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Abstract Vascular endothelial growth factor
(VEGF) promotes the growth of solid tumor mainly
via VEGF receptor-1 and receptor-2, which are
expressed preferentially in proliferating endothelial
cells. Therefore, a strategy for simultaneous blockage
of both VEGF receptors may have a useful therapeutic
effect in tumor growth. In this study, we utilized a
fusion protein which is composed of receptor binding
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domain of VEGF-A (RBDV) and the constant region
fragment (Fc) of a human immunoglobulin G1 (IgG1),
to interfere with the growth of human umbilical vein
endothelial cells (HUVECs) via VEGF receptors. The
results showed that RBDV-IgG1 Fc was able to bind
with both VEGF receptor-1 and receptor-2. In addi-
tion, RBDV-IgG1 Fc could decrease VEGF-induced
proliferation and tube formation among HUVECs.
Moreover, the cytotoxic test showed RBDV-IgG1 Fc
could also enhance the cytotoxic activity of human
natural killing cells. The data are suggesting that the
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fusion protein, RBDV-IgG1 Fc, may have potential as
an angiogenesis antagonist for future tumor therapy.
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Introduction

Vascular endothelial growth factor (VEGF) is a
potent mitogen that stimulates angiogenesis in vitro
and in vivo (Asano et al. 1995) and has been shown to
play a central role in tumor angiogenesis (Yuan et al.
1996; Gerber et al. 1998, 1999). VEGF binds to the
two distinct receptor tyrosine kinases, VEGF
receptor-1 (Flt-1) and VEGF receptor-2 (KDR)
(Waltenberger et al. 1994), which are expressed
preferentially in the proliferating endothelial cells of
blood vessels (Plate et al. 1993). VEGF receptor-1
has a number of conserved kinase motifs and
response by this receptor is an important part of
blood vessel formation; deficiency in this receptor
causes embryonic lethality (Fong et al. 1995). In
contrast to VEGFR-1, VEGFR-2 is regarded as the
major mediator of mitogenesis and survival of
endothelial cells (Ferrara 2004). Both receptors are
important for angiogenesis and therefore a drug that
is able to interfere simultaneously with the activity of
both VEGFR-1 and VEGFR-2 may have a signifi-
cantly better therapeutic effect on tumor formation by
causing major suppression of new vessel formation.

Many antagonists have been shown to successfully
suppress angiogenesis processes either in vivo or in
clinical trials. Certain molecules with a low molec-
ular weight have been developed to inhibit the
proliferation and migration of endothelial cells, one
example being TNP-470 (Ingber et al. 1990; Moulton
et al. 1999). Others have been developed to impair
the activity of the tyrosine kinases of the VEGF
receptors in order to abolish angiogenesis signalling
(Smith et al. 2004). In addition, a humanized anti-
VEGF monoclonal antibody (Willett et al. 2004),
anti-VEGF receptor-2 antibody (Prewett et al. 1999)
and a soluble VEGF receptor chimeric protein
(Holash et al. 2002), have been developed with the
aim of suppressing new vessel formation in tumors by
interfering with the interactions between VEGF and
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the two VEGF receptors. Moreover, a recent study
has indicated that recombinant therapeutic antibodies
may be more useful than small chemical molecules
because they provide a better anti-angiogenestic
effect because of their longer half-life in vivo
(Glennie and van de Winkel 2003).

In our previous study, a fusion protein composed
of the “receptor binding domain of VEGF” (RBDV,
from amino acids 1 to 109 of VEGF-A) and the
constant region fragment (Fc) domain of immuno-
globulin G1 (from the hinge region to the CH3
domain) was designed and constructed (Tseng et al.
2010). This fusion protein, RBDV-IgG1 Fc, could
result in tumor inhibition by reducing angiogenesis in
mouse model in vivo. Therefore, in this study, we
examined the effects of RBDV-IgGl Fc on human
umbilical vein endothelial cells (HUVEC) as a model
for future development of human drug.

