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Ig-like domain 6 of VCAM-1 is a potential therapeutic
target in TNFα-induced angiogenesis

Taek-Keun Kim1,3, Chang Sik Park1,3, Hee-Jun Na1, Kangseung Lee1, Aerin Yoon2, Junho Chung2 and
Sukmook Lee1

Tumor necrosis factor alpha (TNFα)-induced angiogenesis plays important roles in the progression of various diseases, including

cancer, wet age-related macular degeneration, and rheumatoid arthritis. However, the relevance and role of vascular cell

adhesion molecule-1 (VCAM-1) in angiogenesis have not yet been clearly elucidated. In this study, VCAM-1 knockdown shows

VCAM-1 involvement in TNFα-induced angiogenesis. Through competitive blocking experiments with VCAM-1 Ig-like domain

6 (VCAM-1-D6) protein, we identified VCAM-1-D6 as a key domain regulating TNFα-induced vascular tube formation. We

demonstrated that a monoclonal antibody specific to VCAM-1-D6 suppressed TNFα-induced endothelial cell migration and tube

formation and TNFα-induced vessel sprouting in rat aortas. We also found that the antibody insignificantly affected endothelial

cell viability, morphology and activation. Finally, the antibody specifically blocked VCAM-1-mediated cell–cell contacts by

directly inhibiting VCAM-1-D6-mediated interaction between VCAM-1 molecules. These findings suggest that VCAM-1-D6 may be

a potential novel therapeutic target in TNFα-induced angiogenesis and that antibody-based modulation of VCAM-1-D6 may be an

effective strategy to suppress TNFα-induced angiogenesis.
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INTRODUCTION

Angiogenesis is the process by which new blood vessels form
from pre-existing vessels. It is closely associated with the
progression of a variety of diseases, including cancer, wet
age-related macular degeneration (AMD), glaucoma, diabetic
retinopathy and rheumatoid arthritis.1–4 In pathological con-
ditions, angiogenesis is tightly controlled by the coordinated
actions of numerous upregulated angiogenic factors.5 Although
vascular endothelial growth factor (VEGF)-dependent angio-
genesis plays a role in the progression of certain diseases,6,7

increased attention is being paid to tumor necrosis factor alpha
(TNFα)-induced angiogenesis implicated in the progression of
cancer, wet AMD and rheumatoid arthritis.8–13 Bevacizumab, a
humanized antibody to VEGF, ranibizumab, a fragment
antigen-binding (Fab) fragment of bevacizumab and aflibercept
(VEGF-Trap) are the leading biological drugs targeting VEGF,
and are used in clinics to suppress VEGF-dependent abnormal
angiogenesis in the progression of cancers and wet AMD.14–17

However, resistance to these drugs remains a major hurdle in
improving clinical outcomes.18,19 To this end, we focused on
identifying a novel therapeutic target and elucidating its
functional roles and mechanisms of action in angiogenesis.

Vascular cell adhesion molecule-1 (VCAM-1) is a 90-kDa
glycoprotein that is inducible and predominantly expressed in
endothelial cells upon activation by any one of many extra-
cellular stimuli, including reactive oxygen species and pro-
inflammatory cytokines, such as TNFα and interleukin-1.20,21

VCAM-1 is a type I transmembrane protein that consists of an
extracellular domain containing seven homologous immuno-
globulin (Ig)-like domains, a transmembrane domain and a
cytosolic domain.22 During an inflammatory response,
VCAM-1 acts as a cell adhesion molecule by directly interacting
with α4β1 integrin expressed on leukocytes via VCAM-1’s
Ig-like domains 1 and 4 within the extracellular domain.23 This
molecular interaction plays a key role in the recruitment and
association of leukocytes with activated endothelial cells.
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However, despite an increasing focus on VCAM-1 in inflam-
matory disorders, including immune rejection and athero-
sclerosis,24–28 the functional role and molecular mechanism of
VCAM-1 in TNFα-induced angiogenesis have not yet been
clearly identified.

In this study, using VCAM-1 knockdown and competitive
blocking experiments with VCAM-1 Ig-like domain 6 (VCAM-
-1-D6) protein, we obtained evidence of the role VCAM-1
plays in TNFα-induced angiogenesis and identified VCAM-1-
D6 as a key domain in the regulation of the angiogenesis. With
a monoclonal antibody specific to VCAM-1-D6 that we
developed, we demonstrated that the antibody significantly
and specifically suppressed TNFα-induced angiogenesis with-
out affecting endothelial cytotoxicity. We propose a mechanism
of action in TNFα-induced angiogenesis whereby VCAM-1-D6
plays a key role in endothelial cell–cell contact and the antibody
acts as an interaction blockade directly inhibiting the VCAM-1-
D6-mediated interaction between VCAM-1 molecules on
adjacent endothelial cells. In summary, our findings suggest
that VCAM-1-D6 is a potential novel therapeutic target in
TNFα-induced angiogenesis and that antibody-based modula-
tion of VCAM-1-D6 is an effective strategy to suppress TNFα-
induced angiogenesis.

