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Anti-Vascular Endothelial Growth Factor Receptor 2 Antibody
Reduces Tumorigenicity and Metastasis in Orthotopic Prostate
Cancer Xenografts via Induction of Endothelial Cell
Apoptosis and Reduction of Endothelial Cell Matrix
Metalloproteinase Type 9 Production1
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ABSTRACT
Purpose: Vascular endothelial growth factor (VEGF),
which is produced by tumor cells, is a potent endothelial cell
mitogen. The aim of the present study was to evaluate the
response of orthotopic prostate cancer xenografts and prostate cancer bone metastasis to anti-VEGF receptor (flk-1)
antibody (DC101) treatment.
Experimental Design: Orthotopic prostate cancer models (PC-3M-MM2 and LNCaP-LN3 prostate carcinoma
cells) and a prostate cancer bone metastasis model (PC-3MMM2) were used for these experiments. Early and established tumors were treated with saline, paclitaxel, DC101, or
a DC101-plus-paclitaxel combination for 5 weeks (PC-3MMM2) and 12 weeks (LNCaP-LN3). At the end of therapy,
tumors were removed and weighed. Apoptosis, tumor cell
proliferation, and angiogenesis- and metastasis-related gene
expression were evaluated using immunohistochemistry, in
situ hybridization, and terminal deoxynucleotidyl transferaseediated nick end labeling (TUNEL).
Results: After treatment of early tumors (PC-3M-MM2),
median prostate tumor weights (ⴞSE) were 1230 ⴞ 210 mg in
untreated controls, 482 ⴞ 121 mg in mice treated with pacli-
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taxel (P ⴝ 0.009), 148 ⴞ 27 mg in mice treated with DC101
(P < 0.001), and 48 ⴞ 10 mg in mice treated with the combination of DC101 and paclitaxel (P < 0.001). Lymph node
metastasis occurred in 7 of the 9 control mice, 5 of the 9
paclitaxel-treated animals, 5 of the 12 DC101-treated animals,
and 2 of the 11 animals in the combination therapy group.
Treatment with DC101 alone or in combination with paclitaxel
reduced tumor-induced neovascularity measured by microvessel density and tumor cell proliferation (by proliferating cell
nuclear antigen) and enhanced apoptosis (measured by
TUNEL) in tumor cells and endothelial cells compared with
controls. In the tibial prostate cancer metastasis model, significant inhibition of tumor growth was observed. In the LNCaPLN3 orthotopic prostate cancer model, tumors occurred in 7 of
the 10 control mice, 4 of the 10 paclitaxel-treated animals, 5 of
the 10 DC101-treated animals, and 2 of the 11 animals in the
combination therapy group (P < 0.05). The efficacy of DC101
was much greater in the treatment of early tumors, which
suggests that tumor burden may be a critical factor in determining the response to DC101. In vitro and in vivo analysis of
endothelial cell function showed reduced matrix metalloproteinase type 9 production in endothelial cells treated with
DC101.
Conclusions: This study confirms the principle of tumor
growth inhibition by targeting angiogenesis within tumors
and supports the use of anti-VEGF receptor agents.

INTRODUCTION
Prostate cancer remains a significant health problem with
predictions for 198,100 new cases and 31,500 deaths in the
United States in 2001 (1). Most advanced prostate cancers
initially respond to androgen deprivation but ultimately follow a
common pathway leading to androgen-independent disease.
Limited therapeutic options exist at this stage of disease.
Tumor growth and metastasis depend on the ability of a
tumor to recruit blood vessels for delivery of oxygen and nutrients (2). This process, angiogenesis, is driven by various growth
factors (VEGF,3 bFGF, insulin-like growth factor-1, angiopoi-

3

The abbreviations used are: VEGF, vascular endothelial cell growth
factor; PCNA, proliferating cell nuclear antigen; TUNEL, TdT-mediated nick end labeling; MMP, matrix metalloproteinase; bFGF, basic
fibroblast growth factor; IL, interleukin; VEGFR, VEGF receptor; IHC,
immunohistochemical; MVD, microvessel density; ECM, extracellular
matrix; ISH, in situ hybridization; TdT, terminal deoxynucleotidyltransferase; DAPI, 4⬘,6-diamidino-2-phenylindole.
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MATERIALS AND METHODS
Cell Lines and Cultures. The highly metastatic, androgen-independent human prostate carcinoma cell line PC-3MMM2 was grown as a monolayer in Eagle’s MEM, supple-

mented with 10% fetal bovine serum, vitamins, sodium
pyruvate, L-glutamine, nonessential amino acids, and penicillinstreptomycin. The relatively androgen-sensitive LNCaP-LN3
prostate carcinoma cells were grown in RPMI with similar
supplements, and murine lung endothelial cells, immortalized
by SV40 transformation, were grown in MEM with supplements
(18).