Materials and methods

Construction of pAAV-MCS/IgG1 Fc and pAAV-
MCS/RBDV-IgG1 Fc

RBDV-IgGl Fc and IgGl Fc fusion protein were
constructed according the procedures in the previous
study (Tseng et al. 2010). Briefly, the PCR fragments
of RBDV were ligated prior to the fragment encoding
the Fc portion of IgGl and the chimeric transgene
was further subcloned into the pAAV/MCS vector
(Stratagene, La Jolla, CA, USA), with the poly his6-
tag at the C terminals. For the IgGl Fc, a DNA
fragment encoding the IL-2 leader sequence was
fused with the Fc portion of human IgGl and the
transgene was subcloned into the pAAV/MCS vector
(Stratagene).

Cell Culture

Primary cultures of human umbilical vein endothelial
cells (HUVECSs) were kindly provided by Dr. Ko-Jiunn
Liu (Nation Health Research Institute, Taipei, Taiwan)
and were cultured in Medium 199 (Gibco Invitrogen
Co., Grand Island, NY, USA) which was supplemented
with substances according to the instructions of
American Type Culture Collection (ATCC, Manassas,
VA, USA). Human epithelial kidney (HEK) 293T cells
were cultured in Dulbecco’s modified Eagle medium
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(DMEM; Invitrogen, Gaithersburg, MD, USA), sup-
plemented with 10% fetal bovine serum (FBS; Bio-
logical Industries, Kibbutz Beit Haemek, Israel) and
1% penicillin—streptomycin amphotericin B solution
(PSA; Biological Industries). NK-92 MI were grown in
minimum essential medium eagle alpha modification
medium (Sigma, St. Louis, MO, USA) supplemented
with 0.2 mM inositol (Sigma), 0.2 mM 2-mercapto-
ethanol (Sigma), 0.02 mM folic acid (Sigma), 12.5%
horse serum (Gibco), 12.5% FBS. All cells were
incubated in an incubator with 5% CO, at 37 °C.

Expression and purification of chimeric proteins

RBDV-IgGl Fc and IgGl Fc fusion protein were
produced and purified according the procedures in the
previous study (Tseng et al. 2010). Briefly, pAAV-
MCS/1gGl Fc and pAAV-MCS/RBDV-IgGl Fc
vectors were respectively transfected into 293T cells
and incubated for 48 h, and the supernatants of the
transfectants were collected and purified by Protein
G-Agarose (Upstate Inc., Lake Placid, NY, USA),
and the eluted fractions were further purified by a
nickel-charged HisTrap HP affinity column (Amer-
sham Biosciences, Piscataway, NJ, USA). Finally, the
buffer was exchanged to PBS using a Sephadex G-25
prepacked column (Amersham Biosciences, Uppsala,
Sweden) and the recombinant proteins were concen-
trated using the Microcon Centrifugal Filter Unit
(Millipore, Bedford, MA, USA).

In vitro binding assay for the receptors of VEGF

A 96-well micro-titer plate (Nunc, Roskilde, Den-
mark) was previously coated with 0.4 pg/well of the
extracellular domain 1-3 of human VEGFR-1 (R&D
systems, Minneapolis, MN, USA) or the extracellular
domain 1-7 of human VEGFR-2 (Merck-Calbio-
chem, San Diego, CA, USA). The purified proteins
(1 pg in 100 pL of PBS) were applied respectively
into the wells of the coated plate and incubated for
1 h. After washing, the reactive recombinant proteins
were detected with horseradish peroxidase (HRP)-
conjugated anti-his-tagged antibodies (Novus Bio-
logicals, Littleton, CO, USA) for 1 h. Then, the
reactions were developed by the addition of TMB
substrate (KPL, Gaithersburg, MD, USA) for 20 min,
stopped with IN HCIl for 10 min and measured
(ODy4s0) using an ELISA reader (SunriseTM Tecan

Group Ltd., Minnedorf, Switzerland). The index is
the average ODysy value of (sample-background)/
(the group of PBS-background).