MATERIALS AND METHODS

Cell culture and transfection
Human umbilical vein endothelial cells (HUVECs; Lonza, Basel,
Switzerland) were maintained in endothelial growth medium (EGM;
Lonza) at 37 °C in a humidified incubator with 5% CO2 (Panasonic
Healthcare Company, Tokyo, Japan). Human embryonic kidney 293F
(HEK293F) cells were maintained in Freestyle expression medium
(Invitrogen/Life Technologies, Carlsbad, CA, USA) supplemented with
1% (v/v) penicillin/streptomycin in a humidified Multitron incubation
shaker (Infors HT, Basel, Switzerland) at 37 °C in 8% CO2. HUVECs
were grown to 50–80% confluence and transiently transfected with
ON-TARGETplus SMARTpool siRNA targeting VCAM-1 (Thermo
Fisher Scientific, Waltham, MA, USA) using Lipofectamine 2000
transfection reagent (Invitrogen), according to the manufacturer’s
instructions.

Flow cytometry
Expression of VCAM-1 on the surface of HUVECs was evaluated by
incubating 2× 105 HUVECs in EGM in the absence or presence of
20 ng ml− 1 human TNFα (hTNFα; Millipore, Billerica, MA, USA) for
24 h. After harvesting and washing with phosphate-buffered saline
solution (PBS), the cells were fixed in 4% paraformaldehyde (PFA) for
20 min at room temperature. After blocking with PBS containing 1%
bovine serum albumin (BSA) for 1 h at room temperature, the cells
were incubated first with mouse anti-VCAM-1 monoclonal antibody
(1 μg ml− 1; Abcam, Cambridge, UK) for 1 h at 37 °C, and then with
Alexa Fluor 488-conjugated anti-mouse antibody (1:1000; Invitrogen)
for 1 h at 37 °C. The effects of anti-VCAM-1-D6 IgG on endothelial
cell activation were evaluated by incubating 2× 105 HUVECs in the
absence or presence of 20 ng ml− 1 hTNFα (Millipore), 20 μg ml− 1

control IgG or anti-VCAM-1-D6 IgG for 24 h. After blocking with
PBS containing 1% BSA for 1 h at room temperature, the cells were
incubated first with rabbit anti-ICAM-1 monoclonal antibody (1:500;
Abcam) for 1 h at 37 °C, and then with an Alexa Fluor 488-conjugated

anti-rabbit antibody (1:1000; Invitrogen) for 1 h at 37 °C. Samples
were analyzed by flow cytometry using a FACSCalibur system (BD
Biosciences, San Jose, CA, USA) with the aid of FlowJo software
(TreeStar, Ashland, OR, USA).

Immunoblot analysis
Immunoblot analysis was performed as described previously, with
minor modifications.29 Lysates of scrambled siRNA- or VCAM-1
siRNA-transfected HUVECs cultured in EGM in the presence of
20 ng ml− 1 hTNFα were resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto
nitrocellulose membranes using a wet transfer system (GE Healthcare
Life Sciences, Piscataway, NJ, USA). After blocking with Tris-buffered
saline and Tween (10 mM Tris-HCl, pH 7.5, 150 mM NaCl and 0.05%
(v/v) Tween 20; TBST) containing 5% (w/v) skim milk, the
membranes were incubated with rabbit anti-VCAM-1 monoclonal
antibody (1:1000; Abcam) or mouse anti-β-actin monoclonal antibody
(1:1000; Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 4 °C
overnight and then with horseradish peroxidase (HRP)-conjugated
goat anti-rabbit IgG (1:5000; Santa Cruz Biotechnology) or goat anti-
mouse IgG (1:5000; Santa Cruz Biotechnology). Following several
washes with TBST, protein bands were visualized using SuperSignal
West Pico chemiluminescent substrate (Pierce, Rockford, IL, USA)
according to the manufacturer’s instructions.

Preparation of anti-VCAM-1-D6 IgG and fusion protein
VCAM-1-D6-Fc
Preparation of anti-VCAM-1-D6 IgG and VCAM-1-D6 crystallizable
fragment (Fc) was performed as described previously, with minor
modifications.30 Briefly, following production of anti-VCAM-1-D6
IgG and VCAM-1-D6-Fc in HEK293F cells using polyethylenimine
(Polysciences, Washington, PA, USA), the culture medium was
collected and purified by affinity chromatography on protein A
Sepharose (GeneScript, Piscataway, NJ, USA). Protein concentration
was determined using a NanoDrop spectrophotometer (Thermo,
Wilmington, DE, USA). Samples were dialyzed against PBS and
analyzed by SDS-PAGE and Coomassie Brilliant Blue staining.
Aliquots of the final pooled fractions were stored at �80 °C.

