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Abstract VEGF and its receptors, especially VEGFR2
(KDR), are known to play a critical role in angiogen-
esis under both physiological and pathological conditions,
including cancer and angiogenic retinopathies. This study
was aimed at developing a fully human IgGl antibody
(mAb-04) constructed from a phage-derived scFv, target-
ing the VEGF/VEGFR2 pathway. Firstly, an innovative
transfection system, containing two recombinant expres-
sion vectors (pMH3 and pCApuro), were introduced into
CHO-s cells and clones with higher yield selected accord-
ingly. After an optimal fermentation condition was deter-
mined, fed-batch fermentation was performed in 5-L
bioreactor with a final yield up to 60 mg/L. Further, cell
proliferation, wound healing, transwell invasion, tube for-
mation and chick embryo chorioallantoic membrane assays
showed significant anti-angiogenic activity of mAb-04 in
vitro and in vivo. In addition, the results of Western blot-
ting indicated the ability of mAb-04 to inhibit VEGF-
induced VEGFR?2 signaling pathway. Finally, ADCC assay
demonstrated that mAb-04 is capable of mediating tumor
cell killing in presence of effector cells. This study has
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therefore proved that the full-length antibody targeting
human VEGFR?2 has potential clinical applications in the
treatment of cancer and other diseases where pathological
angiogenesis is involved.

Keywords VEGFR2 (KDR) - Human monoclonal
antibody - CHO cell line - Anti-angiogenesis - ADCC

Abbreviations
ADCC Antibody-dependent cellular cytotoxicity

bFGF Basic fibroblast growth factor

CAM Chick embryo chorioallantoic membrane
ECGS Endothelial cell growth supplement
ECM Endothelial culture medium

FBS Fetal bovine serum

HAMA  Human anti-mouse antibody

KDR Kinase insert domain-containing receptor
KDR3 The extracellular domain 3 of human VEGFR2
LDH Lactate dehydragenase

scFv Single-chain antibody fragment

VEGF Vascular endothelial growth factor

VEGFR2 Vascular endothelial growth factor receptor 2

Introduction

Monoclonal antibodies were initially produced using the
hybridoma technique in which a murine plasma cell is
immortalized by fusing it with a plasmacytoma-derived
cell line that will grow continuously in culture [1-3]. But
the mouse hybridoma-derived antibodies can be recognized
by human immune system as foreign resulting in HAMA
response, leading to shortened half-life, reduced efficacy
and increased toxicity in some patients [4, 5]. To reduce
the immunogenicity of the murine antibodies, recombinant
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DNA technologies were used to make chimeric antibodies.
However, the resulting antibodies still contained potentially
immunogenic murine sequences [6, 7]. More recently, fully
human antibodies have been generated using transgenic mice
expressing human Ig repertoire or be derived from phage
displayed scFv or Fab antibody formats [8-10]. However,
the “humanized” mice producing fully human antibodies
upon immunization are not available to all investigators. In
contrast, phage display is readily available at lower cost [11].

Due to their common deficiency of short half-life caused
by small molecular size (less than 30 KD), none of the
invented phage displayed scFvs has been put into clinical
use before further engineering processing. It would be nec-
essary to integrate the robust avidity, effector functions and
the prolonged serum half-life by transferring the antigen-
binding property of the scFv into a full-length IgG antibody.

The VEGF-VEGFR interaction functions as an up-reg-
ulator in tumor angiogenesis and metastasis. Evidence sug-
gests that VEGFR2 can mediate endothelial cell prolifera-
tion and is an important mediator in angiogenesis [12—14].
Inhibition of angiogenesis with antagonists to either VEGF
or KDR has led to significant therapeutic efficiency both in
preclinical animal models and in clinical trials [15]. Since
2004, Bevacizumab has been the only antibody drug on the
market targeting VEGF-KDR signal pathway. However,
available clinical data show that blocking of VEGF by Bev-
acizumab does not completely inhibit tumor angiogenesis.
Therefore, the development of additional antibodies target-
ing VEGFR?2 is required for more effective treatment of
tumors through VEGF-KDR pathway.

We previously generated a scFv antibody (AK404R)
targeting KDR3 from a phage display library [16]. Con-
sidering the short half-life of scFv, here we generated fully
human IgG1 antibody (mAb-04) from AK404R. Monitor-
ing its real-time binding to KDR3 by Biacore was first exe-
cuted to detect the affinity of mAb-04 in vitro. The ability
of mAb-04 to inhibit angiogenesis was shown by its effect
on proliferation, migration, invasion and tube formation
of HUVEC:s. It competed efficiently with VEGF for bind-
ing to KDR and blocked VEGF-stimulated mitogenesis of
HUVECs [12, 17-20]. Additionally, the direct antitumor
activity of mAb-04 was demonstrated using the ADCC
assay. Thus, mAb-04 is expected to provide as a novel
antiangiogenic therapeutic antibody.