Cell surface binding assay

HUVECs were washed with PBS, detached by
versene (0.2% EDTA in PBS, pH = 7.4), then
washed and resuspended with flow cytometry buffer
(1% bovine serum albumin in PBS, pH = 7.4). Ten
microgram of purified RBDV-IgGl Fc or 8 mg of
IgG1l Fc were respectively incubated with the cell
suspension for 3 h at 4 °C, followed by 1h of
incubation with FITC conjugated goat anti-human
IgG antibody (Acris Antibodies GmbH, Hiddenhau-
sen, Germany). The cells were washed with ice-cold
flow cytometer buffer after incubation for three times.
Cell pellets were suspended in 1 ml flow cytometer
buffer and analyzed with a FACScan flow cytometer
(BD Biosciences, San Jose, CA, USA). Negative
control is the cell stained with secondary antibody
alone without the primary antibody.

In vitro proliferation assay for HUVEC

Five thousand HUVECs seeded on wells pre-coated
with 50 pL 1% gelatine on a 96-well plate and were
cultured with M199 containing 20% FBS, 25 units/ml
heparin and 1% PSA for 16 h. The VEGF (8 ng/mL),
IgG1Fc (2.5 pg/mL),and RBDV-IgG1 Fc (2.5 pg/mL)
were added to the wells respectively, and the prolif-
eration rate of HUVECs was determined by MTS assay
(Promega, Madison, WI, USA) after 3 days incuba-
tion. The survival percentages were calculated as the
average of OD values for recombinant protein-treated
cells/the average of OD values for the untreated cells
(PBS group).

Five thousand HUVECs seeded on wells pre-
coated with 50 pL 1% gelatine on a 96-well plate
were cultured with M199 containing 20% FBS, 25
units/mL. heparin and 1% PSA for 16 h. Subse-
quently, the purified recombinant proteins were
added into the well 2 h before human VEGF (Upstate
Inc.) treatment, which were supplied at a concentra-
tion of 8 ng/mL of VEGF. For the 72 h incubation,
the proliferative responses were detected by MTS
reagent (Promega) and measured by spectrophoto-
metric analysis at 492 nm. The survival percentages
were calculated as the average of OD values for
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recombinant protein-treated cells/the average of OD
values for the untreated cells (PBS group).

Tube formation assay

Growth factor-reduced Matrigel 10 pL. (BD Biosci-
ences) was coated on each well of a 96-well culture
plate, and allowed to polymerize for 2 h at 37 °C.
PBS alone, IgG1 Fc (10 pg/mL) in PBS, and RBDV-
IgG1 Fc (10 pg/mL) in PBS were respectively added,
and incubated with 1.5 x 10* HUVECs in the gel-
coated wells for 1 h, and VEGF (Upstate Inc.) was
later added (final concentration was 15 ng/mL). As
the control, HUVECs were treated with PBS without
VEGEF. The cells were incubated for a further 16 h at
37 °C in assay medium (M199 with 20% FBS and 25
units/mL  heparin), and tube formations were
observed and photographed under an inverted light
microscope (Olympus, Tokyo, Japan). The total
number of tubes were counted and analyzed.

NK killing assay

HUVECs were detached with 0.2% EDTA in PBS,
then washed and resuspended in assay medium
(M199 with 20% FBS and 25 units/mL of heparin).
Ten thousand target cells per well were respectively
incubated with recombinant proteins at a final
concentration of 32 pg/mL of IgG1 Fc or 40 pg/mL
of RBDV-IgGl Fc for 1 h, or 1 pg/mL of VEGF for
20 min and then treated with 40 pg/mL of RBDV-
IgG1 Fc for another 1 h. Simultaneously, NK 92-MI
effector cells were washed and resuspended at 10,000
cells/well in 100 pL of minimum essential medium
eagle alpha modification medium (as described
before). And then effector cells were mixed with
target cells, which have been cultured with recombi-
nant proteins as described above, at an E/T ratio of
1:1 (N/N) and transferred to 1% gelatin coated
96-well round-bottom plates (Corning Inc., Corning,
NY, USA). Plates were centrifuged for 4 min at
250 x g, and incubated for further 5 h and analyzed
by MTS assay. As negative control, HUVECs were
cultured with NK92-MI cells without recombinant
proteins (NK cells groups). As system control, the
group of target cells cultured in the condition
containing neither effector cells nor recombinant
proteins was present as 100% of proliferation rate of
HUVECs.
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Statistical analysis

Statistical analyses were performed using SPSS
statistics software (SPSS Inc., Chicago, IL, USA).
The nonparametric Wilcoxon Mann—Whitney test
was used when comparing two independent samples.
A value of p <0.05 was considered significant
(2-tailed).

