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Potent anti-angiogenesis and anti-tumor activity of a novel
human anti-VEGF antibody, MIL60

1,2,4

Jing Yang ™", Qun Wang3’4, Chunxia Qiao™*, Zhou Lin’, Xinying Li!, Yifei Huang3 , Tingting Zhou',
Yan Li!, Beifen Shen', Ming Lv' and Jiannan Feng1

Angiogenesis is crucial for tumor development, growth and metastasis. Vascular endothelial growth factor (VEGF) has
been implicated in promoting solid tumor growth and metastasis via stimulating tumor-associated angiogenesis, and
blocking the activity of VEGF can starve tumors. Avastin, which is a humanized anti-VEGF antibody, has been successfully
applied in clinics since 2004. However, the price of Avastin is extremely high for Chinese people. Here, we report a novel
human anti-VEGF neutralizing antibody, MIL60, which shows an affinity comparable to that of Avastin (the Kp value of
MIL60 was 44.5 pM, while that of Avastin was 42.7 pM). MIL60 displays favorable actions in inhibiting VEGF-triggered
endothelial cell proliferation (the IC5q value of MIL60 was 31+6.4 ng/ml and that of Avastin was 47 +8.1 ng/ml),
migration (8 pg/ml or 0.8 pg/ml MIL60 versus the control: P<<0.05) and tube formation (2 pg/ml or 0.2 pg/ml MIL60
versus the control: P<<0.05) viathe VEGFR2 signaling pathway. Moreover, MIL60 was shown to inhibit tumor growth and
angiogenesis in vivo in xenograft models of human colon carcinoma and ovarian cancer using immunotherapy and
immunohistochemistry analysis (MIL60 versus N.S.: P=0.0007; Avastin versus N.S.: P=0.00046). These data suggest
that MIL60 is a potential therapeutic, anti-angiogenic agent. Our work provides a novel anti-VEGF antibody, which can be
considered an anti-tumor antibody candidate and a new option for patients with various cancers.
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INTRODUCTION

Angiogenesis, which is the process of new blood vessel forma-
tion, is essential for many physiologically important events and
critical in a number of diseases, such as ischemic heart disease,
diabetic retinopathy and tumor progression. Neovascularization
allows cancer development, tumor growth and metastasis due to
the tumor eliciting the formation of capillaries to obtain its own
blood supply.' Starvation of tumors by inhibiting angiogenesis
has been discussed for a number of years as a strategy to fight
cancer. Currently, dozens of anti-angiogenesis drugs are being
tested in clinical trials.”

The vascular endothelial growth factor (VEGF) has been
implicated in promoting solid tumor growth and metastasis
via stimulating tumor-associated angiogenesis.” > Blocking the
activity of VEGF, such as through competitive binding of its
receptor and/or downregulation of its signal transduction, has

proven to reduce tumor growth.® Several VEGF inhibitors,
such as antibodies, small molecule tyrosine kinase inhibitors
and peptides, have been effective in treating patients with
cancer.!0 Among these, the anti-VEGF-A monoclonal anti-
body bevacizumab (Avastin) has been approved by the FDA for
the treatment of metastatic colorectal'® and non-small-cell
lung cancers,'”” when in combination with chemotherapy.
These were the first reports that validated a cancer-treatment
approach by which tumor starvation was induced by inhibiting
VEGEF.

Avastin is widely used in the clinical treatment of various
tumors. The success of Avastin and it being extremely expen-
sive for most Chinese people promotes the manufacturing of
similar antibodies. In this study, we provided a novel human
anti-VEGF neutralizing antibody, MIL60. The in vitro activity
of MIL60 in inhibiting VEGF-induced pro-angiogenic effects
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was investigated using human umbilical vein endothelial cells
(HUVEGs). In addition, its in vivo anti-tumor efficacy was
examined in a human colon carcinoma xenograft mouse model.
MIL60 neutralized VEGF released from cancer cells and blocked
VEGEFR2 phosphorylation and downstream signal transduction;
therefore, it inhibited angiogenesis and tumor progression. The
effect of MIL60 was similar to that of Avastin. In summary, our
work provides an anti-tumor antibody candidate to offer more
choices to patients with various cancers in the future.