Materials and methods
Cell culture
The Chinese hamster ovary cell line CHO-s (Amprotein

Co., Ltd, Hangzhou, China) was maintained in DMEM/
F12 medium, supplemented with 10 % (v/v) FBS. The

@ Springer

serum-free medium BOO1 and FOO1 for suspension cul-
ture and fermentation of CHO-s cells were purchased
from Amprotein Co., Ltd. Mouse macrophage cell line
RAW264.7, mouse embryonic fibroblast cell line 3T3-L1
and human embryonic kidney cell line HEK293 preserved
in our lab were cultured in DMEM medium (high glucose),
supplemented with 10 % (v/v) FBS. The mouse melanoma
cell line B16F10 preserved in our lab was cultured in RPMI
1,640 medium containing 10 % (v/v) FBS. Cell culture
media, supplements and trypsin powder were purchased
from Life technologies (Basel, Switzerland). HUVECs
purchased from ScienCell Research Laboratories were cul-
tured in ECM supplemented with 5 % (v/v) FBS and 1 %
(v/v) ECGS (ScienCell, San Diego, CA).

Construction of the expression plasmids and selection
of stable transfected cells

PCR mastermix was purchased from Biotek (Beijing,
China). Restriction and modification enzymes were from
Takara (Otsu, Japan) or NEB (New England Biolabs,
USA). Eukaryotic expression vectors pMH3 and pCApuro
were purchased from Amprotein Co, Ltd. The heavy and
light chain genes were prepared separately according to
the amino acid sequence of scFv-AK404R we reported.
Firstly, the DNA sequences were optimized to remove the
cleavage sites. Suitable light chain constant region (CL)
and heavy chain constant regionl (CH1) were obtained
from the GenBank and synthesized. After an optimization
to CHO-preferred codons in heavy and light chain varia-
ble regions (VH and VL), CL was linked to 3’ end of VL
(5'-actgctgctetgggttccaggttccactggtetgcaateegtgctgacee-3’
and 5'-gagagagacacactcctgctatgggtactgctgctctgggttccag-3),
while CHI to 3’ end of VH (5'-tatacccaagcttgccaccatg-
3’and 5’-atagtttagcggcecgcaaccttct-3’) by overlap PCR.
Then, CH1-VH was linked to Fc fragment by T4 DNA
ligase. The human IgG1 Fc fragment is preserved in our lab.
Finally, the Kozak sequence (AAGCTTGCCACC), cleav-
age sites and signal peptide were added to the N-terminal
of VH (5’-cccccaagcetggaattccaccatggagagagacacactccetge-3/
and 5'-ttttecttttgeggecgcttattacctggagacagggagagg-3') and
VL (5'-cccccaagetggaattccaccatggagagagacacactcetge-3/
and 5'-ttttccttttgeggccgcettagetgecactcageaggggceg-3'). After
digestion with Notfl and EcoRI, the amplified DNA and
pMH3/pCApuro fragments were joined. Nucleotide
sequence of the recombinant vectors (H-chain and L-chain)
was confirmed by Meiji Co, Ltd. (Shanghai, China).

The four recombinant expression vectors (pMH3-H,
pMH3-L, pCApuro-H and pCApuro-L) were transfected
into CHO-s cell line with the same number of moles by
electroporation. The stable transfectants were then screened
with 1 mg/mL G418 (Sigma-Aldrich, St. Louis, USA), and
the high-yield clones selected by Dot blot (HRP conjugated
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goat anti-human IgG Fc, Sino Biological Inc., China) and
Western blot assay (HRP conjugated goat anti-human IgG
H+L, Sino Biological Inc., China).

Expression and purification of mAb-04

Three prior clones with higher production were inoculated
separately into sealed 40-mL-bioreactor-like flasks at 37 °C
with a rotation speed of 120 rpm. Exponentially grow-
ing cells harvested from 40 mL shake flasks were inocu-
lated at 2.5 x 10° cells/mL into a 3 L bioreactor. Protein
expression was induced at 34 °C when cell density reached
5-8 x 10% cells/mL. The fermentation was monitored by
daily changing 3 % medium and supplementing proper
amount of glucose. The supernatant samples were collected
when cell viability was beneath 70 % and then purified
using Protein A affinity chromatography (GE Healthcare,
Buckinghamshire, UK). The integrity of the full-length
mAb produced by different clones was determined by
ELISA. Finally, one prior clone chosen for mass mAb-04
production was harvested from 40-mL shake flasks and
inoculated in a 5-L wave bioreactor for fermentation.