Reagents. The monoclonal rat antimouse VEGFR-2 antibody DC101 was generously donated by ImClone Systems
Incorporated (New York, NY; Refs. 19 and 20). Paclitaxel was
purchased from Bristol-Myers Squibb Co. (Princeton, NJ).
In Vitro Analysis of mRNA MMP-9 Production by
Endothelial Cells. Murine lung endothelial cells were plated
on autoclaved Probe-On slides (Fisher Scientific, Pittsburgh,
PA) in a culture dish and grown to 60 –70% confluency. The
cells were incubated under serum-free conditions for 24 h and
then in serum-free medium containing DC101 (25 and 50 nM)
for 72 h. Human recombinant VEGF (R&D Systems, Minneapolis, MN; 20 ng/ml), was added to the medium for 2 h. After
the slides were washed twice in PBS, they were fixed in 4%
paraformaldehyde for 30 min at room temperature. The slides
were then stored in 70% ethanol before ISH for MMP-9 mRNA.
Animals. Male athymic nude mice were obtained from
the Animal Production Area of the National Cancer Institute,
Frederick Cancer Research Facility (Frederick, MD). The mice
were maintained in a laminar air-flow cabinet under specific
pathogen-free conditions and used at 8 weeks of age. All of the
facilities were approved by the American Association for Accreditation of Laboratory Animal Care in accordance with the
current regulations and standards of the United States Department of Agriculture, the Department of Health and Human
Services, and the NIH.
Orthotopic Implantation of Tumor Cells. Cultured
PC-3M-MM2 and LNCaP-LN3 cells (60 –70% confluent) were
prepared for injection as described previously (21). Mice were
anesthetized with i.p. sodium pentobarbital (90 mg/kg). Via a
lower midline incision, 5 ⫻ 104 viable PC-3M-MM2 cells or
2 ⫻ 106 LNCaP-LN3 cells in 50 l of HBSS were injected into
the prostate (day 0). Formation of a bulla indicated a satisfactory
injection. The incision was closed with a single layer of surgical
clips.
In Vivo Therapy of Human Prostate Cancer Growing in
the Prostate of Athymic Nude Mice: PC-3M-MM2 Model.
To investigate the effect of tumor burden on therapy, early (day
4, experiment 1) and established (day 14, experiment 2) prostate
tumors were treated as per the schedule in Fig. 1. In each
experiment at the beginning of therapy, five animals were killed,
and their prostate glands were removed and assessed for the
presence and size of tumors. The remaining animals were randomly assigned to one of four groups (10 mice per group):
saline-treated controls; paclitaxel therapy only; DC101 therapy
only; and combined therapy with DC101 and paclitaxel. Treatment continued for 4 weeks. At this point, the control animals
had palpable tumors, and all of the animals were killed and
necropsied. The prostate glands were removed and weighed and
either fixed in 10% buffered formalin or placed in OCT compound (Miles Laboratories, Elkhart, IN) and frozen at ⫺80°C.
The intra-abdominal lymph nodes were removed, fixed in 10%
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etin-1, and epidermal growth factor), and cytokines (IL-8) and is
facilitated by collagenase activity. Antiangiogenic molecules
(including thrombospondin, IFNs, tissue inhibitors of MMPs,
angiopoietin-2, endostatin, and angiostatin), impede angiogenesis. An angiogenic switch occurs when the tumor and stroma
produce an excess of proangiogenic molecules over antiangiogenic factors (3). This “switch” favors the growth of new blood
vessels and, thus, facilitates proliferation and growth of the
tumor.
VEGF is produced by a variety of normal and neoplastic
cells. It is a potent endothelial cell-specific mitogen and inhibits
apoptosis of endothelial cells (4). It promotes invasion and
migration of endothelial cells, and by increasing vascular permeability, it facilitates the entry of tumor cells into the circulation through which they can metastasize to distant sites. VEGF
is produced in response to hypoxia and is regulated at a transcriptional level by hypoxia-inducible factor 1 (5). VEGF exists
in several isoforms in the circulation and has 3 known receptors.
The VEGFR-2, (flk-1, KDR) receptor was originally thought to
be specific to endothelial cells and hemopoietic stem cells.
