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Introduction

Tumor metastasis is a major cause of death in cancer patients. 
Tumor cells disseminate through three major routes, i.e., direct 
invasion of surrounding tissues, and dissemination via the blood 
vascular system (hematogenous metastasis) or through the 
lymphatic system (lymphatic metastasis).1 During these pro-
cesses, vascular endothelial growth factor (VEGF) proteins and 
their receptors (VEGFRs) play important roles. There are five 
known members of the VEGF family, VEGF A, B, C, D, and 
placenta growth factor (PIGF). These factors interact with three 
membrane receptors, VEGFR-1 (Flt1), VEGFR-2 (KDR), and 
VEGFR-3 (Flt4), which belong to the subfamily of receptor pro-
tein tyrosine kinase.1

VEGFR-3, a receptor for VEGF-C and D, plays a critical 
role in the development of the embryonic vascular system. In 
the adult, VEGFR-3 expression is lost from vascular endothelial 
cells, but is retained in lymphatic endothelial cells.2,3 It 
was therefore suggested that in the adult, VEGF-C and D 
interactions with VEGFR-3 are limited to the maintenance of 
lymphatic endothelial cells or lymphangiogenesis.2,4 More recent 
work, however, indicates that VEGFR-3 may also be involved in 
angiogenesis and lymphangiogenesis in tumors.5,6 It was reported 
that the expression of VEGF-D was elevated in gastric cancer 
and associated with lymph node metastasis. Moreover, the high 
expression of VEGF-D and VEGFR-3 was closely related with 
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poor prognosis in gastric cancer.7 In addition, Wakisaka et al. 
demonstrated that VEGF-C/VEGFR-3 signal was involved 
in the tumor-induced lymphangiogenesis, which resulted in 
the metastasis of nasopharyngeal carcinoma.8 The importance 
of VEGF-D/VEGFR-3 was further strengthened by recent 
results showing that VEGF-D/VEGFR-2/VEGFR-3 promotes 
tumor metastasis by regulating prostaglandins produced by 
the collecting lymphatic endothelium.9 Taken together, these 
studies reveal that VEGFR-3 mediated signaling pathway is of 
paramount importance in the regulation of lymphangiogenesis 
during cancer development. On the other hand, recent studies 
have demonstrated that neutralizing antibodies to VEGF-D 
decreased the number of lymphatic metastases in the VEGF-D-
producing tumors in experimental animal models.10 Moreover, 
other molecules targeting the VEGF-C/VEGF-D/VEGFR-3 
signal pathway could also restrict tumor growth or cancer 
metastasis.11-13 Hence, antagonists directed to VEGF and its 
VEGFRs have been used as therapeutic agents and powerful 
experimental tools.14

In this study, we generated and characterized a novel monoclo-
nal antibody (mAb) BDD073 that inhibited VEGF-D-mediated 
VEGFR-3 activation and partially suppressed glutathione-S-
transferase (GST)-VEGF-D-induced angiogenesis in a chick 
embryo CAM model. These results suggest that BDD073 can 
be used as a powerful neutralizing antibody for VEGFR-3 signal 
studies on therapeutic angiogenesis and lymphangiogenesis.
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network of lymphatics accompanying the arteries and veins, the 
CAM has been broadly used to investigate the angiogenetic and 
lymphatic development and tumor angiogenesis.17,18 In the pres-
ent study, we used the chick CAM model to determine the inhib-
itory effects of BDD073 on VEGF-D-induced angiogenesis. Our 
results demonstrated that 20 μg/ml GST-VEGF-D dramatically 
induced angiogenesis, as illustrated by the significant increase of 
microvessels in the GST-VEGF-D-treated CAM. In the pres-
ence of BDD073, however, CAM angiogenesis induced by GST-
VEGF-D was partially inhibited by the antibody compared with 
the control antibody-induced angiogenesis, suggesting the neu-
tralizing activity of BDD073 to VEGFR-3 (Fig. 4).