Wound healing assay
The wound healing assay was performed as described previously, with
minor modifications.31 To investigate the effect of VCAM-1 knock-
down on HUVEC migration, 3× 104 HUVECs transfected with
scrambled siRNA or VCAM-1 siRNA were plated in each well of an
ImageLock 96-well plate (Essen Bioscience, Ann Arbor, MI, USA) and
maintained in EGM containing 20 ng ml− 1 hTNFα for 24 h at 37 °C.
A scratch was made in the monolayer using a 96-pin WoundMaker
(Essen Bioscience). To investigate the effect of anti-VCAM-1-D6 IgG
on HUVEC migration, 3× 104 HUVECs were plated in each well of an
ImageLock 96-well plate and maintained in EGM containing
20 ng ml− 1 hTNFα for 24 h at 37 °C. Wounds were then made by a
96-pin WoundMaker. Following two washes with PBS, the wounded
HUVEC cultures were incubated in the absence or presence of
20 μg ml− 1 control IgG, monoclonal antibody to VCAM-1 Ig-like
domain 1 (anti-VCAM-1-D1 antibody; 51-10C9, BD Biosciences) or
anti-VCAM-1-D6 IgG for 10 h at 37 °C and then stained with 0.2%
(w/v) crystal violet (Sigma-Aldrich, St Louis, MO, USA). For
quantitative analysis, images were captured 10 h after wounding using
a Leica (Wetzlar, Germany) DM IL LED light microscope, and the
distance migrated was measured manually.
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Tube formation assay
Tube formation assays were performed as described previously, with
minor modifications.32 Briefly, 150 μl Matrigel (Corning, Tewksbury,
MA, USA) was added to each well of 48-well plates and allowed to
polymerize for 30 min at 37 °C. To investigate the effect of VCAM-1
knockdown on HUVEC tube formation, 1 × 105 HUVECs transfected
with scrambled siRNA or VCAM-1 siRNA and maintained in EGM
containing 20 ng ml− 1 hTNFα for 24 h at 37 °C were seeded onto the
Matrigel-coated plates. To investigate the role of VCAM-1-D6 in
HUVEC tube formation, 1 × 105 HUVECs cultured in EGM contain-
ing 20 ng ml− 1 hTNFα for 24 h were seeded onto the Matrigel-coated
plates and incubated in the absence or presence of 5, 10, 20 or
40 μg ml− 1 VCAM-1-D6-Fc fusion protein or 40 μg ml− 1 Fc domain
alone for 12 h at 37 °C. To determine the effect of anti-VCAM-1-D6
IgG on HUVEC tube formation, 1 × 105 HUVECs cultured in EGM
containing 20 ng ml− 1 hTNFα for 24 h were seeded onto the Matrigel-
coated plates and incubated in the absence or presence of 20 μg ml− 1

control IgG, anti-VCAM-1-D1 IgG or anti-VCAM-1-D6 IgG for
12 h at 37 °C. To assess specific inhibition of tube formation by
anti-VCAM-1-D6 IgG, antigen–antibody mixture was made by
pre-incubating equimolar amounts of fusion protein VCAM-1-D6-
Fc and anti-VCAM-1-D6 IgG in PBS for 2 h at room temperature with
gentle rotation. Then, 1× 105 HUVECs cultured in EGM containing
20 ng ml− 1 hTNFα for 24 h were seeded on Matrigel-coated plates
and incubated in the absence or presence of control IgG, anti-
VCAM-1-D6 IgG or antigen-antibody mixture (1:1 molar ratio) for
12 h at 37 °C. Images were obtained using a light microscope (Leica
DM IL LED), and tube formation was quantified by counting the total
tube branches.

Aortic ring sprouting assay
Aortic rings were prepared from 7-week-old male Sprague Dawley rats
(NARA Biotech, Seoul, Korea). Rats were anesthetized and bled out,
and their thoracic aortas were removed and placed in a Petri dish filled
with cold sterile PBS. Following removal of the surrounding fat tissue,
the aortas were cut into 1-mm segments. Individual segments were
embedded in 40 μl Matrigel (Corning) in 96-well tissue culture plates.
Samples were allowed to gel in a 37 °C incubator at 5% CO2 for
30 min, then an additional 40 μl Matrigel was added to each well. For
the TNFα-induced aortic ring sprouting assay, the aortic segments
were incubated in EGM alone, EGM containing 20 μg ml− 1 control
IgG or anti-VCAM-1-D6 IgG, EGM containing 20 ng ml− 1 mouse
TNFα (mTNFα) or EGM containing 20 ng ml− 1 mTNFα together
with 20 μg ml− 1 control IgG or anti-VCAM-1-D6 IgG for 7 days.
Images were captured using a light microscope (Leica DM IL LED),
and the total numbers of vessels sprouting from each aortic ring were
manually counted. To measure the lengths of the vessels, 10 fields per
aortic ring were randomly selected and the vessel length was
individually quantified using Image J software version 1.49j (National
Institutes of Health).

Cell viability assay
For the cell viability assay, 5 × 103 HUVECs were plated in wells of a
96-well plate and incubated in EGM in the absence or presence of
20 μg ml− 1 control IgG or anti-VCAM-1-D6 IgG or 36 μg ml− 1 of
5-fluorouracil (5-FU) for 48 h at 37 °C. Cell viability was determined
using a Cell Counting Kit-8 (Dojindo Laboratories, Kumamoto,
Japan) according to the manufacturer’s instructions. The final
absorbance was measured at 450 nm using a VICTOR X4 microplate
reader (PerkinElmer, Waltham, MA, USA).

Immunocytochemistry
For the immunocytochemistry analysis, 5 × 104 HUVECs were
cultured in EGM on 0.1% (w/v) gelatin-coated glass coverslips
(Marienfeld-Superior, Lauda-Königshofen, Germany) at 37 °C
overnight. The cells were incubated in the absence or presence of
20 μg ml− 1 control IgG or anti-VCAM-1-D6 IgG for 24 h at 37 °C.
The cells were fixed in 4% PFA, blocked by incubation in PBS
containing 5% (v/w) BSA and 0.1% (v/v) Triton X-100 for 1 h at
37 °C, and then incubated with 1 unit per well rhodamine-phalloidin
(Molecular Probes, Eugene, OR, USA) and 0.1 μg ml− 1 Hoechst 33258
(Sigma-Aldrich) for 1 h. Images were acquired with a FluoView FV300
confocal microscope (Olympus, Tokyo, Japan).