MATERIALS AND METHODS

Reagents

Bevacizumab (Avastin) was purchased from Roche. Rabbit
anti-human VEGFR2, phospho-VEGFR2, Erk, phospho-Erk,
P38, phospho-P38, NF-kB P65, phosphor-NF-kB P65 (Ser’>®)
and horseradish peroxidase (HRP)-conjugated chicken anti-
rabbit IgG were purchased from Cell Signaling Technology
(Danvers, MA, USA). Goat anti-human CD31 antibody was
obtained from Abcam Biotechnology (Cambridge, MA, USA).
Human recombinant VEGF-A was purchased from R&D
Systems (Minneapolis, MN, USA).

Cell lines

Human colon carcinoma HT-29 cells and the human ovarian
cancer cell line SKOV3 were obtained from the American Type
Culture Collection. HT-29 cells were cultured in RPMI-1640
medium (Gibco) and SKOV3 cells were cultured in DMEM
(Gibco) (Gibco, Grand Island, NY, USA). Media was supple-
mented with 10% heat-inactivated fetal bovine serum (FBS;
Gibco, Grand Island, NY, USA) and penicillin-streptomycin.

Preparation of HUVECs

HUVECs were obtained from human umbilical veins. After 10-
min digestion with 0.1% collagenase I, the veins were washed and
the cells were transferred to endothelial cell medium (ECM;
ScienCell, San Diego, CA, USA) supplemented with 5% heat-
inactivated FBS, penicillin-streptomycin and endothelial cell
(EC) growth supplement (ScienCell, San Diego, CA, USA). The
cells were assessed for the endothelial cell phenotype by morpho-
logy and the expression levels of the von Willebrand factor anti-
gen, vascular endothelial growth factor receptor 2 and CD31.
Only cells passaged 2—7 times were used for experiments.

ELISA

ELISA plates were coated with 0.5 pg/ml VEGF fusion protein at
4 °C overnight and then blocked with 1% bovine serum albumin
(BSA) in phosphate-buffered saline (PBS) containing 0.05%
Tween-20 for one hour at 37 °C. Diluted MIL60 or Avastin were
added as the primary antibody and incubated for 2 h at 37 °C.
After washing, HRP-conjugated goat anti-human IgG was incu-
bated for one hour at room temperature. Binding signals were
visualized using o-phenylenediamine dihydrochloride substrate
and the light absorbance was measured using an ELISA reader at
492 nm. For competition ELISA, MIL60, Avastin or a negative
control antibody (IgG) were individually mixed at increasing
concentrations with an equal volume of the competitors. The
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antibody mixtures were added as the primary antibodies and all
experiments were performed in triplicate.

Neutralizing activity of MIL60 in SKOV3 cells

The ovarian cancer cell line SKOV3 secretes large amounts of
VEGEF. Therefore, SKOV3 cells were cultivated in six-well plates.
After 12 h, the complete media of the adherent cells were replaced
with serum-free medium and 10 pg/ml of control antibody IgG
or MIL60 were added. After another 24 h, the supernatants were
collected and the concentration of free VEGF was detected using
a VEGF detecting kit (eBiosciences, San Diego, CA, USA).

Biacore analysis

The antigen was the standard VEGF protein, Avastin was set as
the positive control and the solvent (sample buffer) was set as
the negative control. The background was deducted according
to the V-baseline to obtain the kinetic curves and calculate the
dissociation constant (K value).

Computer-guided modeling

The three-dimensional structure of the MIL60 Fv was constructed
using the computer-guided homology modeling method of
InsightIl version 2005 software (Molecular Simulations, San
Diego, CA, USA). Using the crystal structure of VEGF and con-
sidering the potential binding sites of VEGF, the three-dimen-
sional complex structures of VEGF and MIL60 were modeled
using the molecular docking method. To evaluate the rationality
of the modeling structure, the VEGF and MIL60 modeled struc-
tures were optimized using the Discover and CHARMM'® mod-
ules in Insightll. The non-bonded cutoff was 10 A, and the
non-bonded parameters and atomic charges were used as
defaults. A distance-dependent dielectric constant was used as
in vacuo calculations. The model was minimized using the stee-
pest descent (2000 steps) and conjugate gradient (5000 steps)
methods, respectively.

Cell proliferation assay

HUVECs were resuspended to a density of 1 X 10°/ml and 100 pl
were seeded per 96 wells. After serum-free starvation overnight,
the cells were treated with diluted MIL60 or Avastin that was
pre-incubated with 12.5 ng/ml VEGF for 30 min at room tem-
perature. After cultivation for 72 h at 37 °C, 10 pl of Cell
Counting Kit-8 (CCK8; DOJINDO Laboratories, Kumamoto,
Japan) was added to each well, and the plate was incubated for
another 4 h. The absorbance was measured using a spectropho-
tometer at 450 nm to determine the cell viability.