Discussion

Although VEGFR-3 plays a critical role in the development of 
embryonic vascular system, its expression is restricted in endothe-
lial cells of lymphatic vessels and specialized fenestrated capillar-
ies postnatally.19 Consistently, unlike VEGFR-1 and VEGFR-2, 

Results

Characterization of recombinant GST-VEGF-D. Because 
screening of the antagonist antibodies against VEGFR-3 requires 
the soluble ligand, we first expressed the fusion protein of GST-
VEGF-D in E. coli and characterized its biological activity. GST-
VEGF-D was recognized by antibodies to VEGF-D and GST 
(Fig. 1A). Subsequently, we measured the binding activities of 
soluble GST-VEGF-D to VEGFR-3/Fc by ELISA assay. The 
results showed that the soluble GST-VEGF-D could interact 
with VEGFR-3/Fc and this interaction could be inhibited by pre-
incubation of GST-VEGF-D (Fig. 1B). This assay suggested that 
the interaction system of GSF-VEGF-D and VEGFR-3/Fc could 
be used for screening the neutralizing antibodies to VEGFR-3.

Panning and functional characteristics of BDD073. To 
obtain mAbs that recognize the extracellular domain of VEGFR-
3, we used VEGFR-3/Fc fusion protein that contained the full-
length (Ig domains 1–7) extracellular region of human VEGFR-3 
for immunization. After immunization with VEGFR-3/Fc, mice 
were sacrificed and the splenocytes from each mouse were fused to 
myeloma cells. Individual hybridomas were panned and 17 were 
positive for VEGFR-3, but not for human IgG. To further screen 
the antagonist antibodies to VEGFR-3, VEGFR-3/Fc-VEGF-D 
interaction system established above was used. Our results showed 
that antibodies BDD073 and BBE022 had the highest inhibitory 
activity (Fig. 2A); however, the clone of BBE022 lost the reactiv-
ity to VEGFR-3/Fc during the subcultures. To further confirm 
the neutralizing activity of BDD073, the binding activities of 
BAD045 (control antibody) and BDD073 at different concentra-
tions to VEGFR-3 and GST-VEGF-D were evaluated. The results 
showed that BDD073 could inhibit the binding of VEGFR-3/Fc 
to immobilized GST-VEGF-D in a dose-dependent manner, indi-
cating that the effect of BDD073 was specific. (Fig. 2B).

mAb BDD073 significantly inhibits GST-VEGFD-induced 
proliferation. The specificity of BDD073 was further confirmed 
by fluorescence-activated cell sorting (FACS) analysis. As shown 
in Figure 3A, localization of VEGFR-3 on the plasma membrane 
of human erythroleukemia (HEL) cells was detected by FACS 
analysis. In our previous study, the cell viability of HEL cells 
could be stimulated by GST-VEGF-D in a dose-dependent man-
ner;15 therefore, we used this system to further validate the neu-
tralizing effects of BDD073 on VEGFR-3 in HEL cells. MTS 
assay was used to detect the inhibitory effects of BDD073 on 
GST-VEGF-D induced-proliferation in HEL cells. As shown 
in Figure 3B, BDD073 antibody exhibited a dose-dependent 
inhibitory effect on VEGF-D-induced proliferation in HEL cells. 
In addition, it has been reported that VEGF-D could stimulate 
cell growth in angiogenesis.16 To further evaluate the effects of 
BDD073, we determined the inhibitory capability in human 
umbilical vein endothelial (HUVEC) cells by MTS assay. The 
results showed that BDD073 significantly decreased the cell 
viability of HUVEC cells that were induced by recombinant 
VEGF-D (Fig. 3C).

mAb BDD073 partially suppresses GST-VEGF-D induced 
angiogenesis. The chick CAM is an extra-embryonic mem-
brane that serves as a gas exchange surface. Because of a dense 

Figure 1. Characterization of GST-VEGF-D. (A) western blot analysis of 
GST-VEGF-D expression in E. coli. (B) In vitro interaction of GST-VEGF-D 
and VEGFR-3/Fc. VEGFR3/Fc or VEGF-D proteins were added to 96-well 
microtiter plates coated with GST-VEGF-D and incubated at 37 °C 
for 1 h, respectively. The plates were washed for three times and the 
standard ELISA protocol was followed to detect the binding activity of 
GST-VEGF-D to VEGFR3/Fc. Results were shown as the means ± SEM of 
three wells.
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Taken together, these results suggested that BDD073 could be a 
potential VEGFR-3 antagonist mAb after being humanized.