Binding affinity and kinetic analysis

The binding kinetics of mAb-04 to KDR was measured
with Biacore system (Biacore X100, GE Healthcare, Swe-
den). Firstly, anti-human IgG (Fc) antibody was immobi-
lized on Sensor Chip CMS5 using Human Antibody Capture
Kit (GE Healthcare, Sweden). Next, mAb-04 was captured
by the anti-human IgG (Fc) antibody, and the target reso-
nance unit (RU) density was 2000. Finally, soluble recom-
binant KDR3 protein was injected at different concentra-
tions into running buffer (HBS-EP, pH 7.4), and capture
was done at a constant flow rate of 30 wL/min at 25 °C.
Meanwhile, one flow cell of the sensor chip was left with-
out captured mAb-04 to provide a reference surface. Cap-
tured antibodies together with any analyte bound to them
were removed by flowing regeneration solution (3 M mag-
nesium chloride) at 30 wL/min for 30 s. Sensorgrams were
obtained at each concentration and evaluated with Bivalent
analyte, to determine the association rate constant k, and
dissociation rate constant ky. The equilibrium dissociation
constant (Kp) was calculated from the ratio of rate con-
stants ky/k,.

Flow cytometry assay

4 x 10° KDR over-expressing HUVECs or KDR-negative
HEK?293 cells per sample were suspended in PBS contain-
ing 5 % BSA and then incubated with/without 200 pg/mL
mAb-04 or the control VEGFR?2 rabbit mAb (Cell Signal-
ing, USA) at 4 °C for 1 h. Cells were then incubated with

FITC-conjugated goat anti-human IgG antibody or FITC-
conjugated goat anti-rabbit antibody (SANGON, Shang-
hai, China). Finally, the cells were washed and the binding
assay was performed with a BD FACS flow cytometer.

Cell proliferation assay

4 x 10° HUVECs and HEK293 cells were seeded into a
96-well plate to attach for 24 h, then different concentra-
tions of mAb-04 were added and pre-incubated at 37 °C
for 1 h, after which VEGF,4s/bFGF was added at a final
concentration of 10 ng/mL. The mAb-04 untreated group
with VEGF/bFGF induced was as a vehicle control. Suni-
tinib (adamas-beta, Shanghai, China) was used as positive
control. After incubation for 24, 48 and 72 h, cell viability
was quantified by MTT assay and the inhibitory rates were
expressed as percentages of the vehicle control (100 %).
The ICs,, values were then calculated by curve fitting.

Wound healing assay (scratch assay)

2 x 10° HUVECs were placed into 12-well plate and then
starved by serum-free ECM for 12 h. The monolayer cells
were scratched with a 1-mL pipette tip. Whereafter, differ-
ent concentrations of mAb-04 (0, 10, 50 and 200 nM) were
added. Following 0, 12, 16, 20, 24 h incubation, images
were taken with OLYMPUS fluorescence microscope. The
wound migrated distances were measured with Image-Pro-

Plus program and calculated as follows: Ln = m.

Transwell invasion assay

1 x 10* HUVECs and various concentrations of mAb-04
(0, 10, 50 and 200 nM) suspended in serum-free medium
was added to the top 24-well transwell chambers (Mil-
lipore, Billerica, USA) coated with 20 wL Matrigel. The
bottom chambers were filled with 600 WL ECM containing
5 % (v/v) FBS and 1 % (v/v) ECGS. After 12-h incubation,
non-invasive cells on the top surface of the membrane were
removed with cotton swabs. The invaded cells were then
fixed with 4 % polyoxymethylene for 20 min and washed
thrice by PBS. The cells were stained with 1 % (w/v) crys-
talline violet and washed thrice with distilled water. Images
were taken using an OLYMPUS inverted microscope at
100-times magnification. Invaded cells were counted using
Image-Pro-Plus program and invasion percentages quanti-
fied on the basis of mAb-04 untreated control.

Tube formation assay
Matrigel (BD Biosciences) was thawed on ice for 24 h,

then 50 pL aliqouts per well was coated into a 96-well
tissue culture plate and incubated at 37 °C for 1 h to
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solidify. 2 x 10* HUVECs were seeded into the 96-well
plate and added with 100 pwL ECM supplemented with
2 % (vIv) FBS, 1 % (v/v) ECGS and different concentra-
tions of mAb-04 (0, 10, 50 and 200 nM). After 8-h incuba-
tion, endothelial tube formation was photographed with an
inverted OLYMPUS microscope at 100-times magnifica-
tion. The endothelial tubes were counted with Image-Pro-
Plus program.