Transwell assay

The chemotactic motility of the HUVECs was identified using a
permeable transwell support (8 um pore size; Costar; Corning,
Pittsburgh, PA, USA). The HUVECs were serum starved over-
night and resuspended in serum-free ECM to a density of
4X10°/ml. Then, 250 pl of cells was seeded in upper chambers.
Meanwhile, MIL60 or Avastin was diluted in ECM media with
0.5% FBS and incubated with 50 ng/ml VEGF for an hour.
Then, 750 pl of the mixture was added to the lower chamber.



After incubation for 10 h at 37 °C, non-migrated cells on the
upper membrane were removed with cotton swabs. The
migrated cells were fixed with 4% paraformaldehyde and
stained with Giemsa solution. Cell images were captured using
an OLYMPUS BX5 microscope and an UPlanFL N digital cam-
era (10X0.13 numeric aperture objective). The number of
migrated cells was counted from five randomly chosen fields.

Endothelial tube formation assay'>*°

After being serum starved overnight, the HUVECs were resus-
pended in ECM with 0.5% FBS and seeded in a 96-well plate
(5000 cells per well). Diluted MIL60 (0.02 pg/ml, 0.2 pg/ml or
2 pg/ml) or Avastin (0.02 pg/ml, 0.2 pg/ml or 2 pg/ml) was pre-
mixed with VEGF (12.5 ng/ml) for 30 min and added to the 96-
well plate. After incubation for 10 h at 37 °C, the cells were fixed
with 4% paraformaldehyde and stained with Giemsa solution.
Tubular structures were photographed using a NIKON TE2000-
U microscope, and the tube length was measured using Image]J
1.46r software.

Western blotting

HUVECs were seeded in six-well plates at a density of 8X10 cells/
ml. After being serum-starved overnight, they were cultivated in
serum-free ECM that was supplemented with 50 ng/ml VEGF and
different concentrations of MIL60 or Avastin for 30 min.
Thereafter, the supernatant of the cell lysate was subjected to
SDS-PAGE analysis using a 12% gel and transferred onto a nitro-
cellulose membrane. The membrane was blocked with non-fat
5% milk for 1 h at room temperature and then incubated with
various antibodies (dilution 1:1000) overnight at 4 °C. After
washing, the membranes were incubated with HRP-conjugated
antibodies for an hour at room temperature, and the signals of the
membrane were detected and visualized using an enhanced
chemiluminescence detection system and autoradiography.

In vivo immunotherapy of MIL60 in a xenograft mouse
model

Female, 4-week-old BALB/c nude mice were purchased from Vital
River Laboratory (Beijing, China), housed in specific pathogen-
free rooms and fed a normal mouse laboratory diet. HT-29 or
SKOV3 cells were resuspended in serum-free DMEM to a density
of 2X107 cells/ml. The mice were inoculated subcutaneously into
the back with 2X10%0.1 ml of cells on day 0. When tumors
reached a diameter of 3-5 mm (day 4), the mice were divided
randomly into three treatment groups: sterile saline as a negative
control, Avastin as a positive control, and MIL60 as an experi-
mental group. The antibodies were first injected i.p.”"** at a dose
of 5 mg/kg, then, the mice were observed and the antibodies were
administered twice a week another seven times. Perpendicular
dimensions were measured using a Vernier scale caliper twice
per week, and the tumor volumes were calculated according to
the following equation:

Tumor volume (mm?) =1/2 x (length) x (width)?
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All procedures were in strict agreement with the
International Guidelines for the Care and Use of Laboratory
Animals and approved by the Animal Ethics Committee of the
Institute of Basic Medical Sciences.

Immunohistochemistry

One week after the last treatment, the tumors of the mice were
removed and fixed with 10% formaldehyde. Paraffin-embed-
ded tissue sections were processed, deparaffinized, rehydrated
and quenched of endogenous peroxidase activity. Sections
were first stained with anti-CD31 antibody (dilution 1:100)
and then incubated with HRP-conjugated secondary antibody.
Finally, the sections were developed with diaminobenzidine
and counterstained with hematoxylin. Pictures were captured
using an OLYMPUS BX5 microscope and an UPlanFL N digital
camera (10X0.13 numeric aperture objective). Any single,
brown-stained cell or cluster of EC that was clearly separated
from adjacent microvessels, tumor cells and other connective
tissue elements was considered a vessel. The number of CD31-
position capillaries was counted from five randomly chosen
fields."