VEGF-C and VEGF-D are two well-characterized ligands 
for VEGFR-3 that have the highest affinity for VEGFR-3 and 
VEGFR-2 when they are fully processed.26 In our experiments, 
we used the fusion GST-VEGF-D (mature form of VEGF-D) 
as a stimulator to investigate the inhibitory effects of BDD073 
on HEL cell viability. The results indicated that BDD073 could 
significantly, but not completely, inhibit VEGF-D-enhanced 
cell viability in HEL cells. It should be noted that the mature 
form of VEGF-D binds to both VEGFR-3 and VEGFR-2, which 
is expressed on the surface of HEL cells as well.27 Thus, the 
observed partial inhibitory effect on VEGF-D-induced cell pro-
liferation by BDD073 could be explained by the possibility that 
BDD073 specifically blocked the interaction of VEGF-D with 
VEGFR-3, but not VEGFR-2.

Although both VEGF-C and VEGF-D bind to and activate 
VEGFR-2 besides VEGFR-3, VEGF-D promotes tumor 
angiogenesis whereas VEGF-C essentially does not. This 
difference may be partly explained by the fact that the 31 kDa 
form of VEGF-C preferentially binds to VEGFR-3, whereas the 
fully processed 21 kDa form can barely be detected.28 Hence, 
fully processed VEGF-D was used to activate the endothelial cells 
proliferation and angiogenesis in the chick embryo CAM model. 
In the present study, cell viability of HUVEC cells induced with 
GST-VEGF-D was obviously inhibited by BDD073, suggesting 
its potential neutralizing capacity. Consistent with the cell growth, 
similar results were achieved in the experiments of chick CAM 
angiogenesis: angiogenesis induced by VEGF-D was partially 
inhibited by neutralizing anti-VEGFR-3 antibody (BDD073).

In this study, we produced a panel of mAbs that target VEGFR-3 
and one of them (BDD073) was shown to exhibit neutralizing 
effects. Functional studies demonstrated that BDD073 antibody 
could antagonize the binding activity between the VEGFR-3 
and GST-VEGF-D, and inhibit the cell viability of HEL and 
HUVEC cells. Furthermore, BDD073 has inhibitory effects on 
VEGF-D induced angiogenesis in a chick embryo CAM model. 
These results suggest that BDD073 may be a useful research 
tool for investigating the mechanisms of VEGFR-3 signaling. 
Humanization of the antibody may provide a therapeutic 
molecular agent for the treatment of cancer metastases.

Materials and Methods

Animals. Six-to-eight week male Balb/c mice were used in this 
study. All experiments were performed under a license from the 
guiding principles of China National law for animal usage in 
Medical Research.

Reagents. Soluble recombinant human VEGFR3/Fc (R&D 
Systems, 349-F4-050) and anti-human VEGF-D antibody 
(R&D Systems, MAB2861) were purchased from R&D Systems. 
pGEX-5x-1 plasmid (GE healthcare, 28-9545-53) and GST-
affinity chromatography media (GE healthcare, 17–5132–01) 
were used for recombinant protein purification.

Cell culture. HEL cells were purchased from the 
Academy of Chinese Medical Science and cultured in 

VEGFR-3 becomes a lymphatic marker due to its specificity and 
role in lymphangiogenesis and lymphatic metastasis. On the 
other hand, given the key importance of VEGF and its recep-
tor in angiogenesis and lymphangiogenesis, VEGF, and VEGF 
receptor antagonists have been expected to eliminate the tumor 
vasculature and suppress metastasis.14 Indeed, anti-VEGF beva-
cizumab20,21 and the second-generation multi-targeted receptor 
tyrosine kinase inhibitors sunitinib22,23 and sorafenib24,25 have 
been shown to prolong the life of cancer patients. In this report, 
we generated the specific neutralizing antibody BDD073 to 
VEGFR-3, which could recognize the VEGFR-3 expressed on 
HEL cells (Fig. S1) and the vascular endothelial both in the fetal 
heart and kidney (Fig. S2).

In ELISA assay, BDD073 showed high binding activity to 
VEGFR-3. Furthermore, BDD073 suppressed GST-VEGF-D-
induced HEL and HUVEC cell viability and CAM angiogenesis. 