CAM assay

Group of 20 fertilized 8-day-old chick embryos (Nanjing
Medical Device Factory) were incubated at 37 °C with
70 % humidity. A window (about 1.5 cm x 1.5 cm) was
created on the egg shell to expose the chorioallantoic mem-
brane. Gelatin sponges (about 5 mm x 5 mm) loaded with
different concentrations of mAb-04 (0, 10, 50 and 200 nM)
were placed on the CAMs. After being incubated and fixed,
each piece of CAM was carefully taken out and transferred
to a cover slip and photographed with a Canon camera. The
blood vessel branch points were counted with Photoshop
program to quantify the neovascularization activity.

Western blot assay

2 x 10° HUVECs were seeded into a 6-well plate, treated
with series of concentrations of mAb-04 (0, 10, 50 and
200 nM) for 1 h after starvation and then stimulated with
10 ng/mL VEGF for another hour. The whole cell extracts
were harvested using RAPI buffer (Beyotime, Shanghai,
China). Proteins were resolved by electrophoresis then
transferred onto PVDF membranes. The membranes were
blocked and incubated with primary antibodies anti-f3-actin
(Anbo, USA), anti-VEGFR2 (EPITOMICS, CA), anti-
VEGFR1 (Cell Signaling, USA), anti-AKT (Cell Signal-
ing, USA), anti-P38 MAPK (Anbo, USA), anti-ERK1/2
(EPITOMICS, CA), and phosphor-specific anti-VEGFR2
(Tyr''®) (Cell Signaling, USA), anti-VEGFR1 (Tyr'?!?)
(Anbo, USA), anti-AKT (Ser*’*) (EPITOMICS, CA), anti-
P38 MAPK (Thr'®/Tyr!'®?) (Cell Signaling, USA) and anti-
ERK1/2 (Tyr**?/Tyr'®") (EPITOMICS, CA) at 4 °C over-
night. After being washed, the membranes were incubated
with corresponding secondary anti-mouse/anti-rabbit anti-
bodies conjugated to horseradish peroxidase (HRP). The
membranes were reacted with enhanced ECL chemilumi-
nescence reagent (Millipore, Billerica, USA) and exposed
by Bio-Rad detection system.

ADCC assay
The CytoTox 96 nonradioactive cytotoxicity assay (Pro-

mega, Madison, USA) was performed based on the calo-
rimetric detection of LDH released from the target cells

@ Springer

B16F10 (KDR high-level expression cell line) or 3T3-
L1 (controlled cell line). A murine macrophage-like cell
line RAW264.7 served as effector cells. Either 5 x 10°
B16F10 cells or 3T3-L1 cells were co-cultured with vari-
ous amounts of RAW264.7 cells in the presence or absence
of mAb-04/AK404R for 5 h at 37 °C. Subsequently, 50 nL
of supernatants was assayed for LDH activity following
manufacturer’s protocol. Controls for spontaneous LDH
release in effector and target cells, as well as target maxi-
mum release, were prepared. The calculation of cytotoxic-
ity percentage was as follows:

% cytotoxicity

(experimental — effector spontaneous — target spontaneous) 100
= X .

(target maximum — target spontaneous)
Statistical analysis

The data were analyzed using Excel and SPSS 17.0 soft-
ware. Results are presented as the mean + SD from at least
three independent experiments. The ¢ test was used to com-
pare the inhibitory rates of different samples in MTT assay,
transwell invasion assay et al. A p value <0.05 was consid-
ered statistically significant. All figures were produced with
GraphPad Prism 5 software program.

NCBI accession numbers of CL, CH1 and human IgG1
Fc are NM_152855.1, AAX09633.1 and AF150959.1,
respectively.

Results

Construction of the expression plasmids and selection
of stably transfected clones

We generated a full-length antibody from the DNA
sequence of anti-VEGFR2 scFv and the human IgG1 Fc
fragment, with the predicted molecular weight of 150 KD.
The pCApuro (ampicillin resistance) and pMH3 (ampicil-
lin and neomycin resistance) vectors were employed as the
expression vectors (Fig. 1a).