Statistical analysis

Data are expressed as the meanzs.d. Pairwise differences
between several groups were compared. Significant differences
were analyzed by ANOVA, and P values of less than 0.05 were
taken as statistically significant.

RESULTS

MIL60 could specifically bind VEGF with high affinity
ELISA analysis was used to screen new antibodies against VEGF
and MIL60 from the epitope-specific anti-VEGF antibody
phage library that was constructed by our lab was discovered.*’
Bevacizumab (Avastin), which is a humanized, anti-human
VEGF antibody that was approved for clinical treatment of
colorectal cancer, was used as the positive control. As shown
in Figure 1a, MIL60 was identified to possess similar binding
activity as Avastin. The ECs, value of MIL60 to bind coated
VEGF was 44.57 ng/ml, which was similar to that of Avastin
(52.17 ng/ml). To further test the specificity of MIL60 in bind-
ing VEGF, SKOV3 cells, which secrete VEGF into the super-
natant, were incubated with MIL60 or control antibody. The
results showed that MIL60 could specifically bind to VEGEF,
resulting in a reduction in the concentration of free VEGF in
the supernatant (Figure 1b, versus control: P<<0.05).

The binding kinetics of Avastin and MIL60 to VEGF was
measured using the Biacore analysis service, which showed that
Avastin and MIL60 possessed similar antigen binding affinities.
The Kp value of MIL60 was 44.5 pM, and the Ky value of
Avastin was 42.7 pM, which was consistent with results of a
previous report (Table 1 & Supplemental Figure 1).**

The epitope of MIL60 was similar to that of Avastin

After sequencing the MIL60 gene, the three-dimensional theo-
retical Fv structure was modeled using a computer-guided
homology modeling method. Under the CVFF and Charmm
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Figure 1 MIL60 binding to VEGF. (a) ELISA analysis of MIL60 binding
the coated VEGF antigen. Avastin was set as a positive control. MIL60
showed similar antigen binding activity to that of Avastin. (b)
Biofunction of MILE0 in neutralizing free VEGF in the cultural superna-
tant of SKOV3 cells. *P<0.05, versus IgG control. VEGF, vascular
endothelial growth factor.

force fields, the surface properties of VEGF and MIL60 were
theoretically analyzed based on their spatial structures. Based
on the molecular docking method, the three-dimensional com-
plex structure of MIL60-VEGF was constructed and optimized,
as shown in Figure 2a. According to the crystal structures of
VEGF and Avastin (PDB code: 2FJH, as shown in Figure 2b),
their structural similarities were theoretically analyzed. Based
on the distance geometry method and intermolecular hydro-
gen bond-forming theory, the identified binding domains of
MIL60 and Avastin were compared. Residues Lys'®, Phe'’,
Asp"®, Tyr*!, Arg®, Tyr*, Asn®® and Lys'®' in VEGF were the
key binding sites of MIL60. Based on the crystal structure of
VEGF and Avastin, the binding domain of MIL60 was similar
to that of Avastin.

A competition ELISA assay of MIL60 and Avastin to bind
human VEGF was then performed. The binding activity of
MIL60 to VEGF, as shown in Figure 2c, was affected by
Avastin in a dose-dependent manner. When the concentration
of Avastin reached 100 pg/ml, the binding activity of MIL60 to

Table 1 Affinity determination of MIL60 using Biacore
analysis

Kon(1/Ms) Korr (1/5) Kp (pM)
Avastin 3.15x10° 1.40x107° 445
MIL6E0 3.21x10° 1.37x10°° 42.7

The Kp value of MIL60 was 44.5 pM, which was nearly the same as that of
Avastin (42.7 pM). Kp= Kon/ Koss.
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VEGF was nearly blocked, while herceptin/trastuzumab, which
is an anti-erbB2/HER2 antibody that was set as the negative
control, did not compete with Avastin, even at the maximum
concentration. Similarly, the binding activity of Avastin to
VEGF was also inhibited by MIL60 in a dose-dependent man-
ner (Figure 2d). These results were consistent with the theo-
retical results.