Measurement of VCAM-1-mediated cell–cell contact
VCAM-1-mediated cell–cell contact assays were performed as
described previously, with minor modifications.31 Briefly, 1.5 × 107

HEK293F cells in suspension were transfected with plasmid encoding
wild-type human VCAM-1 (WT-VCAM-1), cultured in Freestyle 293
expression medium overnight, and seeded at a density of 5× 105 cells
per well in six-well plates. Cells were maintained in the absence or
presence of 20 μg ml− 1 control IgG or anti-VCAM-1-D6 IgG for 2 h.
Cell aggregates (masses 44 cells) were counted in at least 10 fields
using a light microscope (Leica DM IL LED).

Cell enzyme-linked immunosorbent assay
Cell enzyme-linked immunosorbent assays (ELISAs) were performed
as described previously, with minor modifications.31 Briefly, 1 × 104

HUVECs plated in wells of a 96-well plate were cultured in EGM
containing 20 ng ml− 1 of hTNFα for 24 h at 37 °C. Following fixation
with 4% PFA, cells were incubated with various concentrations
(0–50 μg ml− 1) of VCAM-1-D6-Fc-HRP or Fc-HRP for 2 h at
37 °C. For competition cell ELISA, HUVECs cultured in EGM
containing 20 ng ml− 1 of hTNFα were incubated with 3 μg ml− 1

VCAM-1-D6-Fc-HRP in the absence or presence of increasing
concentrations of anti-VCAM-1-D6 IgG for 2 h at 37 °C. After three
washes with ice-cold PBS, the cells were incubated with 3,3′,5,5′-
tetramethylbenzidine substrate solution (BD Biosciences). Optical
density was measured at 450 nm using a VICTOR X4 plate reader.

ELISA
ELISA was performed as described previously, with minor modi-
fications.33 Microplates (96-well) were coated with 0.1 μg recombinant
human VCAM-1 extracellular domain (Sino Biological Inc, Beijing,
China) in PBS overnight at 37 °C. Then, the plates were washed three
times with PBS and incubated with 3% (w/v) BSA in PBS for 1 h
at 37 °C. For the competition assay with anti-VCAM-1-D6 IgG,
1 μg VCAM-1-D6-Fc-HRP was incubated with recombinant human
VCAM-1 extracellular domain in the absence or presence of increasing
concentrations of anti-VCAM-1-D6 IgG for 2 h at room temperature.
Following three washes with PBS, 100 μl of 3,3′,5,5′-tetramethylbenzi-
dine substrate solution were added to each well. Optical density was
measured at 450 nm using a VICTOR X4 microplate reader.

Statistical analysis
All data were analyzed with GraphPad Prism 5.0 (GraphPad Software,
La Jolla, CA, USA) using a two-tailed Student’s t-test for comparison
between two groups and a one-way analysis of variance with
Bonferroni’s correction for multiple comparisons. All data are
presented as the mean± the standard error of the mean (s.e.m.).
Values of Po0.05 were considered statistically significant.
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RESULTS

VCAM-1 knockdown reduced TNFα-induced HUVEC
migration and tube formation
To examine the relevance of VCAM-1 in TNFα-induced
angiogenesis, we first examined VCAM-1 expression on
HUVECs cultured in the absence or presence of hTNFα, a
strong inducer of VCAM-1, using flow cytometry and immu-
noblot analysis (Figures 1a and b), and found markedly
increased expression of VCAM-1 on TNFα-treated HUVECs.
We then carried out siRNA-mediated knockdown of VCAM-1
in HUVECs cultured in the presence of TNFα and confirmed
reduced VCAM-1 expression by VCAM-1 siRNA using immu-
noblot analysis (Figure 1c). We also measured the effect of
VCAM-1 knockdown on HUVEC migration (Figures 1d and e)
and tube formation (Figures 1f and g). We found that
VCAM-1 knockdown significantly decreased both HUVEC
migration and tube formation. Taken together, these results

suggest that VCAM-1 may play a key role in the regulation of
TNFα-induced angiogenesis.

VCAM-1-D6 is a key domain specifically regulating TNFα-
induced HUVEC tube formation
To investigate the role of VCAM-1-D6 in TNFα-induced
angiogenesis, we generated a fusion protein in which the
VCAM-1-D6 domain was fused to the Fc domain of an IgG
molecule (VCAM-1-D6-Fc). This fusion protein, shown to be
490% pure by SDS-PAGE and Coomassie Brilliant Blue
staining (Supplementary Figure S1a), was used in a competitive
blocking experiment, treating HUVECs grown in the presence
of TNFα with the fusion protein or the Fc domain alone as a
negative control. We then determined the effect of VCAM-1-
D6 on HUVEC tube formation (Figures 2a and b). Tube
formation was specifically and significantly inhibited by
increasing concentrations of VCAM-1-D6-Fc but not by the