Results

The binding activities of RBDV-IgG1 Fc
to human VEGF receptors

In the previous study, RBDV-IgG1 Fc was designed
and constructed by fusing the receptor binding
domain of human VEGF-A with the Fc portion of
human IgGl, and this fusion protein could be
effective in anti-angiogenesis in vitro and suppressing
tumor growth in a mouse model (Tseng et al. 2010).
To examine whether the RBDV-IgG1 Fc could also
bind with human VEGFR-1 and VEGFR-2, immobi-
lized human VEGFR-1 and VEGFR-2 were respec-
tively incubated with the RBDV-IgGl Fc fusion
protein, and IgG1 Fc as negative control. The results
showed that the RBDV-IgG1 Fc fusion protein was
able to bind with both immobilized VEGFR-1
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Fig. 1 The binding activity of RBDV-IgGl Fc to human
VEGF receptors. The binding activity of the RBDV-IgG1 Fc
with a immobilized hVEGFR-1or b hVEGFR-2 was measured
by TMB substrate at 450 nm. *p < 0.05 as compared with the
data of PBS group. Shown is the mean & SD of two
independent experiments performed in duplicate
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Fig. 2 The binding ability of RBDV-IgGl Fc to HUVECs.
The human umbilical vein endothelial cells (HUVECs) were
stained with RBDV-IgG1 Fc (black thick line), 1gG1 Fc (black
thin line), or without fusion protein (grey shadow), followed by
FITC-conjugated goat anti-human IgG antibody. Immunoflu-
orescence of the stained cells was measured by flow cytometer

(Fig. 1a) and immobilized VEGFR-2 (Fig. 1b), but
not IgGl Fc. We therefore demonstrated that this
fusion protein could bind with human VEGFRs via
the RBDV as expected.

To further confirm the binding ability of RBDV-
IgGl Fc with VEGFRs, we stained HUVECs
expressing the VEGFR-1 and VEGFR-2 with the
RBDV-IgG1 Fc or IgG1 Fe. Figure 2 shows that the
RBDV-IgG1 Fc but not IgG1 Fc could bind with
HUVECs, suggesting that this binding was via the
RBDV to VEGFRs.

In vitro potency of RBDV-IgG1 Fc as antagonist

As mentioned above, RBDV-IgG1 Fc could bind with
human VEGFRs, we therefore examined whether the
RBDV-IgG1 Fc would have the undesired side effect
to induce the proliferation of human endothelial cells
upon binding to the VEGFRs on the cell surface. The
results showed that the addition of VEGF to
HUVECs caused an increase in cell proliferation.
However, in the presence of RBDV-IgGl Fc, as well
as with IgG1 Fc alone, the HUVECs did not show
any significant increase in proliferation. It is con-
cluding that neither the RBDV nor IgG1 Fc portions
would affect the proliferation of HUVECs.

Next, the antagonistic potential of RBDV-IgG1 Fc
in the presence of VEGF was determined. The
HUVECs were pre-cultured with RBDV-IgG1 Fc or

IgG1 Fc, and then supplemented with VEGF. The
results indicated that 1 pg/ml RBDV-IgGl Fc was
able to reduce the level of cellular proliferation in the
presence of VEGF as a supplement, and the trend of
decrease in proliferation of HUVEC was in dose-
dependent manner (Fig. 3b). In contrast, IgG1 Fc had
no significant effect in inhibiting the cell proliferation
with treatment of VEGF.