MIL60 inhibits the VEGF-induced, pro-angiogenic effects of
HUVECs

VEGF is an important pro-angiogenic factor that can enhance
the proliferation of EC. Here, MIL60 was mixed with VEGF for
30 min and the mixture was added into the supernatant of
HUVECs (Supplemental Figure 2) for another 72 h. MIL60
and Avastin displayed dose-dependent inhibitory activity on
HUVEC growth (Figure 3a), and MIL60 exhibited similar
function as Avastin, with ICs, values of 31*6.4 ng/ml
(MIL60) and 47+8.1 pg/ml (Avastin), respectively.

Meanwhile, EC migration is an essential, functional process in
angiogenesis. VEGF is known as a chemotactic factor of EC that
can activate cytoskeleton remodeling signaling pathways and
promote EC migration. Here, a transwell assay was employed
to evaluate the inhibition of MIL60 on VEGF-induced chemo-
taxis of HUVECs. As shown in Figure 3b and ¢, MIL60 remark-
ably reduced the number of migrated cells in a dose-dependent
manner (8 pg/ml MIL60: 49.4*16.4 cells migrated per field;
0.8 ng/ml MIL60: 87.6+14.3 cells; 0.08 pg/ml MIL6O:
142.2*7.3 cells; control: 182.1+18.9 cells. 8 pg/ml or 0.8 pg/ml
MIL60 versus the control: P<<0.05). These results showed that
similar to Avastin, MIL60 could inhibit VEGF-induced chemo-
taxis and migration of HUVECs.

Neovascularization depends upon angiogenic stimuli to form
and organize tubular networks. This capacity to form invasive
complex capillary networks can be modeled ex vivo using ECM
components as a growth substrate to spontaneously promote the
formation of a highly crosslinked network of HUVEC-lined tubes.
It was shown that VEGF could promote endothelial tubular mor-
phogenesis and accelerate tube formation; however, the anti-
VEGF antibody, MIL60, remarkably decreased the length of the
tubes (control: 1734.2404.2 pm; 2 pg/ml MIL60: 509.8+78 pm;
0.2 pg/ml MIL60: 882.1£1459 pm; 0.02 pg/ml MIL6O:
1420.8£298.4 um; 2 pg/ml or 0.2 pg/ml MIL60 versus the control:
P<0.05), suggesting an effective inhibitory function of MIL60
against VEGF-stimulated tubular structure formation in HUVECs
that was similar to that of Avastin (Supplemental Table 1,
Figure 3d and e).

MIL60 could inhibit VEGFR2 phosphorylation and
downstream signal activation

VEGF binding to its tyrosine kinase receptors (e.g., VEGFR2)
causes receptor dimerization and autophosphorylation, which
can activate numerous downstream proteins and eventually
induce angiogenesis, vascular permeability, endothelial cell
proliferation and/or migration. As showed in Figure 4, VEGF
could induce VEGFR2 phosphorylation followed by the activa-
tion of the p38/IKK/NF-kB and ERK pathways, while MIL60
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Figure 2 Theoretical and experimental identification of the epitope of MILE0. (a and b) Theoretical analysis of MIL60 (a) or Avastin (b) in binding
VEGF. The left panel shows the structure of VEGF bound to an antibody. In the left panel, the red lines indicate the heavy chains of the variable
fragments, the green lines indicate the light chains and the lower pink lines indicated VEGF. The right panel displays the key sites of VEGF that bind
the antibody, which are marked with blue balls and sticks. (c and d) Competitive ELISA analysis of the epitope that is recognized by MIL60 and
Avastin. (c) Diluted Avastin or negative control antibody (Herceptin) was pre-incubated with HRP-conjugated MIL60, and the mixture was added as
the primary antibody. (d) Diluted MIL60 or negative control antibody (Herceptin) was pre-incubated with HRP-conjugated Avastin, and the mixture
was added as the primary antibody. It was found that the two antibodies bound the same or similar epitopes because they competed with each
other. VEGF, vascular endothelial growth factor; HRP, horseradish peroxidase.

blocked the VEGF-induced activation of downstream signaling
pathways. Antibody-specific blocking of VEGFR2 phosphory-
lation can be effectively suppressed in a dose-dependent man-
ner. When the antibody concentration was 4 pg/ml, MIL60 and
Avastin completely blocked the phosphorylation of VEGFR2.
When VEGFR2 phosphorylation was blocked, the correspond-
ing p38/IKK/NF-kB and ERK signaling pathways were speci-
fically blocked, and the phosphorylation of key molecules, such
as P38, ERK and P65, were inhibited.