Figure 2. Screening and characterization of anti-VEGFR-3 monoclonal 
antibodies. (A) Inhibition of VEGFR-3/Fc binding to GST-VEGF-D by the 
mAbs. BBE022 and BDD073 had the inhibitory activities on VEGFR-3/Fc 
and GST-VEGF-D interaction. Results are shown as the means ± SEM of 
three wells. (B) Neutralizing activities of BDD073 to the binding activ-
ity of VEGFR-3 to GST-VEGF-D in a dose dependent manner. Various 
antibodies were mixed with 50 ng of VEGFR3/Fc, incubated at 37°C for 
1 h and transferred to 96-well microtiter plates coated with GST-VEGF-
D, after an additional 1 h, the plate was washed three times and the 
standard ELISA protocol was followed to detect the bounded VEGFR3/
Fc molecules. BAD045 antibody was used as control. Results are shown 
as the means ± SEM of three wells.
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PBS with 0.1% Tween 20. Recombinant VEGFR-3/Fc with 
different concentration (1, 2 or 4 μg/ml) was incubated with  
20 μg/ml GST-VEGF-D for 1 h at RT. The mixture of pre-
incubated VEGFR-3/Fc/GST-VEGF-D was transferred into 
GST-VEGF-D-coated microtiter plates and incubated for another 
1 h at 37 °C. Mouse-anti-VEGFR-3 antibody (R&D Systems, 
MAB3491) was used to bind VEGFR-3/Fc and absorbance was 
detected with anti-mouse secondary antibody coupled with HRP. 
The assays were quantified by reading the absorbance at 405 nm 
in a multi-well plate reader.

Competitive VEGF-D blocking assay. Various VEGFR-3 
antibodies purified from different hybridoma clones were 
incubated with 50 ng of VEGFR-3/Fc at 37 °C for 1 h. The 
mixtures were then transferred into 96-well microtiter plate 

RPMI-1640 supplemented with 10% fetal 
bovine serum (FBS) and 1% Penicillin-
Streptomycin and maintained in a 5% CO

2
 

incubator at 37°C. HUVEC cells were 
cultured in F12K medium with 10% FBS,  
6 U/ml heparin and 30 μg/ml endothelial cell 
growth supplement.

Expression of GST-VEGF-D fusion protein. 
cDNA encoding the mature form of VEGF-D 
was prepared by polymerase chain reaction and 
cloned into the EcoR I and Not I restriction sites 
of plasmid pGEX-5x-1. The GST-VEGF-D 
fusion protein was expressed in transformed E. 
coli BL21-DE3 and purified using GST affinity 
chromatography as described previously.15 The 
GST-alone vector protein was used as control.

Western blot. Total lysates of protein (10 
μg per lane) at different groups were subjected 
to SDS-PAGE and transferred onto nitrocel-
lulose membranes (Pall life science, 66485). 
The transferred membrane was blocked by 
Tris-buffered saline with Tween-20 (TBST) 
plus 5% fat-free milk. The membrane was then 
washed 3 times with TBST and incubated with 
different clones of anti-VEGFR-3 antibodies 
in TBST plus 1.5% fat-free milk at 4 °C for 
overnight. The membrane was subsequently 
washed with TBST and incubated for 1 h with 
peroxidase-conjugated secondary antibody. The 
membrane was washed 3 times with TBST and 
then detected by enhanced chemiluminescence 
(Amersham, RPN2232).

Generation of antibodies to human 
VEGFR-3. Four Balb/C mice were immunized 
with VEGFR-3/Fc protein. Splenocytes from 
two of the mice demonstrating the highest anti-
body titer in an enzyme linked immunosorbent 
assay (ELISA) of VEGFR-3/Fc were fused to 
mouse myeloma cells (SP2/0) following stan-
dard procedures as previously described.29 Ten 
days after the fusion, the supernatants were 
harvested and screened for antibody production 
by ELISA. The supernatants of selected hybridoma clones were 
purified by protein G Sepharose 4 Fast Flow column (GE health-
care, 17-0618-01).