However, recent studies have confirmed the presence of
VEGFR-2/flk-1 on undifferentiated malignant melanoma and
pancreatic tumor cells (6, 7). Ligand binding induces dimerization of the receptor and autophosphorylation of tyrosine kinase
residues in the intracellular domain. VEGFR-2 signaling is
poorly characterized but appears to act via the mitogen-activated
protein kinase cascade to induce endothelial cell proliferation,
via the phosphoinositide 3 kinase to activate an antiapoptotic
pathway (8, 9), and via phospholipase C␥ (10).
The use of antibodies that neutralize VEGF, VEGFR
blockers, dominant-negative receptor strategies, and tyrosine
kinase inhibitors have helped elucidate the central role of VEGF
in tumor angiogenesis (11–13). These proof-of-principle studies
have lead the way for the evaluation of targeting the VEGF
pathway as an antitumor strategy.
DC101 is a neutralizing monoclonal antibody that binds to the
murine VEGFR-2/flk-1 receptor with high affinity and blocks
ligand-induced receptor activation. Preclinical studies using DC101
have demonstrated considerable efficacy in inhibiting the growth of
several human cancer xenografts (14 –16). Our postulate was that
DC101 would inhibit tumorigenesis by reducing angiogenesis in
orthotopic prostate cancer xenografts. DC101 was used in combination with paclitaxel, which has demonstrated biochemical and
objective responses in clinical trials with prostate cancer and which
is a key component of many multiagent chemotherapy regimens for
prostate cancer (17). In this study, we demonstrated reduced tumorigenicity and metastasis in orthotopic prostate cancer xenografts in nude mice treated with DC101. The inhibition of tumor
growth was also confirmed in a bone metastasis model. This
inhibition was potentiated by paclitaxel and was shown to result
from reduced tumor cell proliferation, inhibition of angiogenesis,
increased endothelial and tumor cell apoptosis, and decreased production of collagenases by endothelial cells.
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buffered formalin, stained with H&E, and examined for the
presence of metastasis.
In Vivo Therapy of Human Prostate Cancer Growing in
the Prostate of Athymic Nude Mice: LNCaP-LN3 Model.
To investigate the response of a relatively androgen-sensitive
cell line, mice bearing orthotopic LNCaP-LN3 prostate cancer
xenografts were randomized to each of the four treatment
groups described above. Because the LNCaP-LN3 tumors grow
slowly, treatment began 1 month after tumor inoculation and
continued for 12 weeks. Prostate glands were harvested as
described above.
Tibial Prostate Carcinoma Metastasis Model. We
used a semiquantitative model of metastatic prostate cancer that
simulates a prostate cancer metastasis growing in a bone microenvironment. PC-3M-MM2 cells were prepared as described
above. Mice were anesthetized using i.p. sodium pentobarbital.
With the mouse grasped by the ankle, and the knee held in
flexion, a 27-gauge needle was passed onto the articular surface
of the tibia. With gentle pressure directed toward the tibial
plateau, the needle was rotated. As the bony resistance was
overcome, the tip of the needle passed into the intramedullary
cavity of the tibia, and the inoculum of tumor cells was delivered (200,000 cells in 20 l of HBSS). Removal of the needle
was delayed for ⬃20 s after inoculation to allow the pressure in
the intramedullary cavity to dissipate and to prevent extravasation of the tumor cells. Forty tibial injections were performed in
40 mice. These were randomized to the same treatment schedule
as for the orthotopic prostate tumors (10 mice per group), with
therapy commencing on day 4 (Fig. 1). No reliable method
exists to quantify this type of tumor. The tibias were X-rayed at
2-week intervals for 6 weeks using a digital X-ray imaging
system (MX-20; Faxitron X-ray Corporation, Wheeling, IL),
after which the mice were killed. The tumors were removed and
processed.
Colorimetric in Situ mRNA Hybridization. Specific
antisense oligonucleotide DNA probes were designed complementary to the mRNA transcripts based on published reports of
the cDNA sequence for VEGF/vascular permeability factor,

bFGF, IL-8, E-cadherin, and MMP-9 (14). The specificity of the
oligonucleotide sequence was initially determined by a GenBank European Molecular Library database and was also confirmed by Northern blot analysis (22). A poly d(T)20 oligonucleotide was used to verify the integrity and lack of degradation
of mRNA in each sample. All of the DNA probes were synthesized with six biotin molecules and were reconstituted to 1
g/l in a stock solution containing 10 mM Tris (pH 7.6) and 1
mM EDTA. In situ mRNA hybridization was performed using
the Microprobe Manual Staining System (Fisher Scientific; Ref.
23) with minor modifications as described previously (22, 24).