Figure 1 Effect of VCAM-1 knockdown on HUVEC migration and tube formation. (a) HUVECs were incubated in EGM in the absence
(dashed line) or presence (solid line) of 20 ng ml−1 hTNFα for 24 h. Cells were stained with anti-VCAM-1 monoclonal antibody, and
VCAM-1 expression was analyzed using flow cytometry. (b) Representative immunoblot showing relative VCAM-1 expression levels on
HUVECs cultured in EGM in the absence or presence of hTNFα. (c) Representative immunoblot showing relative VCAM-1 expression levels
following mock transfection of HUVECs or transfection with scrambled siRNA or VCAM-1 siRNA cultured in EGM in the presence of
hTNFα. β-actin was used as a loading control. (d) Light microscopy images depicting migration in wound healing assay of scrambled
siRNA- or VCAM-1 siRNA-transfected HUVECs cultured in EGM in the presence of hTNFα. Images were captured at 0 h (top; unstained)
and 10 h (bottom; stained with crystal violet). (e) Quantitation of migration of scrambled siRNA- or VCAM-1 siRNA-transfected HUVECs
cultured in EGM in the presence of hTNFα, expressed as a percent of scrambled siRNA migration, based on the distance separating
wound margins. (f) Light microscopic images depicting tube formation by scrambled siRNA- and VCAM-1 siRNA-transfected HUVECs
cultured in EGM in the presence of hTNFα. (g) Quantitation of total tube branches in scrambled siRNA- or VCAM-1 siRNA-transfected
HUVECs cultured in EGM in the presence of hTNFα, expressed as a percent of tube formation in the presence of scrambled siRNA. All
data are presented as the mean± s.e.m. of triplicate measurements from one of the three independent experiments; **Po0.01,
***Po0.001.
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Fc domain alone. These data suggest that VCAM-1-D6
may be a key domain specifically regulating TNFα-induced
angiogenesis.

Anti-VCAM-1-D6 antibody specifically suppresses not only
TNFα-induced HUVEC migration and tube formation, but
also TNFα-induced vessel sprouting from rat aorta
We previously reported that we generated a rabbit/human
chimeric monoclonal antibody specific to VCAM-1-D6 (anti-
VCAM-1-D6 IgG) using phage display technology. To elucidate
the effect of anti-VCAM-1-D6 IgG on TNFα-induced angio-
genesis, we treated HUVECs with control IgG, a monoclonal
antibody to Ig-like domain 1 of VCAM-1 (anti-VCAM-1-D1
antibody) as a negative control, or anti-VCAM-1-D6 IgG in the
presence of TNFα and then examined HUVEC migration
(Figures 3a and b) and tube formation (Figures 3c and d).
Anti-VCAM-1-D6 IgG was shown to be 490% pure by
SDS-PAGE and Coomassie Brilliant Blue staining
(Supplementary Figure S1b). We found that HUVEC migration
and tube formation were significantly and strongly inhibited by
anti-VCAM-1-D6 IgG but not by control IgG, whereas anti-
VCAM-1-D1 had significant, but much less potent, inhibitory
effects on these functions. These results demonstrated the
potent inhibitory effect of anti-VCAM-1-D6 antibody on
TNFα-induced angiogenesis.

To confirm specific inhibition of TNFα-induced tube
formation by anti-VCAM-1-D6 IgG, we performed the
TNFα-induced HUVEC tube formation assays in the absence
or presence of control IgG, anti-VCAM-1-D6 IgG or anti-
body–antigen mixture consisting of equimolar amounts of
anti-VCAM-1-D6 IgG and VCAM-1-D6-Fc fusion protein

(Figures 3e and f). Inhibition of tube formation by anti-
VCAM-1-D6 IgG was significantly attenuated in the presence
of VCAM-1-D6-Fc, supporting the hypothesis that the anti-
VCAM-1-D6 antibody specifically inhibits TNFα-induced
vascular tube formation.

To further evaluate the effect of anti-VCAM-1-D6 IgG on
TNFα-induced angiogenesis, we treated rat aortic rings with
control IgG or anti-VCAM-1-D6 IgG in the absence or
presence of TNFα and measured the number and length of
vessels sprouting from the rat aortic rings (Figure 4a). We
found that in the presence of TNFα, many vessels sprouted
from the rat aortic rings. Furthermore, we observed that
anti-VCAM-1-D6 IgG prominently reduced the number
(Figure 4b) and length (Figure 4c) of vessels that sprouted
from rat aortic rings in the presence of TNFα, whereas the
antibody did not suppress the sprouting of vessels from rat
aortic rings in the absence of TNFα. These results suggest
that anti-VCAM-1-D6 antibody specifically inhibits TNFα-
induced angiogenesis.

Collectively, these data suggest that antibody targeting of
VCAM-1-D6 may be effective for specifically suppressing
TNFα-induced abnormal angiogenesis in vivo.

Anti-VCAM-1-D6 antibody does not affect HUVEC viability,
morphology or activation
To evaluate the influence of anti-VCAM-1-D6 IgG on
endothelial cell toxicity, we first determined the viability of
HUVECs after treatment with anti-VCAM-1-D6 IgG.
We found that anti-VCAM-1-D6 IgG had no cytotoxic
effect on any of these cells, whereas 5-FU significantly
reduced the viability of HUVECs (Figure 5a). Here,

Figure 2 Effect of VCAM-1-D6 protein on HUVEC tube formation. (a) Light microscopic images depicting tube formation by hTNFα-treated
HUVECs in the absence (MOCK) or presence of the indicated concentrations of VCAM-1-D6-Fc fusion protein or Fc domain alone. Fc
served as a negative control. (b) Quantitation of total tube branches in hTNFα-treated HUVECs in presence of VCAM-1-D6-Fc or Fc,
expressed as a percent of control (MOCK) tube formation. All data are presented as the mean± s.e.m. of triplicate measurements from one
of the three independent experiments; ***Po0.001.
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control IgG was used as a negative control. We also
evaluated HUVEC morphology in the absence or presence
of anti-VCAM-1-D6 IgG via immunocytochemistry. Anti-
VCAM-1-D6 IgG did not alter morphology of HUVECs
(Figure 5b). To investigate the effect of anti-VCAM-1-D6
IgG on endothelial cell activation, an initial inflammatory
response to harmful stimuli, we treated HUVECs with anti-
VCAM-1-D6 IgG and monitored HUVEC activation by
measuring the expression of endothelial cell activation
markers, including VCAM-1 and intercellular cell adhesion
molecule-1 (ICAM-1). We used hTNFα as a positive control
for endothelial cell activation. Anti-VCAM-1-D6 IgG had
little effect on HUVEC activation, whereas hTNFα, as
expected, induced HUVEC activation (Figure 5c). Collec-
tively, these data suggest that the antibody may cause
insignificant endothelial cytotoxicity in vivo.

