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Abstract

Purpose: We previously showed that bone marrow cells participate in new tumor vessel
formation in Ewing’s sarcoma, and that vascular endothelial growth factor165 (VEGF;gs) is critical
to this process. The purpose of this study was to determine whether blocking VEGF receptor 2
(VEGFR-2) with DC101 antibody suppresses tumor growth, reduces tumor vessel formation,
and inhibits the migration of bone marrow cells into the tumor.

Experimental Design: An H-2 MHC-mismatched bone marrow transplant Ewing’s sarcoma
mouse model was used. Bone marrow cells from CB6F1 (MHC H-2%) mice were injected into
irradiated BALB/cAnN mice (MHC H-2¢). TC71 Ewing’s sarcoma cells were s.c. injected 4 weeks
after the bone marrow transplantation. Mice were then treated i.p. with DC101 antibody or
immunoglobulin G (control) twice a week for 3 weeks starting 3 days after tumor cell injection.
Results: DC101 antibody therapy significantly reduced tumor growth and tumor mean vessel
density (P <0.05) and increased tumor cell apoptosis. Decreased bone marrow cell migration into
the tumor was also shown after DC101 therapy as assessed by the colocalization of H-2K® and
CD31 using immunohistochemistry. DC101 inhibited the migration of both human and mouse
vessel endothelial cells /in vitro.

Conclusion: These results indicated that blocking VEGFR-2 with DC101 antibodies may be a

useful therapeutic approach for treating patients with Ewing'’s sarcoma.

Solid tumors require development and expansion of a vascular
network for nourishment and waste disposal to support their
growth. Angiogenesis was initially regarded as the sole
mechanism by which tumor vessels expand. However, other
mechanisms are involved in the expansion of the tumor
vascular network. For example, tumors such as gliomas use
preexisting vessels to increase tumor vascularity through a
mechanism called vessel cooption (1). Another example is
aggressive uveal and epithelial melanomas that promote the
expansion of their vascular network partly by arranging tumor
cells into functional vascular channels through a mechanism
referred to as vasculogenic mimicry. This mechanism has also
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been shown in ovarian and prostate cancer (2-4). Both
angiogenesis and vascular mimicry occur as a result of
stimulation of the cells in the immediate tumor area. By con-
trast, vasculogenesis involves the formation of blood vessels from
endothelial precursor cells that are induced to migrate and home
into the area of vessel formation. Vasculogenesis is a process
originally described during prenatal development. A vasculo-
genesis-like mechanism, which recruits nonlocal cells to the area
of new vessel formation, has been shown to occur during
postnatal life. This can take place under both physiologic and
pathologic conditions such as wound healing, the revasculariza-
tion of ischemic tissues, or tumor formation. We have shown
that a vasculogenesis-like component is operational during
the development of Ewing's sarcoma (5, 6). This vasculo-
genesis-like process involves the active participation of bone
marrow (BM) cells. We showed that BM-derived cells not only
reconstituted the hematopoietic system in mice after lethal
irradiation, but also contributed to the new vessel formation
during Ewing's sarcoma tumor growth (5, 6).

Multiple growth factors including vascular endothelial
growth factor (VEGF) affect tumor development. VEGF has
been shown to be up-regulated in several tumor models and in
cancer patients’ samples (7, 8). The regulation of VEGF
expression is tightly controlled during development and
postnatal life and affects multiple functions on both endothe-
lial and other cell types (9, 10). VEGF also acts as a survival
factor for normal endothelial cells, hence the significance of its
up-regulation during tumor formation. Ewing’s sarcoma cells
overexpress VEGF, with an isoform switching from the
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extracellular matrix-bound 189 isoform to the smaller and
more soluble 165 isoform (6). We previously showed that
VEGF,¢5 is a chemoattractant for BM-derived cells in vivo using
VEGF-containing Matrigel plugs (5). We also showed that
specifically inhibiting VEGF;¢5 using small interfering RNA
(siRNA) technology resulted in decreased BM cell migration into
the tumor, fewer tumor vessels, and slower tumor growth (11).

In this study, we showed that inhibiting VEGF activity by
blocking the VEGF receptor 2 (VEGFR-2) inhibits tumor
growth, mean microvessel density (MVD), and the recruitment
of BM-derived cells into the tumor site. These results confirmed
that VEGF is a crucial factor during Ewing’s sarcoma formation,
and that VEGEF signaling plays a role in the chemoattraction of
BM cells to the tumor area.