MIL60 inhibits tumor growth and angiogenesis in nude mice
It has been well documented that tumor growth is dependent
upon angiogenesis. Avastin inhibited tumor growth in animal
experiments and clinical trials. To investigate whether MIL60
had a similar effect in inhibiting tumor growth in vivo, a tumor
model was established using the human colon carcinoma cell
line HT-29. When tumors reached a diameter of 3-5 mm, the
mice were treated with MIL60, Avastin or saline twice per week.
MIL60 and Avastin possessed remarkable anti-tumor effects
because the growth rates of the tumors were significantly

reduced in the MIL60- and Avastin-treated groups compared
with that of the saline-treated group (Figure 5a). When the
experimental observation was completed, the mice were eutha-
nized and the tumors were stripped. The tumor weight of the
antibody-treated group was significantly lower than that of the
control group (Figure 5b, MIL60 versus N.S.: P=0.00082;
Avastin versus N.S.: P=0.0015), and no significant difference
between the Avastin- and MIL60-treated groups was evident
(MIL60 versus Avastin: P=0.074).

To further verify the efficacy of anti-VEGF antibodies in
treating cancers, we chose another ovarian cancer cell line,
SKOV3, to establish a xenograft model for evaluating the bio-
function of MIL60 in vivo. As shown in Figure 5¢, MIL60
exhibited anti-tumor activity consistent with that of Avastin.

Anti-VEGF antibodies exert anti-tumor mechanisms mainly
through inhibiting internal tumor angiogenesis. Immuno-
histochemical examination of tumor sections was performed
to determine the microvessel density. Tumor sections were
stained with anti-CD31 antibody (a vascular endothelial mar-
ker) and a significant reduction of microvessel density was
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G observed in the MIL60- and Avastin-treated groups (Figure 6a).
Control Furthermore, the number of CD31-positive capillaries was
counted from five randomly chosen fields. After antibody
R treatment, the microvessel density in the tumor obviously
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decreased (Figure 6b, MIL60 versus N.S.: P=0.0007; Avastin
versus N.S.: P=0.00046), which further revealed that MIL60
had a similar function as Avastin in effectively inhibiting tumor
angiogenesis in vivo (MIL60 versus Avastin: P=0.24).
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Figure 5 MIL6E0 inhibited carcinoma growth and angiogenesis in vivo.
(a) MIL60 had satisfactory anti-tumor activity in human colon carci-
noma HT-29 xenografts. The mean and s.d. values of the tumor
volumes of each treated group (n=6) at different time points after tumor
cell implantation are shown as a polygram and confirmed that MIL60
could significantly inhibit tumor growth. Moreover, the inhibitory effect
of MIL60 was similar to that of Avastin. (b) The tumor weight of each
group is shown in the column diagram, which also shows the P values
between the indicated groups. (c) MIL60 inhibits tumor growth in
human ovarian carcinoma SKOV3 xenografts, which was also similar
to the effect of Avastin. The mice were killed and the xenograft tumors
were separated on day 38.

inhibitors, Avastin has been one of the most successful thera-
peutic agents to target VEGF. Avastin is a humanized variant of
mouse anti-human VEGF monoclonal antibody A4.6.1°> that
was initially identified by its ability to block human VEGF-
A-stimulated EC I:vroliferation.26 Furthermore, Avastin was
confirmed to be able to inhibit the growth of human tumor
xenografts in nude mice.” In 2004, Avastin was approved by
the FDA for the treatment of metastatic colorectal'® and
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nonsquamous, non-small-cell lung cancers,'” when in com-
bination with chemotherapy.

Because Avastin represents a clinically validated therapeutic
agent in cancer and other diseases,'®'"*” many groups have
attempted to prepare a similar drug.”® Moreover, Avastin is
widely used in the clinical treatment of various tumors, but
its price is extremely high for Chinese people. Therefore, we
chose to screen for a novel or even ‘me-better’ human anti-
VEGF antibody.

HUVEC:s are the most commonly used cell model for VEGF-
related studies and several articles have been published in which
HUVECs were generally the only cell model to verify the anti-
angiogenesis activity of new antagonists.”>° Therefore, we used
HUVEC: to biologically identify a novel antibody to VEGF.