Taken together, RBDV-IgGl Fc fusion protein
retained the receptor-binding activity but have lost
the ability to trigger the angiogenic signal.

In vitro potency of RBDV-IgG1 Fc in inhibiting
angiogenesis

As mentioned before, the inhibition of angiogenesis
could suppress tumor growth. Therefore, we exam-
ined the antagonistic effect of RBDV-IgGl Fc on
tube formation of endothelial cells by microscopy in
vitro. The photographs showed that HUVECs could
form a network under normal condition (Fig. 4a), and
VEGF could increase network numbers of tube
formation (Fig. 4b). However, the network numbers
of capillary-like tube formation in HUVECs were
inhibited by RBDV-IgG1 Fc (Fig. 4d) but not IgGl
Fc (Fig. 4c). And gathering statistics, Fig. 5 indicated
that the RBDV-IgG1 Fc could significantly inhibit the
VEGF-induced tube formation.

The effect of RBDV-IgG1 Fc to human natural
killer cells

Humanized antibodies, such as rituximab or rituxan,
have been shown in clinical cancer therapy, that its
effectiveness relied on the cytotoxicity functions of
human natural killer cells (NK cells) (Eisenbeis et al.
2004; Gluck et al. 2004). We therefore examined
whether the Fc portion of RBDV-IgG1 Fc could also
enhance the cytotoxicity of NK cells. The targeted
cells, HUVECs, were pre-cultured with RBDV-IgGl1
Fc and mixed with NK effector cells. The results
revealed that NK cells could slightly decrease the
survival rates of HUVECs; however, the RBDV-IgG1
Fc fusion protein but not IgG1 Fc could significantly
increase the cytotoxic activity of NK cells against
HUVECs (Fig. 6). In addition, this phenomenon
could be reversed when pre-culturing the HUVECs
with VEGF before treatment with RBDV-IgG1 Fc,
suggesting the cytotoxicity of NK cells was enhanced
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Fig. 5 HUVEC network formation as function of treatment
with VEGF, VEGF + IgG1 Fc or VEGF + RBDV-IgGl Fc.
Three random fields were counted per well and total network
numbers of tube formation in HUVECs were counted after
treatment of different proteins and VEGF. #p < 0.05 as
compared with the data of VEGF group; *p <0.05 as
compared with the data of VEGF + IgG1 Fc group. Shown
is the mean + SD of two independent experiments performed
in duplicate

via the binding of the RBDV domain of RBDV-IgGl
Fc to VEGFRs.

Discussions

Inhibition of the VEGF/VEGFR signal pathway has
been shown to efficiently suppress pathological
angiogenesis in tumors and this has led to the
development of various clinical VEGF inhibitors. In
the previous study, we designed and produced a new
chimeric protein, an RBDV-IgGl Fc, by fusing a
DNA fragment encoding the receptor binding domain
of human VEGF-A (from amino acid 8 to 109 of
VEGF-A) (Keyt et al. 1996; Muller et al. 1997) with
a DNA fragment encoding the Fc portion of human
IgGl (Tseng et al. 2010). This antagonistic fusion
protein was found to abolish the physiological
interactions between VEGF and its two receptors,
human VEGFR-1 and VEGFR-2 (Fig. 1). In addition,
RBDV-IgG1 Fc seemed to retain the receptor-binding
ability without the activity to trigger the angiogenic
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Fig. 6 The effect of RBDV-IgG1 Fc on human natural killer
cells (NK cells). NK-92MI cells (effector cells) mixed with
HUVEC:s (targeted cells) at E/T ratio of 1:1 were co-incubated
with IgG1 Fc, RBDV-IgGl1 Fc, or VEGF plus RBDV-IgG1 Fc
for 5 h, and the cytotoxic activity was determined by MTS
assay. The HUVECs alone were used as system control
(100%). ***p < 0.001 as compared with the data of NK cells
group. Shown is the mean £ SD of two independent experi-
ments performed in duplicate

signal (Figs. 2, 3a). One possible reason for this is
that a fusion protein did not possess the heparin
binding region (amino acid 110-165) of VEGF,
which has been demonstrated to simultaneously
increase signal amplitude and duration when VEGF
binds to its receptors (Ito and Claesson-Welsh 1999).