Materials and Methods

Cell lines. TC71 human Ewing’s sarcoma cells were cultured in
EMEM with 10% fetal bovine serum, 2 mmol/L L-glutamine, 1 mmol/L
sodium pyruvate, 1X nonessential amino acids, and 2x MEM vitamin
solution (Life Technologies, Inc.). Human femoral artery endothelial
cells (HFAEC) were purchased from the American Type Culture
Collection, and human microvascular endothelial cells (HMVEC) were
purchased from Cambrex. These cells were cultured according to the
instruction provided by the company. Mouse lung vessel endothelial
cells (MLVEC) were kindly provided by Dr. Robert Langley (Depart-
ment of Cancer Biology, The University of Texas M.D. Anderson Cancer
Center, Houston, TX). Human CD34" stem cells were isolated from
human umbilical cord blood as previously described (6). All of the cells
were negative for Mycoplasma, as determined with a Mycoplasma PCR-
ELISA kit (Roche Applied Science).

Reverse transcription-PCR. Total RNA was extracted from the
different cells. The cDNA was synthesized using a reverse transcription
(RT) system (Promega Corp.). RT products were amplified by PCR
using specific primers for human VEGFR-2 (sense, 5-GTGACCAA-
CATGGAGTCGTG-3’; antisense, 5-TGCTTCACAGAAGACCATGC-3")
and mouse VEGFR-2 (sense, 5-TTCTGGACTCTCCCTGCCTA-3’; anti-
sense, 5-"TCTGTCTGGCTGTCATCTGG-3"). The primers of VEGFR-1 for
both human and mouse were obtained from R&D Systems. The initial
denaturation was done at 94°C for 5 min. The products were then
subjected to denaturation at 94°C for 1 min, annealing at 55°C for
1 min, extension at 72°C for 1 min (30 cycles), and a final elongation
at 72°C for 10 min. Finally, the PCR products were subjected to
electrophoresis on a 2% agarose gel with ethidium bromide and
visualized under UV light.

Human and mouse endothelial cell migration assay in vitro. Trans-
wells (Costar) were pretreated with serum-free medium at 37°C for
1 h before being seeded with HMVECs or MLVECs at 1 X 10> per well
in 100 pL medium with 0.1% fetal bovine serum. The Transwells were
then inserted into 24-well plates containing 600 pL of medium.
Recombinant human VEGF, 45 (StemCell Technologies) at 200 ng/mL,
DC101 antibody, or VEGFR-1 antibody MF-1 (ImClone Systems, Inc.)
at 200 ng/mL, a combination of VEGF, or the same amount of
nonrelated immunoglobulin G (IgG, as a control) was added to the
medium in different wells. The Transwells were incubated at 37°C for
6 h to allow the cells to migrate. Cells on the upper side of the filter
were then removed with cotton swabs, and the migrated cells on the
lower side of the filter were fixed and stained with H&E. The number
of migrated cells was counted using a binocular microscope. The
average number of migrated cells was calculated from five random
high-power microscopic fields.

Mouse model of MHC-mismatched BM transplantation in Ewing's
sarcoma. Male nude BALB/cAnN mice with the MHC strain-specific
surface antigen d (H-2) and C57BL x BALB/c F1 (CB6 F1) mice (H-2"¢),
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Fig.1. DC101inhibited the growth of Ewing’s sarcoma tumors in vivo. TC71 cells
were s.c. injected into H-2% mice that had previously received transplanted BM cells
from H-2°¢ mice. The recipient mice were then treated with DC101 antibody or
with (IgG; as control) i.p. twice weekly for 3 wks starting 3 d after tumor cell
inoculation. Tumor size was quantified. Points, means from 10 mice; error, SD.

8 to 13 weeks old, were purchased from the National Cancer Institute. The
mice were maintained in a specific pathogen-free animal facility approved
by the American Association for Accreditation of Laboratory Animal Care
and in accordance with current regulation and standards of the U.S.
Department of Agriculture, the Department of Health and Human Service,
and the NIH. The animal experiment protocol was approved by the
Institutional Animal Care and Use Committee. The CB6 F1 mice (H-2"/4)
were used as the BM donors, and the BALB/cAnN mice (H-29) were used
as the BM recipients.

BM transplantation was done as previously described (5). Briefly, the
recipient mice were first whole-body irradiated using an external cesium
source ('3’Cs Mark 1 irradiator, J.L. Shepherd & Associates) with 8.0
Gy. Freshly isolated BM cells (10°/200 pL) flushed from the femurs of
CB6 F1 mice were injected via the lateral tail vein into the nude BALB/
cAnN recipients within 2 h of their irradiation. Engraftment was
confirmed with analysis using strain-specific H-2 surface antigens for
donor interleukin-1@ in the spleen and peripheral blood mononuclear
cells (5).

Chimeric mice were injected s.c. with 3 x 10° TC71 cells in 100 pL
of HBSS 4 weeks after BM transplantation. Tumors of 3 to 4 mm in
diameter were detectable 6 days after injection of the TC71 cells.