CHO-s cells at exponential growth were successfully
transfected by electroporation method and screened with
G418 (1 mg/mL) containing medium. Four clones with
higher expression level were chosen from 200 clones ran-
domly picked from dishes and subcultured in dishes for the
second round of screening (Supplementary Fig. 1). Finally,
stably transfected cell lines with higher yield (B3, C2, C4
showed in Fig. 1b) were obtained. Further characteriza-
tion of the secreted products of the three clones by West-
ern blot showed that they were making H and L chains of
the expected molecular weight (Fig. 1d) that were mostly
assembled into complete antibodies of 150 KD with some
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RS2
(Xbal)

RS.1 SP L-chain RS.2 RS.1 VH CHL fe
(HINDHI) (EcoRi) HINDIN) B
RS1 ¢ VH CHI Fe
RS.1 SP L-chain RS.2 (EcoRINigK)
(EcoRl) (1gK) (NOTI)

250 KD

150 KD

100 KD

Fig.1 a Flow diagram for the construction of expression plasmids.
Signal peptide (SP, Ig kappa, NCBI accession number: AAA38778.1)
and restriction enzyme (EcoRl and Norl) recognition sites were
appended both in H-chain and in L-chain. b Semi-quantitative deter-
mination of the target protein. Anti-IL 12 human IgG1 antibody was
set as the standard substance. Three preferable clones (B3, C2, and

incompletely assembled proteins of 125 and 100 KD
(Fig. 1c). The three clones which produced approximately
1020 mg/L of antibody were expanded into serum-free
suspension culture for the production of mAb-04.

Expression and purification of mAb-04

To determine the suitable clone for large-scale fermenta-
tion, the viability and production of the three clones were
examined in 3-L bioreactor. Samples were taken daily
for cell viability assay and production determined with
ELISA. Clone 1 with relatively lower expression level
was discarded. Clone 2 achieved its peak cell density
(8.1 x 10° cells/mL) at day 11, while Clone 3 achieved
a relatively higher peak cell density (9.7 x 10° cells/mL)
at day 10 (Fig. 2b). The production of Clone 3 reached a
peak value of 62.8 mg/L, while the production of Clone
2 reached a peak value of 48.3 mg/L. Both Clone 2 and
Clone 3 reached the production of 6.88 x 107° g per

RS2

(Nom)

30 pgfmi_

20 pgfmi_

10 pgimi_

100 KD

S0KD
40KD

30KD
25KD

C4 of about 10 pwg/mL) in the 24-well plate were confirmed and
named Clone 1, Clone 2, and Clone 3, respectively. ¢, d Western blot
analysis (under non-reducing and reducing condition, respectively)
for 24-h cultured high-yield clones.M: Marker; lane I: Clone 1; lane
2: Clone 2; lane 3: Clone 3

cell. Considering the fact that Clone 3 has the potential
to achieve greater cell density, it was chosen for further
scale-up fermentation. During the enlarged fermentation
in a 5-L bioreactor, time course of viable cell density, cell
viability and antibody production throughout the whole fer-
mentation process was monitored (Fig. 2c). The density of
inoculated viable cells at the beginning of fermentation was
2 x 10° cells/mL. After 12-day fermentation, the final yield
reached 77 mg/L. The cell viability measured at days 4, 6,
7, 8 and 12 were 95.0, 91.6, 93.6, 90.2 and 86.1 %, respec-
tively. Glucose consumption had a positive correlation with
cell density and production of mAb-04. Thus, mAb-04 pro-
duction by the CHO-s cells was non-growth-associated,
and large amount of mAb-04 was secreted during the sta-
tionary phase.

SDS-PAGE analysis of purified product from 5-L fer-
mentation showed product containing two monomers
(H-chain and L-chain) under reducing condition (Fig. 2d,
lane 6, 7) and formed homodimers under non-reducing
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Fig. 2 a, b The determination of mAb-04 production and profile of
cell viability assay for three prior clones in 3-L bioreactor. ¢ Fed-
batch fermentation of Clone 3 in 5-L bioreactor. d SDS-PAGE analy-
sis for purified product of the fermentation. Lane M: Marker; lane I:
Elution peak (pH 3.5); lanes 2 and 5 Elution peak (digested to pH

condition (Fig. 2d, lane 3, 4). These results suggested that
the mAb-04 was expressed and folded as a homodimer,
which was the main component of the purified product. The
final yield after filtration presented a small loss which can
be detected from the difference between lane 3 and lane
4, or lane 6 and lane 7. These results indicated we have
obtained a full-length antibody product with more than
90 % purity (SDS-PAGE grade) as per Imager photograph
quantification.

Affinity and binding kinetics

We chose to use the 2:1 binding model after preliminary
evaluation of the fit of binding curve using several models
incorporating varying ratios of interaction revealed that the
2:1 binding model exhibited the best U-value for interac-
tion of mAb-04 and KDR3 (Fig. 3b, c).