The stimulation of endothelial cells by growth
factors, such as VEGEF, is required for the process of
angiogenesis (Shibusa et al. 1998). HUVECs express
the two major VEGF receptors on their cell surface:
VEGFR-1 is expressed at a few thousand copies per
cell, while VEGFR-2 is relatively abundant on the cell
surface (Waltenberger et al. 1994). Furthermore,
VEGFR-2 is a tyrosine kinase and the binding of
VEGF to this receptor leads to activation through
phosphorylation of a tyrosine residue (Heldin 1995).
Therefore, the mode of action of RBDV-IgGl Fc
during the protein’s inhibition of VEGF-stimulated
mitogenesis (Fig. 3b) might be caused by a direct
blocking of VEGF/VEGFR-2 interaction. In addition,
Fong et al. (1995) and Hiratsuka et al. (2005) have
proposed that disturbance of VEGFR-1 activity may
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result in vascular malformation. RBDV-IgG1 Fc also
has the ability to decrease tube formation by endo-
thelial cells (Figs. 4, 5), which may be a result of
blocking of the VEGF/VEGFR-1 interaction. In
conclusion, the VEGF-mediated angiogenic responses
that occur with HUVECs were strikingly decreased by
RBDV-IgGl1 Fc in this study, which agrees with the
hypothesis that this chimeric protein is able to bind
and affect the activity of both receptors.

Several strategies that focus on VEGF binding
antagonists have been reported; these include an anti-
VEGF antibody (Asano et al. 1995; Mesiano et al.
1998), an anti-VEGFR-2 receptor antibody (Prewett
et al. 1999), RNA-based aptamers (Ruckman et al.
1998) and various peptides (Bae et al. 2000; Bine-
truy-Tournaire et al. 2000). Here, we described an
antagonistic fusion protein, RBDV-IgG1 Fc, which
possesses a theoretical advantage over the above
approaches because it targets both VEGF receptors.
Furthermore, this IgG1-like fusion protein may be a
better choice than smaller molecules, such as pep-
tides, because it should provide not only a longer
pharmacokinetic half-life in vivo, but also other
immunological functions such as antibody-dependent
cellular cytotoxicity (ADCC) and complement reac-
tions, which have been proven in a mouse model in
vitro and in vivo (Tseng et al. 2010). In addition, the
RBDV-IgG1 Fc recombinant protein would seem to
form a tetramer that is stabilized by disulfide bridges
between the receptor binding domains of VEGF
(Muller et al. 1997). Caron et al. (1992) and Wolff
et al. (1993) proposed that IgG homodimerization by
chemical coupling can increase the antitumor activity
of antibodies against several different tumor antigens
and that this involves ADCC, complement-dependent
cytotoxicity, or direct killing. Furthermore, in clinical
cancer therapy, the humanized antibodies, Rituximab
or Rituxan, have been shown to have a cytotoxic
effect with NK cells (Eisenbeis et al. 2004; Gluck
et al. 2004). Figure 6 indeed showed RBDV-IgG1 Fc
also could enhance cytotoxic activity of NK cells.
Therefore, we suggest that RBDV-IgG1 Fc may also
be able to inhibit tumor growth in clinical trials due to
the Fc domain of protein acting directly against the
endothelial cells of the tumor’s blood vessels.

Taken together, our results indicated that fusion of
the receptor binding domain of the VEGF sequence to
the human IgG1 Fc region produced a protein that
was able to significantly bind with both human VEGF
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receptor-1 and receptor-2, and therefore antagonized
the activity of VEGF. This protein also displayed
anti-angiogenesis and anti-tube formation to the
human epithelium cells, and could enhance the
cytotoxic activity of human NK cells. In summary,
our study suggests that RBDV-IgG1 Fc is worth for
future development as clinical therapeutic agents
against tumors.
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