumor angiogenesis within tumor tissue stained by CD31 and detection of apoptosis by TUNEL staining of tumor tissue. (A) Lung 
sections stained with H&E. Three areas of the lung sections (indicated as black lined squares) were observed under high magnification and the arrows indicate 
clustered metastatic tumors (magnification, x200). (B) Top, section of frozen 4T1 tumor tissue stained with CD31 and DAPI. Bottom, vessel staining with 
CD31 vascular density was determined by counting the number of the microvessels per high-power field (magnification, x400). (C) Densities of CD31+ blood 
vessel in tumor. Apoptotic tumor cells were visualized and quantified using the TUNEL assay. (D) TUNEL staining in each group (magnification, x200); (E) 
quantitation by the TUNEL assay. (*P<0.05, **P<0.001 AAV2-VEGF-Trap vs. AAV2-Null and NS).
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showed that AAV2-VEGF-Trap group significantly reduced 
metastatic load, compared to the other groups (Fig. 1B and C).

However, pulmonary tumor deposits were strikingly 
smaller in the AAV2-VEGF-Trap-treated lungs in comparison 
with the controls (Fig. 2A). At the same time, the lung weight 
of AAV-VEGF-Trap group was obviously less than that of NS 
group and AAV2-Null group (Fig. 1D). These results indicated 
that AAV2-VEGF-Trap can effectively inhibit the growth of 
primary breast tumors and spontaneous pulmonary metastases 
in mice with established 4T1 breast tumor.

Inhibition of angiogenesis and promotion of tumor apoptosis. 
To further investigate whether the decreased tumor growth 
was associated with a reduction in the tumor angiogenesis, 
frozen tumor sections were stained with anti-CD31 antibody 
(Fig. 2B, lower) and counterstained with DAPI (Fig. 2B, upper). 
The AAV2-VEGF-Trap group exhibited apparent inhibition of 
angiogenesis compared with the control groups (the NS group 
and AAV2-VEGF-Trap group) (Fig. 2C). In order to estimate 

Figure 3. Expression of AAV2-VEGF-Trap. In vitro, western blot analysis 
expression of VEGF-Trap from HEK293 cells transfected AAV2-VEGF-trap 
and long-term expression of AAV2-VEGF-Trap in serum. Blood was subse-
quently obtained on days 0, 1, 3, 7, 14, 21 and 28 in the mice with 4T1 tumor and 
obtained for 13 weeks in normal mice. Then, the sera were analyzed by ELISA. 
(A) Western blot analysis of the expression of VEGF-Trap using anti-hVEGFR1/
flt-1 (lane 1, AAV2-VEGF-Trap; lane 2, AAV2-Null), anti-hVEGFR2/KDR 
(lane 3, AAV2-VEGF-Trap; lane 4, AAV2-Null). (B) Sustained expression of 
AAV2-VEGF-Trap for 28 days in the 4T1 model. (C) Sustained expression of 
AAV2-VEGF-Trap for 13 weeks in normal mice injected AAV2-VEGF-Trap. 
(*P<0.05 AAV2-VEGF-Trap vs. AAV2-Null and NS).

Figure 4. AAV2-VEGF-Trap affected the expression of angiogenesis-related 
factors. The Mouse Angiogenesis Array detects multiple analytes in serum 
sample. Profiles of mean spot pixel density were created using a transmis-
sion-mode scanner and image analysis software. (A) Membrane images are 
shown (1, angiogenin; 2, angiopoietin; 3, DPPIV).

Figure 5. Body weight and sections of major organs. Body weight was 
measured every 3 days and on Day 28 after treatment, major organs were 
sampled. (A) Body weight. (B) Sections of heart, liver, spleen and kidney 
were stained with H&E among the three groups. No obvious difference in 
each group (magnification, x200).
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apoptosis in tumor tissues, TUNEL staining was performed. 
Apparently more apoptotic cells were observed in the tumor 
sections of mice treated with AAV2-VEGF-Trap than that with 
AAV2-Null and NS (Fig. 2D and E).