As anticipated, KDR3 showed concentration-
dependent affinity to mAb-04 (Fig. 3a). The ka was
1.82 x 10°M~! s7!; this value indicated a fast association

@ Springer

7.1, lane 2 represented non-reducing and lane 5 represented reduc-
ing condition); lanes 3 and 6 Condensed samples in non-reducing and
reducing condition; lanes 4 and 7: Condensed samples after filtration
in non-reducing and reducing condition

between mAb-04 and KDR3. The dissociation rate con-
stant also pointed to a relatively stable process for KDR3
dissociation from the immobilized mAb-04 with the value
2.68 x 1073 s7!. The equilibrium dissociation constant
(KD) calculated from the ratio of rate constants kd/ka was
1.47 x 107 M. In general, KDR3 exhibited specificity
and high affinity to immobilized mAb-04 under the given
experimental conditions, which accordingly attested to the
strong binding ability with antigen of mAb-04 in vitro.

Flow cytometry analysis

Compared with the KDR-negative cell line HEK293,
mAb-04 demonstrated relatively high binding signals with
HUVEC:s (Fig. 3d, e). The binding rates of 200 pg/mL mAb-
04 with HUVECs and HEK293 cells were 46.0 and 2.13 %,
respectively. Also the binding rate of control VEGFR?2 rabbit
mADb with HUVECs and HEK293 cells was 76.8 and 2.61 %
respectively. The results indicated that mAb-04 combined
with HUVECs with a relatively high binding rate.
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Fig. 3 a Set of sensorgrams of KDR3 binding with mAb-04. Experi-
mental results for the real-time binding of KDR3 to immobilized
mADb-04 showed that the association rate increased with increasing
concentration of the KDR3 (from bottom to top), ranging from 2.5 to
80 nM. The bottom line of sensorgrams served as a reference surface.
The complex dissociated when buffer flowed through at 120 s. b, ¢

mAb-04 inhibits HUVECs proliferation, migration
and invasion

MTT and wound healing assays were performed to deter-
mine the effects of mAb-04 on HUVECs proliferation and
migration [12, 20-23]. Results showed that the inhibition
of mAb-04 on proliferation of HUVECs was time- and
dose-dependent (Fig. 4a, b). After 24, 48 and 72 h effect
of mAb-04 with 10 ng/mL VEGF induced, the ICy, values
were ~92.72, ~62.75 and ~71.03 nM, respectively. The ICy,
value of sunitinib on HUVECs was ~61.252 nM after 72 h
incubation. The inhibition of mAb-04 on HUVECs with
bFGF induced was not obvious (Fig. 4b). The results indi-
cated that mAb-04 can effectively and specifically inhibit
the proliferation of VEGF-stimulated HUVECs.

Negative ctrl

positive ctrl mAb-04

Fitted curve of KDR3 binding with mAb-04. b Fitted curve of 2:1
binding model. The U-value analyzed by BIAcore X100 Evaluation
software was 14. ¢ Fitted curve of 1:1 Langmuir binding model. The
U-value analyzed by BIAcore X100 Evaluation software was 65. d, e
mAb-04 demonstrated relatively high binding signals with HUVECs
than KDR-negative HEK293 cells

The influence of mAb-04 on HUVECs migration was
investigated through scratch assay. As shown in Fig. 4c, d,
the gap width of mAb-04 untreated control group narrowed
more vividly than mAb-04 treated groups from O to 24 h,
indicating that mAb-04 could time- and dose-dependently
weaken the migration capability of endothelial cells, and
we also found that 50 and 200 nM mAb-04 can strongly
inhibit the migration of HUVECs.

As endothelial cells invasion is a critical aspect of angio-
genesis, transwell invasion assays were performed to esti-
mate the ability of inactivated HUVECS to pass through the
transwell membrane barrier in the presence or absence of
mAb-04. As shown in Fig. 4e, f, the invasive cells to the
lower chamber were significantly reduced with increasing
concentration of mAb-04. The inhibitory rate of 200 nM
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Fig. 4 a, b mAb-04 and sunitinib specifically inhibited the prolifera-
tion of HUVECs with VEGF stimulated in dose- and time-dependent
manner. ¢ Photomicrographs of wound healing assay showing that
mAb-04 dose-dependently decreased the migration of HUVECs.
d Quantitative analysis of the wound healing assay revealing that
mAb-04-treated HUVECs migrated more slowly after wounding. e

mADb-04 on invasion of HUVECs was 90.61 %, whereas
the rate of 200 nM sunitinib was 81.28 %.

mAb-04 inhibits VEGF-induced capillary structure
formation of HUVECs

Although angiogenesis is a complex procedure of several
kinds of cells, the maturation of endothelial cells into a
capillary tube is a critical early step [17-19, 24, 25]. Tube
formation assay was performed to determine the effect of
mAb-04 on HUVECsS tube formation. As shown in Fig. Sa,
b, capillaries were gradually abrogated due to increasing
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Photomicrographs of transwell invasion assay showing that mAb-04
could effectively inhibit the invasion of endothelial cells. f Quantita-
tive analysis of the transwell invasion assay indicating that mAb-04
suppressed the invasion of HUVECsS in dose-dependent manner (Data
were presented as the mean = SD, n = 5, *p < 0.05, **p < 0.01, vs.
mADb-04 untreated group)

mADb-04 concentrations. Almost 90 % destruction of tube
network was observed when HUVECs were incubated with
mAb-04 at 200 nM.