Treatment of tumors with DC101. DC101 anti-mouse VEGFR-2
antibodies were generated as described previously (12). Mice (10 per
group) were treated i.p. with DC101 or IgG (control) 800 pg per
mouse, twice weekly for 3 weeks starting 3 days after their inoculation
with the tumor cells. Tumor diameter was measured twice weekly with
calipers. Tumor volumes were calculated using the formula %abz, in
which a is the longer diameter, and b is the shorter diameter, and the
volume is expressed in cubic millimeters. The mice were euthanized
3 weeks after the beginning of antibody treatment. Tumor tissue was
collected from each mouse and analyzed by immunohistochemical
staining for H-2K", CD31, alpha smooth muscle actin (a-SMA), and
VEGFR-2 expression.

Immunofluorescence staining in tumor tissues. Rat anti-mouse CD31
and biotinylated mouse anti-mouse H-2K" antibodies were purchased
from BD Biosciences PharMingen. a-SMA antibody was obtained from
Abcam Inc. VEGFR-2 antibody was purchased from Sigma Co.

Tumor tissues were harvested from the mice in the different groups,
and frozen sections were fixed with acetone and chloroform.
Incubation in 4.5% fish gelatin (BB International Co.) for 20 min
was used to block nonspecific proteins. Expression of CD31 was
detected in blood vessels using rat anti-mouse CD31 as the primary
antibody and goat anti-rat TexasRed (Jackson) as the secondary
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antibody. The mean MVD was determined by first counting and then
averaging the number of CD31-positive cells in five random high-
power microscopic fields from different tumors. For double fluores-
cence staining, the sections were incubated with an avidin-biotin
blocking kit (Vector Laboratories), and then H-2K" was used as the
primary antibody and streptavidin-FITC (BD Biosciences) as the second
antibody.

Terminal nucleotidyl transferase-mediated nick end labeling
assay. Terminal nucleotidyl transferase-mediated nick end labeling
(TUNEL) assay was done to detect apoptotic cells. DeadEnd Fluoro-
metric TUNEL System Kit was purchased from Promega Co. TUNEL
staining in frozen tumor tissues was done according to instruction
provided by the company. The green fluorescence of apoptotic cells
was detected using a fluorescence microscope. The average number
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Fig. 2. DC101 treatment reduced the tumor vessel density and increased
apoptosis. A, CD31immunohistochemical staining in control and DC101-
treated tumors. Bar, 20 pm. B, tumor mean vessel density was calculated
by counting the number of CD31-positive blood vessels in five random
microscopic fields from different tumors. Bars, SD. C, TUNEL staining of
control- and DC101-treated tumors. Green, apoptotic cells; blue, cell
nucleus. Bar, 20 pm. D, average number of apoptotic cells was calculated
by counting the TUNEL-positive cells in five random microscopic field
from different tumor sections. Bars, SD.
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Fig. 3. Effect of DC1010n migration of BM cells into the tumor area. A, double immunofluorescence staining for H-2K® (green) and CD31 (red) in control and DC101-treated
tumor tissues. Yellow, colocalization of both stains (arrow), therefore indicating that donor BM cells that migrated into the tumor participated in tumor vessel formation. Bar,
20 pm. B, the average number of migrated cells was calculated by counting the H2KP-positive cells in five random microscopic field from different tumor section. Bars, SD.
C, VEGFR-2 expression in tumor vessel pericytes. Pericyte marker a-SMA (red) and VEGFR-2 (green) double immunofluorescence staining was shown in the control tumors.
Yellow, cells that express both VEGFR-2 and a-SMA. Bar, 20 um. D, effect of DC101 on tumor pericytes. Pericyte marker a-SMA (red) and BM cell marker H-2K (green)
double immunofluorescence staining (ye/low) indicates pericytes derived from BM cells. The number of such cells was substantially reduced in DC101-treated tumors.

of apoptotic cells in control and DC101-treated tumors was calculated tion with cells from the CB6F1 (H-2b/ d) donor mice. Four weeks

by counting the number of TUNEL-positive cells in five random
microscopic fields from different tumors.

Statistical analysis. The two-tailed Student's t test was used to compare
the tumor volumes and numbers of blood vessels for the different treatment
groups. A P value of <0.05 was considered statistically significant.