ELISA-based on VEGFR-3/VEGF-D interaction. For 
screening of anti-VEGFR-3 clones, 1 μg recombinant VEGFR-3/
Fc was coated into the 96-well plates. These pre-coated wells 
were blocked with 1% bovine serum albumin (BSA) in PBS with 
0.1% Tween 20 and incubated with 100 μl of supernatant from 
different clones of anti-VEGFR-3 for 1 h at room temperature 
(RT). Bound mAb was then detected with goat anti-mouse IgG 
coupled with horseradish peroxidase (HRP).

To examine GST-VEGF-D binding activity with VEGFR-3, 
microtiter plates were coated with 4 μg GST-VEGF-D in 100 
mM carbonate buffer, pH 9.5, then blocked with 1% BSA in 

Figure 3. Effects of BDD073 on cell viability of HEL cells. (A) Representative charts showing 
BDD073 could recognize the VEGFR-3 on the plasma membrane of HEL cells by FACS. (B) 
Dose-dependent inhibition of GST-VEGFD-induced HEL cell viability was observed by treat-
ment of BDD073. Statistical analysis of cell viability of HEL cells. Values represent the mean 
± SEM (**, p < 0.01). (C) GST-VEGFD-induced proliferation of HUVEC cells was inhibited by 
BDD073. Values represent the mean+SEM (**P < 0.01; ***P < 0.001).
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coated with GST-VEGF-D and incubated for 1 h. After that, 
the standard ELISA protocol described before was followed to 
examine the binding of VEGFR-3/Fc.

FACS analysis. HEL cells were fixed with 2% formaldehyde 
for 10 min, washed twice with PBS and then incubated with  
10 μg/ml BDD073 in PBS plus 1% BSA for 1 h on ice. The cells 
were subsequently washed three times with PBS and secondary 
anti-mouse IgG FITC conjugated antibody was added. After  

Figure 4. Angiogenesis inhibition of the chick CAM induced by BDD073 
(n = 8). The development of micro-vessels was induced by 20 μg GST-
VEGF-D. Note that the number of micro vessels was reduced by the 
presence of BDD073 in a dose-dependent manner. It suggested that 
BDD073 have neutralizing activities in the chick CAM (*, P < 0.05). a. 
Control GST (20μg), b. GST-VEGF-D (20 μg), c. GST-VEGF-D (20 μg) + 
BDD073 (5 μg), d. GST-VEGF-D (20 μg) + BDD073 (10 μg).

1 h at 4 °C, the cells were washed with PBS and the analysis 
was performed by flow cytometer (Becton-Dickinson) using Cell 
Quest Software.

Cell viability assay by MTS analysis. Cell viability was 
analyzed by CellTiter 96® AQueous Non-Radioactive Cell 
Proliferation Assay (Promega Corporation, G5421). HEL cells 
or HUVEC cells (1 × 104 per well) were seeded into a 96-well 
culture plate with growth medium (RPMI-1640 medium with 
10% FBS). Cells were treated with either GST-VEGF-D or GST 
in the presence or absence of different concentrations of BDD073 
for 72 h. Treatment with non-specific antibody was taken as con-
trol. The optical density (OD) was measured by Tecan Sunrise 
plate reader and analyzed with Prism 5.0.

Chick chorioallantoic membrane (CAM) angiogenesis 
assay. The CAM angiogenesis assay was performed as previously 
described.15,30 Briefly, oosperm eggs purchased from the Chinese 
Academy of Agricultural Sciences’ Institute of Animal Sciences, 
were used for the experiments. The eggs were incubated for three 
days at 39°C with 70% of humidity, and then a round window 
was cut on the top of each egg. Twenty micrograms per milliliter 
of GST-VEGF-D or GST control were added in the presence or 
absence of the different concentration of BDD073. Seventy-two 
hours later, the CAM was excised. Angiogenesis was quantified 
by counting the density of blood vessel using MetaMorph 
Microscopy Automation and Image Analysis Software (Molecular 
Devices, LLC) and expressed as vessels/mm2.

Statistical analysis. All morphometric data were collected 
blindly. Statistics for comparison between two measurements 
was analyzed by unpaired or paired 2-tailed Student t-test. One 
way or two-way ANOVA was used for analysis involving more 
than two measurements. Values of P < 0.05 were considered 
significant.
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