mAb-04 suppresses the angiogenesis in vivo

The CAM model was performed to determine the potential
anti-angiogenic activity of mAb-04 in vivo. As shown in
Fig. 5c, d, new blood vessels were formed on CAMs in
mAb-04 untreated control group. After incubation for 72 h,
mAb-04 slightly inhibited chicken embryonic blood vessel
formation around the gelatin sponge at the concentration
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A 10nM mAb-04 50nM mAb-04

control 50nM sunitinib

C Control

50nM mAb-04

200nM mAb-04

Fig. 5 a HUVEC tube-like photomicrographs showing the signifi-
cant effects of mAb-04 on HUVECs tube formation. b Quantitative
analysis demonstrating that 50 nM mAb-04 inhibited approximately
50 % tube formation of HUVECs on Matrigel, and 200 nM mAb-04
inhibited tube formation of HUVECs significantly with the inhibi-
tory rate reaching 88.6 %. (Data were presented as the mean + SD,
n =135, *p <0.05, **p < 0.01, vs. untreated control). ¢ Photographs of

of 10 nM, whereas 50 and 200 nM mAb-04 drastically
inhibited neovascularization of the CAM, accompanied by
a lack of prominent vessel networks. This result demon-
strated that mAb-04 was able to suppress angiogenesis in
embryos.

mAb-04 inhibits VEGF-induced VEGFR?2 signaling
pathway

Previous studies indicated that blockage of VEGFR?2 activ-
ity could significantly limit tumoral neo-angiogenesis pro-
cess [20, 23]. We first examined the effect of mAb-04 on
tyrosine phosphorylation of VEGFR2 activated by VEGF.
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chicken chorioallantoic membrane assay showing that mAb-04 inhib-
ited the microvessels formation of CAM model in a dose-dependent
manner. d Statistical analysis of CAM assay revealing 50- and 200-
nM mAb-04 inhibited chicken embryonic blood vessel formation
around the gelatin sponge significantly after 72-h incubation, demon-
strating that mAb-04 was able to suppress angiogenesis in embryos

As shown in Fig. 6a, mAb-04 dose-dependently inhibited
the phosphorylation of VEGFR?2.

VEGFR2 regulates endothelial cells proliferation and
migration by regulating the activation of ERK and P38
MAPK. To investigate the inhibitory effects of mAb-04
on HUVECs proliferation and migration, the effects of
mAb-04 on the phosphorylation of ERK and P38 MAPK
were examined. As shown in Fig. 6a, mAb-04 significantly
interfered with the phosphorylation of both ERK and P38
MAPK, suggesting that mAb-04 inhibited cell proliferation
and migration of endothelial cells by suppressing VEGFR2
and the activities of its downstream protein kinase. The
phosphorylation of Tyr1175 of VEGFR2 mediates the
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Fig. 6 a Western blotting results showing that mAb-04 dose-depend-
ently and specifically inhibited VEGF-induced phosphorylation of
VEGFR2 and suppressed VEGFR2-mediated downstream protein
kinase activation of AKT, ERK and P38 MAPK. b Percentages of
p-VEGFR2/VEGFR2, p-AKT/AKT, p-ERK/ERK and p-P38/P38

activation of AKT to regulate cell proliferation [20]. To fur-
ther determine the downstream signaling pathways medi-
ated by VEGFR2, the activation of AKT was examined. As
shown in Fig. 6a, b, mAb-04 dose-dependently inhibited
the phosphorylation of AKT signaling pathways. Statisti-
cal analysis shown in Fig. 6b corroborated the results. The
inhibition tendency of different concentrations of mAb-04
on VEGFR2-mediated signaling cascade can be found from
the percentages of p-VEGFR2/VEGFR2, p-AKT/AKT,
p-ERK/ERK and p-P38/P38.

Cytotoxicity assay of mAb-04

To determine the ability of Fc fragment of mAb-04 to trig-
ger significant effector cell-mediated lysis, ADCC study on
KDR high-level expression cancer cells was employed. The
single chain fragment AK404R that lacks Fc fragment did
not significantly enhance the lysis of either KDR high-level
expression B16F10 cells or 3T3-L1 cells (as controlled).