Expression of AAV2-VEGF-Trap in  vitro and long-term 
expression in vivo. The above studies indicated that AAV2-
VEGF-Trap could block the formation of neovascularization 
and inhibit tumor growth, due to the expression of VEGF-Trap. 
In vitro, western blot analysis of the cell supernatant revealed 
the expression of VEGF-Trap following transfected with AAV2-
VEGF-Trap comparing with AAV2-Null (Fig. 3A). Next, we 
monitored the expression of VEGF-Trap in the sera of mice 
injected rAAV2-VEGF-Trap in the tumor model. The blood of 
the mice was obtained on days 0, 1, 3, 7, 21 and 28 after intra-
venous administration of 6x109 vg of AAV2-VEGF-Trap; and 
the sera were used to analyze VEGF-Trap by ELISA. VEGF-
Trap levels remained at similar levels until the last evaluation 
at 28 days (Fig. 3B). No VEGF-Trap was detected in the sera 
from mice that received AAV2-Null and NS. To evaluate the 
expression profile of AAV2-VEGF-Trap in normal mice after 
intravenous administration of AAV2-VEGF-Trap, the blood 
was obtained every week for 13 weeks. The expression of 
VEGF-Trap was sustained for 13 weeks (Fig. 3C) by adeno-
associated virus mediated gene therapy. The result implied that 
a single intravenous administration of AAV2-VEGF-Trap can 
sustain the long-term expression of VEGF-Trap.

AAV-VEGF-Trap reduces the expression of angiogenesis-related 
factors. To analyze the relative levels of angiogenesis-related 

proteins, serum samples were detected via the Proteome Profiler 
Mouse Angiogenesis Array kit. Our results revealed that the 
expression of many angiogenic growth factors had been obvi-
ously reduced in mice treated with AAV2-VEGF-Trap than 
the control groups (Fig. 4, Table I), which suggested that the 
decreased tumor volumes and metastasis of AAV2-VEGF-Trap 
group may be caused by decreased expression of the angiogen-
esis-related proteins.

Toxicity of AAV2-VEGF-Trap. In general, the viruses have 
security issues. We examined the potential toxicity of AAV2-
VEGF-Trap by measuring changes in body weight every 
3 days, and morphological analyses of major organs. There 
was no obvious difference in body weight between the experi-
mental group and the control groups (Fig. 5A). Sections of 
heart, liver, spleen and kidney were stained with hematoxylin 
and eosin. Overall, no obvious or significant differences were 
detected in response to AAV2-VEGF-Trap and AAV2-Null 
compared with NS group (Fig. 5B).

Discussion

Angiogenesis plays a key role in tumor growth and metas-
tasis. Tumor angiogenesis is regulated by a variety of active 
substances. Many angiogenic factors have been implicated in 
the regulation of the growth and metastasis of solid tumors. 
VEGF is a main angiogenic factor (27,28), both in physiological 
or pathological processes it has important implications (29). 
In angiogenesis, tumor growth and metastasis, VEGF plays 
a critical role and is overexpressed in the majority of solid 

Table I. Mean pixel density of angiogenesis factors of each group.

	 Mean pixel density
	 ------------------------------------------------------------------------------------------------------------------------------------------------------------------
			   NS	 AAV2-VEGF-Trap	 AAV2-Null

	 1	 Angiopoietin-3	 23285.42743	 0	 54752.14071
	 2	 CXCL16	 47495.42495	 0	 127174.0433
	 3	 Cyr61	 51711.83539	 0	 50608.70028
	 4	 DLL4	 36233.71378	 0	 42994.55948
	 5	 DPPIV	 105744.736	 67509.88204	 105357.301
	 6	 Endothelin-1	 67219.70701	 0	 78493.54819
	 7	 FGF acidic	 43989.51959	 0	 67765.62207
	 8	 FGF basic	 49741.49019	 0	 37905.64895
	 9	 Fractalkine	 39346.7841	 0	 58738.60613
	 10	 HB-EGF	 34086.33856	 0	 54464.60068
	 11	 HGF	 43835.77957	 0	 53129.75554
	 12	 Leptin	 32774.45842	 0	 53819.95561
	 13	 PlGF-2	 45577.01475	 0	 41604.89934
	 14	 Prolactin	 109857.0365	 67141.787	 91828.23958
	 15	 PDGF-AA	 87302.40411	 57683.83602	 78166.29315
	 16	 Serpin F1	 72810.73259	 52744.2355	 77245.32806
	 17	 Endoglin	 36370.85379	 0	 59343.50619
	 18	 Angiogenin	 103220.4658	 64170.16169	 160876.2768
	 19	 IGFBP-3	 349666.8265	 43272.03951	 397592.7965
	 20	 Angiopoietin-1	 118544.2774	 0	 181185.0739
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tumors, consistent with its role as a key mediator of tumor 
neoangiogenesis. Most tumors induce new vessel formation, 
suggesting that this neovascularization is required for their 
growth (30‑32). Thus, blocking the formation of neovascu-
larization is critical for inhibiting tumor growth. VEGF is 
an important and effective target for use against cancer, by 
binding and blocking VEGF to inhibit the growth and metas-
tasis of tumors.