Results

Effect of DC101 antibody therapy on tumor growth and tumor
MVD. Nude BALB/c mice (H-29) underwent BM transplanta-
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after the transplantation, the chimeric mice were injected with
TC71 cells s.c. Therapy with DC101 or IgG was initiated twice
weekly for 3 weeks starting 3 days after tumor cell inoculation.
DC101 antibody therapy significantly suppressed tumor growth
compared with IgG therapy (Fig. 1, P < 0.05), suggesting that
suppression of VEGFR-2 inhibits tumor growth.
Immunofluorescent CD31 staining of tumor tissues (Fig. 2A)
was used to quantify tumor MVD. CD31 expression was also
significantly decreased in the DC101-treated tumors. The tumor
MVD (Fig. 2B) in the DC101-treated group was 25 + 4 vessel

www.aacrjournals.org



DC101 Inhibits Vasculogenesis and Ewing's Tumor Growth

number per field, compared with 56 + 7 vessel number per field
in the control group (P < 0.05). The tumor vessel morphology
was also different in the control and DC101-treated tumors. The
control-treated tumors contained numerous tortuous large
vessels. By contrast, the majority of tumor vessels in the
DC101-treated tumors were smaller and less tortuous. TUNEL
staining detected large areas of apoptosis throughout the
DC101-treated tumors compared with the IgG-treated control
tumors (Fig. 2C). The average number of apoptotic cells in
DC101-treated tumors was significantly increased compared
with that in control tumors (Fig. 2D).

Localization of donor BM cells in the new vessels of Ewing's
sarcoma tumors. We previously showed that BM cells migrate
to Ewing's sarcoma tumors and incorporate into the expanding
tumor vessels that support tumor growth (5). The presence of
donor-cell - derived H-2K"-positive vessels and stromal cells
was assessed in treated and control tumors. Numerous H-2K" -
positive tumor vessels and cells within the tumor stroma were
observed in the control tumors. Colocalization of H-2K°
(green) and CD31 (red) by double-immunofluorescence

staining (Fig. 3A) confirmed that BM-derived cells participate
in tumor vessel formation. In contrast, fewer H-ZKb—positive
donor cells (green) were seen in the DC101-treated tumors. The
average number of migrated BM-derived cells was significantly
reduced in DC101-treated tumors compared with the control
tumors (Fig. 3B). The number of double-stained positive cells
was also decreased.

To determine whether tumor vessel pericytes express VEGFR-
2, we did double immunofluorescence staining using the
pericyte marker o-SMA and VEGFR-2. Colocalization of
VEGFR-2 and a-SMA was observed in numerous areas of the
tumors (Fig. 3C). The a-SMA (red) and H-2K" (green) double
immunofluorescence staining (Fig. 3D) showed that many of
these pericytes were donor derived (i.e, H-2K" positive),
indicating that these cells originated from the BM and migrated
to the tumors (yellow area, see arrow). The number of cells
expressing both H-2K® and «-SMA and the overall area
showing coexpression of these two markers were decreased in
DC101-treated tumors compared with control tumors. These
results suggest that DC101 not only inhibited migration of
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Fig. 5. VEGFR-2 and VEGFR-1 expression in human and mouse cells. Total RNA was
extracted from different cells, and RT-PCR analysis was done. LVECs, lung vessel
endothelial cells.

BM-derived cells into the tumors, but also inhibited BM-
derived pericyte formation in the tumor vessels.

Effect of DC101 on endothelial cell migration in vitro. The
effect of DC101 on migration of HMVECs and MLVECs in vitro
was evaluated using Boyden chambers. DC101 significantly
inhibited VEGF-induced migration of both cell lines (Fig. 4A).
This result was as we expected because both HMVECs and
MLVECs express VEGFR-2 (Fig. 5). Similarly, mouse BM and
human CD34" cells expressed VEGFR-2. The expression of
VEGFR-1 was variable depending on the cell line (Fig. 5).

We also investigated the effect of blocking VEGFR-1 on
endothelial cell migration. Similar to DC101, MF-1 inhibited
the migration of both HMVECs and MLVECs in vitro (Fig. 4B).

Discussion

We previously showed that Ewing's sarcoma cells overexpress
the soluble VEGF;45 isoform, BM-derived cells chemotax to
VEGF, ¢5-containing Matrigel plugs in vivo, and that these BM-
derived cells contribute to the expansion of the growing tumor
vascular network (5, 6). We further showed that VEGF45 is
critical to the growth of Ewing’s sarcoma tumors in vivo (6, 11).
Specifically inhibiting this isoform decreased BM-derived cell
infiltration, tumor vessel development, and tumor growth.
Taken together, these data indicate that VEGF may be a thera-
peutic target for the treatment of patients with Ewing’s sarcoma.

VEGF exerts its biological functions on endothelial cells
through two receptors: VEGFR-2 (Flk-1/KDR) and VEGFR-1
(F1t-1), although VEGFR-2 is considered to be more dominant
(13). Here, we showed that treatment with an antibody directed
against VEGFR-2 resulted in the inhibition of tumor growth
and decreased tumor vessel density. The recruitment of BM-
derived cells into the tumor area was also severely decreased in
the tumors treated with anti-VEGFR-2 antibody. The mecha-
nism by which tumors attract BM-derived cells to the tumor
area and the chemoattractants involved are not fully under-
stood. VEGF has been shown to be a potent chemotactic
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