Anti-VCAM-1-D6 antibody specifically inhibits
VCAM-1-mediated cell–cell contact by directly inhibiting
VCAM-1-D6-mediated interactions between VCAM-1
molecules
To examine the mechanism of action of anti-VCAM-1-D6 IgG
in TNFα-induced angiogenesis, we overexpressed VCAM-1 in
HEK293F cells, which do not express endogenous VCAM-1,
and confirmed VCAM-1 expression using flow cytometry
(Figure 6a). Then, we measured the number of cell aggregates,
an indicator of VCAM-1-mediated cell–cell contact, in the
presence of control IgG or anti-VCAM-1-D6 IgG (Figures 6b
and c). We found that the number of cell aggregates was
~ 5-fold greater in cells overexpressing VCAM-1 than in cells
transfected with vector alone and that VCAM-1-mediated cell
aggregation was substantially inhibited by anti-VCAM-1-D6
IgG but not by control IgG. These results suggest that

Figure 3 Effect of anti-VCAM-1-D6 IgG on HUVEC migration and tube formation. (a) Light microscopic images of hTNFα-induced HUVEC
migration in the presence of 20 μg ml−1 control IgG, anti-VCAM-1-D1 IgG and anti-VCAM-1-D6 IgG. Images were captured at 0 h (top;
unstained) and 10 h (bottom; stained with crystal violet). (b) Quantitation of hTNFα-induced HUVEC migration in the presence of control
IgG, anti-VCAM-1-D1 IgG and anti-VCAM-1-D6 IgG, expressed as a percent of distance migrated in the presence of control IgG, based on
the distance separating wound margins. (c) Light microscopic images of tubes formed by hTNFα-treated HUVECs in the presence of
control IgG, anti-VCAM-1-D1 IgG and anti-VCAM-1-D6 IgG. (d) Quantitation of total tube branches from hTNFα-treated HUVECs in the
presence of control IgG, anti-VCAM-1-D1 IgG and anti-VCAM-1-D6 IgG, expressed as a percent of tube formation in the presence of control
IgG. (e) Light microscopic images of tubes formed by hTNFα-treated HUVECs in the absence (MOCK) or presence of 20 μg ml−1 control
IgG, anti-VCAM-1-D6 IgG and complex formed by anti-VCAM-1-D6 IgG and fusion protein VCAM-1-D6-Fc. (f) Quantitation of total tube
branches, expressed as a percent of control (MOCK) tube formation. All data are presented as the mean± s.e.m. of triplicate
measurements from one of the three independent experiments; *Po0.05, ***Po0.001.
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anti-VCAM-1-D6 antibody may specifically inhibit VCAM-1-
mediated endothelial cell–cell contact in TNFα-induced
angiogenesis.

To further investigate the more detailed mode of action of
anti-VCAM-1-D6 IgG at the molecular level, we first assayed
the binding of VCAM-1-D6 to the surface of endothelial cells
by incubating TNFα-treated HUVECs in the absence or
presence of increasing concentrations of HRP-conjugated
VCAM-1-D6-Fc (VCAM-1-D6-Fc-HRP) or Fc (Fc-HRP) and
then performing cell ELISAs (Figure 6d). The results showed
that VCAM-1-D6-Fc-HRP, but not Fc-HRP, specifically and
dose-dependently bound to TNFα-treated HUVECs, suggesting
the importance of VCAM-1-D6 on endothelial cell–cell
contact. To investigate the blocking effect of anti-VCAM-1-
D6 IgG on the interaction between VCAM-1-D6 and activated
endothelial cells, we incubated TNFα-treated HUVECs with
VCAM-1-D6-Fc-HRP in the absence or presence of increasing
concentrations of anti-VCAM-1-D6 IgG and then performed
cell ELISAs (Figure 6e). Anti-VCAM-1-D6 IgG significantly
blocked the interactions between VCAM-1-D6-Fc-HRP and
TNFα-treated HUVECs. To further confirm the blocking effect

of anti-VCAM-1-D6 IgG on the interaction between VCAM-1-
D6 and VCAM-1, ELISA plates were coated with recombinant
human VCAM-1 extracellular domain, and VCAM-1-D6-Fc-
HRP was then incubated in the plates in the absence and
presence of increasing concentrations of anti-VCAM-1-D6
IgG (Figure 6f). We also confirmed that the direct interaction
of VCAM-1-D6-Fc-HRP with the extracellular domain of
recombinant human VCAM-1 was specifically inhibited by
anti-VCAM-1-D6 IgG in a concentration-dependent manner.
In summary, these data suggest that the anti-VCAM-1-D6
antibody may suppress endothelial cell–cell contact by
directly inhibiting VCAM-1-D6-mediated interactions between
VCAM-1 molecules on adjacent endothelial cells in TNFα-
induced angiogenesis.