We have constructed a recombinant adeno-associated 
virus (AAV) expressing VEGF-Trap for the first time as shown 
both in vitro and in vivo models of angiogenesis. VEGF-Trap, 
a high-affinity soluble decoy receptor, comprises portions of 
the extracellular domains of both the second Ig domain of 
VEGFR1 with the third Ig domain of VEGFR2 fused to an 
Fc segment of human IgG. In clinical trials, VEGF-Trap has 
been shown to require repeated intravenous administration to 
maintain adequate therapy levels with the accompanying high 
cost, and the patient's resistance compared to a single adminis-
tration. AAV vectors have not shown any danger and are very 
simple, so it can persist stably in transduced cells and achieve 
long-term transgene expression. Thus, in the present study, we 
chose recombinant AAV2 as gene delivery system to study the 
efficacy of VEGF-Trap in the mouse tumor model.

Transfected with AAV2-VEGF-Trap the cells led to 
expression of VEGF-Trap compared with the control, in vitro. 
Treatment of tumor-bearing mice with a single intravenous  
administration of 6x109  vg of AAV2-VEGF-Trap caused 
a tumor volume reduction. In addition, lung metastases 
markedly decreased in both size and number in the 4T1 
model. Analyzing tumor microvessels with CD31 immuno
histochemistry showed an obvious reduction of microvessel 
density in AAV2-VEGF-Trap, compared with the NS and 
AAV2-Null groups. Furthermore, AAV2-VEGF-Trap 
increased the extent of apoptosis over that produced by the 
control groups. We demonstrated that injection of AAV2-
VEGF-Trap resulted in persistent high levels of VEGF-Trap 
in serum (0, 1, 3, 7, 14, 21 and 28 days after administration 
of AAV2-VEGF-Trap). The normal female Balb/c mice with 
a single intravenous administration of 6x109 vg of AAV2-
VEGF-Trap can be achieved obvious long-term expression 
for at least three months. No VEGF-Trap was detected in the 
injection of AAV2-Null. Through detecting the relative levels 
of angiogenesis-related proteins in the sera, the result showed 
obvious decrease not only of the concentration of VEGF in 
sera, but also the concentration of other angiogenic factor, 
such as aFGF, bFGF and angiopoietin-1.

Most preclinical and clinical studies of anti-VEGF agents 
have focused on targeting VEGF or its receptors. Several 
agents have shown promise in controlling tumor growth and 
lung metastasis, for example, VEGF-Trap. In previous studies, 
VEGF-Trap had minimum interactions with the extracellular 
matrix, and this property obviously accounts for its satisfac-
tory pharmacokinetic profile, superior to soluble forms of 
VEGFR-1 to prevent VEGF from binding to its normal 
receptors by administering decoy VEGF receptor to block the 
VEGF signaling pathway (16,33‑36). In previous studies, puri-
fied VEGF-Trap proteins were administered, with the major 
problem in pharmacotherapy of side effects of the constant 
VEGF-Trap administration and the limited half-life of VEGF-
Trap (37), requiring multiple injections. Gene therapy has 

advantages of maintaining sustained levels of VEGF-Trap 
in vivo, which enhanced antitumor efficacy. AAV vectors are 
widely used in preclinical and clinical gene therapy because 
of the low pathogenicity and toxicity, and sustained long-term 
expression of the target gene.

Taken together, AAV2-VEGF-Trap ultimately limits the 
blood supply and markedly increases tumor cell apoptosis. 
AAV2-mediated sustained expression of VEGF-Trap was safe 
and efficacious of gene therapy. This treatment dramatically 
reduces tumor burden and inhibits spontaneous metastasis 
via systematic effect of VEGF-Trap. In addition, long-term 
expression of a single administration of AAV-VEGF-Trap 
simultaneously reduces the expression of angiogenesis-related 
factors.
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