Because the major drug modalities of antibodies are due to
their high specificity and affinity for binding antigens, anti-
body-dependent cellular cytotoxicity, downmodulation of
antigens and inhibition of downstream signaling activation
are major mechanisms for achieving the biofunction of anti-
bodies. In contrast to other monoclonal antibodies that directly
bind to extracellular antigens of tumor cells, anti-VEGF anti-
bodies are expected to interfere with angiogenesis primarily by
preventing free VEGF from binding to its receptors in the
tumor vasculature. This mechanism will cause regression of
the remaining tumor vasculature and delay tumor growth
and metastasis.”’ Therefore, tight binding between the anti-
VEGF antibody and VEGF may result in a strong therapeutic
effect.

Various affinity-purified, anti-VEGF antibodies, however,
did not show clear, increased potency or efficacy in blocking
tumor growth, when compared with their lower-affinity coun-
terparts, in most in vivo models, even though in vitro studies
demonstrated a correlation between antibody-binding affinity
and potency in assays measuring the inhibition of VEGF-sti-
mulated EC proliferation. In contrast, increasing antibody
affinity did not affect efficacy or potency in most models, but
resulted in increased toxicity, including glomerulosclerosis,
hypoalbuminemia and ascite formation. Thus, an optimal
value for the binding affinity exists where the anti-VEGF anti-
body binds VEGF tightly enough to inhibit tumor growth. To
achieve minimal toxicity, this drug design parameter must be
carefully balanced with the occurrence of adverse events. The
affinity limits of the anti-VEGF antibodies were not confirmed,
although they were reported in many studies.’”

Avastin is one of the most important anticancer drugs and is
widely used in clinics. Importantly, its clinical safety and effec-
tiveness have been verified. We hoped to obtain a better anti-
body than Avastin; however, many previous studies have
revealed that the affinity of an anti-VEGF antibody is not
proportional to its efficacy because higher affinity could some-
times cause side effects. Therefore, we set Avastin as a positive
control and screened MIL60, which has a similar affinity for
VEGE.” This principle ensured the efficacy of the antibody
and avoided increased side effects. In other words, MIL60
had similar affinity for VEGF as Avastin, although this study
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Figure 6 The microvessel densities of tumors were reduced by MIL60. (a) Colon carcinoma (HT-29) sections were stained with an anti-CD31
antibody and the microvessel density was calculated and showed similar inhibitory activity of MIL60 against angiogenesis as Avastin in vivo. Arrow
points represent new vessels. (b) The vessel length of each group is shown in a column diagram, which also shows the P values between the

indicated groups.

did not provide definitive evidence of the clinical safety of
MIL60. The verification of the clinical safety and efficacy of
Avastin could infer the possible favorable safety of MIL60.

The antigenic epitope of a novel antibody is important for its
efficacy and safety. The epitope that overlapped the receptor-
binding sites of VEGF-A appeared to be associated with
improved efficacy, and this effect achieved statistical signifi-
cance in some cases. Many studies have shown that Avastin
specifically recognizes VEGF, and the epitope in VEGF
included the key sites that bound VEGFR2; therefore, when
Avastin binds to VEGF, it inhibits VEGF-VEGFR2 complex
formation and the downstream signal cascades.>® Thus,
Avastin could block the VEGFR2/VEGEF signaling pathway that
mediates the subsequent biological effects.

In this study, we discovered a highly specific and potent,
neutralizing, anti-human VEGF antibody, MIL60, in a syn-
thetic ‘me-better’ phage library. MIL60 could specifically block
the VEGF-VEGFR?2 interaction (Figure 1). MIL60/Avastin was
labeled with HRP for competition binding assays, and it was
shown that MIL60 recognized the same epitope as Avastin
(Figure 2), which suggested that MIL60 may have similar clin-
ical safety as Avastin. According to in vitro experiments, MIL60
was identified to be effective in inhibiting VEGF-induced EC
proliferation, migration and tube formation and blocking the
VEGF/VEGEFR?2 signaling pathway, e.g., VEGFR2 phosphoryla-
tion, ERK and P38 activation (Figures 3 and 4). Furthermore,
similar to Avastin, MIL60 could inhibit xenograft SKOV3 or
HT-29 carcinoma growth and angiogenesis of human colon
carcinoma in vivo (Figures 5 and 6). These results suggested
that MIL60 could be beneficial as a potential anti-angiogenic

Cellular & Molecular Immunology

agent to efficiently generate a high-quality, anti-tumor drug
that will offer a new option for patients in the future.
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