@ Springer

B3 p-VEGFR2/VEGFR2
&3 p-VEGFR1/VEGFR1
E3 p-AKT/AKT
D p-ERK/ERK
p-P38/P38

Integrated Density
(% of control)
-
g
N

100 -
% H 4 1
04 7 H % £l9
0 0 10 50 200
VEGF VEGF+
mAb-04(nmol/L)
C B16F10
80
g E3 mAb-04
2 6o = AK404R
)
3
S 404
°
]
3
° 204
o
o
04 0
5:1 30:1
E/T ratio
373-L1
80 4
z E3 mAb-04
7 oo T3 AK404R
B
3
- 40+
o
€
bl
2
i
a

E/T ratio

indicating that mAb-04 inhibited VEGFR2-mediated signaling cas-
cade in dose-dependent manner. ¢ The ADCC activity of mAb-04.
Cytotoxity was determined by measuring the released LDH. The
cytotoxity of BI6F10 co-cultured with mAb-04 enhanced obviously
when the E/T ratios increased

Figure 6b showed mAb-04 relatively enhanced the lysis of
KDR high-level expression B16F10 cells. Approximately
15 % of the KDR high-level expression B16F10 cells were
lysed when presented in an E/T (effective cells/target cells)
ratio of 5:1 with 30 pg/mL mAb-04. The antibody-specific
lysis increased to 70 % at the higher E/T ratio of 30:1.
However, mAb-04 did not enhance the lysis of the 3T3-L1
cells. These results demonstrated that mAb-04 specifically
enhanced the ADCC of KDR high-level expression cancer
cells.

Discussion

We have previously reported a novel human scFv against
KDR3 [16, 26] and therefore sought to improve on its
efficiency in this current study. In this study, full-length
human IgGl mAb was constructed based on the amino
acid sequence of the scFv previously constructed by our
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research team. The non-coding GC-rich DNA fragment is
a super “chromatin opening element” and plays an impor-
tant role in mammalian gene expression [27, 28]. The two
vectors, pMH3 and pCApuro, constructed on the GC-rich
mechanism, were therefore employed to obtain stable trans-
fected cells. The purpose why the four recombinant vec-
tors were co-transfected into CHO-s cells at same ratio was
to allow the four vectors to assemble randomly in CHO-s
cells by electroporation method and eventually obtain stable
transfectants with high yield by screening (Supplementary
Fig. 2).

The Wave Bioreactor System used in this study was
based on a novel oxygen (O,) transfer method widely
applied in large-scale fermentation of mammalian cells [29,
30]. To improve the expression and maintain the stability
and activity of mAb-04, a relatively lower temperature of
34 °C was selected as the expression temperature (Supple-
mentary Fig. 3). The impurity of purified mAb-04 was sim-
ilar to that of Bevacizumab, a recombinant humanized anti-
VEGF IgG1 antibody approved by FDA in 2004, which
means the purified protein was approaching therapeutical
grade for clinical application [31-33].

VEGFR2 binding assays and affinity determination
demonstrated a potent binding capacity of mAb-04 to
either the recombinant KDR3 or the KDR over-express-
ing cells HUVECs. We also used both in vitro and in vivo
approaches to investigating the potential anti-angiogenic
activities, according to the different stages of development
of neo-vascularization. Firstly, it directly inhibited VEGF-
stimulated HUVEC cells proliferation, migration, chemot-
actic motility and tube formation by cells on the Matrigel.
Secondly, it suppressed new vessels growth in CAM. Con-
sidering the fact that homology of VEGFR2 from human
and chicken is not high, and there is no formal proof to
confirm mAb-04 can bind with VEGFR2 of chicken, the
conclusion got from CAM is preliminary which needs
further verification. The molecular mechanism of anti-
angiogenic activity of mAb-04 in VEGF-induced angio-
genesis was studied by Western blot, which demonstrated
that mAb-04 blocked the VEGFR2 activation and sup-
pressed the phosphorylation of ERK, AKT and P38 MAPK
signaling pathway. This implies that mAb-04 can act as a
promising anti-angiogenic full human IgG1 antibody. Since
mAb-04 retained immune effector functions mediated by
Fc domain, which was confirmed by the ADCC assay, we
are interested in comparing the antineoplastic activities
of mAb-04 and AK404R both in vitro and in vivo. In that
respect, further studies are ongoing.

In conclusion, we have obtained a stable cell line which
provided a novel full human mAb possessing unique amino
acid sequence against the human VEGFR2 and magni-
fied the fermentation in 5-L bioreactor. The robust design
in vectors and vector combination produced a substantial

improvement in yield and could potentially be applied to
the development of multiple protein products. The full-
length antibody candidate could be developed further as a
novel antiangiogenic therapeutic antibody. The translation
of anti-VEGFR2 antibody into clinical use will depend
largely on successful in vivo preclinical tests and human
clinical trials.
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