DISCUSSION

Angiogenesis is the process by which new blood vessels
form from pre-existing vessels and is pivotal in many
biological processes, including development, reproduction
and wound repair. Under pathological conditions, angiogenesis
is regulated by the complex coordinated actions of multiple

Figure 4 Effect of anti-VCAM-1-D6 IgG on TNFα-induced vessel sprouting from rat aorta. (a) Rat aortic rings were incubated in EGM alone
(MOCK), EGM containing 20 μg ml−1 control IgG or anti-VCAM-1-D6 IgG, EGM containing 20 ng ml−1 mTNFα or EGM containing
20 ng ml−1 mTNFα together with 20 μg ml−1 control IgG or anti-VCAM-1-D6 IgG. Vessel outgrowth was monitored by light microscopy.
(b) The number of vessels sprouting from each ring in a was counted and is expressed in the bar graph. (c) The length of vessels sprouting
from each ring in a was measured and is expressed in the bar graph. Data are presented as the mean± s.e.m. of nine replicate
measurements from one of the two independent experiments; ***Po0.001.
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pro- and anti-angiogenic regulators.5 Despite increasing atten-
tion to TNFα-induced angiogenesis, novel therapeutic targets
and their molecular mechanisms in TNFα-induced angiogen-
esis have not been intensively studied yet. This is the first study
to suggest that VCAM-1-D6 may be a novel potential
angiogenic target in TNFα-induced angiogenesis and that
antibody-based modulation of VCAM-1-D6 may be an effec-
tive strategy for suppressing TNFα-induced angiogenesis.

VCAM-1 is a type I transmembrane protein that is inducible
and exclusively expressed on activated endothelial cells
in response to extracellular stimuli, including numerous
pro-inflammatory cytokines.20,21 VCAM-1 plays a key role in
leukocyte binding to activated endothelial cells and transen-
dothelial migration during inflammatory responses. Prior
studies have suggested that VCAM-1 is closely associated with
a variety of diseases, including cancers, atherosclerosis, arthritis
and immune rejection.24–28 However, to date, the relevance
and role of VCAM-1 in TNFα-induced angiogenesis have not
been clearly identified. Here we propose that VCAM-1-D6 may
play a key role and be a potential novel therapeutic target in
TNFα-induced angiogenesis. Several lines of evidence support

our hypothesis. First, the results of VCAM-1 knockdown in
TNFα-treated HUVECs and VCAM-1 overexpression in
HEK293F cells, which demonstrated VCAM-1-mediated
cell–cell contact, imply the possible role of VCAM-1 in
TNFα-induced angiogenesis. Second, using competitive block-
ing experiments with a VCAM-1-D6 protein, we identified
VCAM-1-D6 as a key domain regulating TNFα-induced
vascular tube formation. Third, we found that hTNFα-induced
HUVEC migration and tube formation were specifically
inhibited by anti-VCAM-1-D6 IgG but not by control IgG.
Fourth, VCAM-1-mediated cell–cell contact in HEK293 cells
and VCAM-1-overexpressing HUVEC tube formation
(Supplementary Figure S4) were specifically inhibited by
anti-VCAM-1-D6 IgG but not by control IgG. Fifth, angiogenic
sprouting from TNFα-induced rat aortic rings was significantly
inhibited by anti-VCAM-1-D6 IgG but not by control IgG.
Sixth, the finding that VCAM-1-D6 protein or anti-VCAM-1-
D6 IgG significantly inhibited tube formation induced
by TNFα (Supplementary Figure S3), but not by VEGF
(Supplementary Figure S2) also suggests that VCAM-1 may
be a major player in hTNFα-induced, but not in VEGF-

Figure 5 Effect of anti-VCAM-1-D6 IgG on HUVEC viability, morphology and activation. (a) HUVECs were incubated in the absence
(MOCK) or presence of 20 μg ml−1 control IgG or anti-VCAM-1-D6 IgG or 36 μg ml−1 5-FU for 2 days. Cell viability was assessed by
measuring absorbance at 450 nm. (b) HUVECs cultured in the absence (MOCK) or presence of control IgG or anti-VCAM-1-D6 IgG were
stained with rhodamine-phalloidin (red) and nuclei were counterstained with Hoechst 33258 (blue), and then cells were examined by
confocal microscopy. Scale bars represent 25 μm. (c) HUVECs cultured in the absence (dashed line) or presence (solid line) of hTNFα,
control IgG or anti-VCAM-1-D6 IgG were stained with anti-ICAM-1 monoclonal antibody and analyzed by flow cytometry. All data are
presented as the mean± s.e.m. of triplicate measurements from one of the three independent experiments; ***Po0.001.
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induced angiogenesis. Seventh, similar to findings from
hTNFα-induced HUVEC tube formation assays, we also
confirmed the significant inhibitory effect of anti-VCAM-1-
D6 IgG on hTNFα-induced tube formation in human retinal
endothelial cells (Supplementary Figure S5).

VCAM-1 forms complexes with several binding partners,
including α4β1 integrin, moesin, ezrin, and secreted protein
acidic and rich in cysteine.34–36 However, the direct binding
partner of VCAM-1-D6 in TNFα-induced angiogenesis had not
yet been identified. Here we suggest that VCAM-1-D6 may
directly interact with VCAM-1 and that this interaction is, at
least in part, important for VCAM-1-mediated endothelial
cell–cell contact in TNFα-induced angiogenesis. Through the
use of the cell aggregation assay, we demonstrated that
VCAM-1-mediated cell–cell contact was specifically and
significantly inhibited by anti-VCAM-1-D6 IgG but not by
control IgG. Furthermore, we also demonstrated that HUVEC
tube formation was increased by the overexpression of

VCAM-1 and that its increase was significantly inhibited by
anti-VCAM-1-D6 IgG, but not by control IgG (Supplementary
Figure S4). Our cell ELISA experiment also showed that
VCAM-1-D6 bound specifically to the surface of TNFα-
activated HUVECs and that this binding was specifically
inhibited by anti-VCAM-1-D6 IgG in a concentration-
dependent manner. Furthermore, we confirmed the direct
interaction between purified VCAM-1-D6 and VCAM-1, and
showed specific inhibition of this interaction by anti-VCAM-
1-D6 IgG. However, although we focused on the VCAM-1-D6-
mediated interaction between VCAM-1 molecules in TNFα-
induced angiogenesis, we cannot exclude the possibility that
VCAM-1 may bind to other binding partners implicated in this
angiogenesis.

Monoclonal antibody-based therapy is now one of the most
important strategies for treating patients with various diseases,
including solid tumors, hematological malignancies, immuno-
logical disorders and eye diseases. As of November 2014, a total

Figure 6 Effect of anti-VCAM-1-D6 IgG on clec14a-mediated cell–cell contact in VCAM-1-overexpressing HEK293F cells and hTNFα-
treated HUVECs. (a) HEK293F cells were transfected with vector alone or expression plasmid encoding WT-VCAM-1. Cells were stained
with anti-VCAM-1 monoclonal antibody and VCAM-1 expression was analyzed using flow cytometry. (b) HEK293F cells transfected with
vector alone or expression plasmid encoding WT-VCAM-1 were incubated in the absence (MOCK) or presence of 20 μg ml−1 control IgG or
anti-VCAM-1-D6 IgG. Cell aggregates (masses 44 cells; triangular arrowheads) were counted under a light microscope. (c) Quantitation of
aggregates formed in the transfected cells in the absence (MOCK) or presence of control IgG or anti-VCAM-1-D6 IgG expressed as a
percent of control (MOCK) aggregate formation. (d) ELISA results of binding of the indicated concentrations of anti-VCAM-1-D6-Fc-HRP
and Fc-HRP to hTNFα-treated HUVECs. (e) ELISA results of VCAM-1-D6-Fc-HRP binding, in the absence or presence of the increasing
concentrations of anti-VCAM-1-D6 IgG, to hTNFα-treated HUVECs pre-incubated with 3 μg ml−1 VCAM-1-D6-Fc-HRP. (f) One tenth of a
microgram of VCAM-1-D6-Fc-HRP was pre-incubated with 1 μg recombinant human VCAM-1 extracellular domain, and binding was
determined by ELISA in the absence or presence of the increasing concentrations of anti-VCAM-1-D6 IgG. All data are presented as the
mean± s.e.m. of triplicate measurements from one of three independent experiments; *Po0.05, **Po0.01, ***Po0.001.
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of 48 monoclonal antibodies had been approved in Europe
and/or the United States for various indications, and many
more are currently being evaluated in clinical trials.37 Although,
most successful anti-angiogenic antibody drugs target VEGF-
dependent angiogenesis.6,7 TNFα-induced angiogenesis is
closely associated with the progression of several diseases,
including cancer, wet AMD, and rheumatoid arthritis.8–13 On
the basis of our present results, we suggest that antibody-based
modulation of VCAM-1-D6 may be a novel and effective
strategy to suppress TNFα-induced abnormal angiogenesis
in vivo. We previously reported that the anti-VCAM-1-D6
IgG we developed specifically binds, with subnanomolar
affinity and broad cross-species reactivity, to VCAM-1-D6.30

In this study, we found that anti-VCAM-1-D6 IgG specifically
and significantly inhibits angiogenic properties in vitro, includ-
ing HUVEC migration, tube formation and VCAM-1-mediated
cell–cell contact. Furthermore, we demonstrated that anti-
VCAM-1-D6 IgG also specifically inhibits TNFα-induced vessel
sprouting from rat aorta ex vivo, but not EGM-dependent
vessel sprouting. We also found that the antibody seems to
suppress VCAM-1-mediated endothelial cell–cell contact in
TNFα-induced angiogenesis by directly blocking VCAM-1-D6-
mediated interactions between VCAM-1 molecules on adjacent
endothelial cells. Finally, we confirmed that anti-VCAM-1-D6
IgG had little effect on HUVEC viability, morphology or
activation, suggesting that the antibody would be associated
with a low level of endothelial cell toxicity in vivo.

In conclusion, we have shown that VCAM-1-D6 is a novel
potential angiogenic target in TNFα-induced angiogenesis and
that antibody targeting of VCAM-1-D6 may be effective in
suppressing TNFα-induced angiogenesis. On the basis of
currently available evidence, we suggest a mode of action
whereby, in pathological conditions that are predominantly
affected by TNFα-induced angiogenesis, anti-VCAM-1-D6
antibody binds to VCAM-1 expressed on the surface of TNFα-
activated endothelial cells and directly blocks VCAM-1-D6-
mediated interactions between VCAM-1 molecules on adjacent
cells, resulting in efficient suppression of TNFα-induced
angiogenesis. In future studies, we plan to investigate the
mechanism of action of the anti-VCAM-1-D6 antibody and
evaluate its in vivo efficacy in greater depth.
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