Briefly, tissue sections from PC-3M-MM2 tumors (4 m) were
dewaxed and rehydrated with Autodewaxer and Autoalcohol
(Research Genetics), respectively, and then enzymatically digested with pepsin. Hybridization of the probe was performed
for a total of 80 min at 45°C. The specimens were incubated
with alkaline phosphatase-labeled avidin for 30 min at 45°C,
rinsed with alkaline phosphatase enhancer for 1 min, and incubated with a chromogen substrate for 15 min at 45°C. A red
stain indicated a positive reaction. Control for endogenous alkaline phosphatase included treatment of the sample in the
absence of the biotinylated probe and use of chromogen alone.
Quantification of Color Reaction. Stained sections
were examined using a Zeiss photomicroscope (Carl Zeiss,
Thornwood, NY) equipped with a three-chip, charge-coupled
device color camera (model DXC-969 MD; Sony Corp., Tokyo,
Japan). Images were analyzed using Optimas image analysis
software (version 4.10; Media Cybernetics, Silver Spring, MD).
Images covering the range of staining intensities were captured
electronically, and a color bar montage was created and threshold values were set in red green and blue. All of the subsequent
images were quantified based on these threshold values. The
integrated absorbance of each group was determined by examining five different fields in each sample to derive an average
value. The intensity of staining was determined by comparison
with the integrated absorbance of poly d(T)20. The expression of
each factor was presented relative to the control, which was
arbitrarily assigned a value of 100 (25). The specimens were not
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Fig. 1 Treatment
schedule.
Therapy began 4 days (Experiment 1) and 14 days (Experiment
2) after orthotopic prostate injection with PC-3M-MM2 cells
(Day 0). In the tibial metastasis
model, treatment began 4 days
after tumor inoculation. Tumors
were harvested from five animals
at the time that therapy began.
The remaining mice were randomly assigned to one of four
treatment groups and were
treated for 4 weeks according to
the schedule. The remaining control and experimental mice were
killed and necropsied 4 weeks
later. ( , paclitaxel; , DC101)
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(1:200) in TdT buffer. The samples were then rinsed twice with
Tris buffer and incubated for 40 min at 37°C with a 1:400
dilution of peroxidase-conjugated streptavidin. The slides were
incubated for 5 min with diaminobenzidine (Research Genetics).
Quantification of Cell Proliferation and Apoptosis.
Cell proliferation and apoptosis were determined by immunohistochemistry with anti-PCNA antibodies and TUNEL. Tissue
images were recorded using a cooled CCD Optronics Tec 470
camera linked to a computer and digital printer. The numbers of
proliferative cells and apoptotic cells were expressed as the
average value for the five most densely staining areas identified
within a single ⫻200 field. An apoptosis to proliferation index
was calculated.
Immunofluorescent Double-Staining of Apoptotic
Endothelial Cells and Localization of Endothelial Cell
MMP-9 Production. Frozen tissue sections from PC-3MMM2 tumors (8 m) were fixed with cold acetone for 5 min,
acetone-chloroform (1:1, v/v) for 5 min, and acetone for 5 min.
Samples were washed with PBS and incubated with proteinblocking solution containing 5% normal horse serum and 1%
normal goat serum in PBS for 20 min. The tissues were incubated with a 1:800 dilution of rat monoclonal anti-CD31 antibody (PharMingen) for 24 h at 4°C. The samples were then
rinsed with PBS and incubated with protein-blocking solution
for 10 min before incubation for 1 h at room temperature with
a 1:200 dilution of secondary goat antirat antibody conjugated to
Texas Red (Jackson ImmunoResearch Laboratory). The specimens were washed in 0.1% Brij/PBS and then with PBS.
TUNEL was performed using a commercial kit (Promega,
Madison, WI) with the following modifications. The CD31labeled sections were fixed with 4% paraformaldehyde for 10
min at room temperature. They were then washed with PBS and
incubated with 0.2% Triton X-100 for 15 min. After sections
were washed twice with PBS, equilibration buffer was applied
for 10 min. Reaction buffer containing equilibration buffer,
nucleotide mixture, and TdT enzyme was added to the tissues,
and the tissues were incubated in a humid atmosphere at 37°C
for 1 h, avoiding exposure to light. The reaction was terminated
by immersing the samples in 2⫻ SSC for 15 min. The samples
were then washed three times to remove unincorporated
fluorescein-dUTP. To identify all of the cell nuclei, Vectashield
mounting medium, DAPI (Vector Laboratories Inc., Burlingame, CA) was added to the slides and coverslips applied. The
sections were examined under an Olympus Inverted System
IX70 fluorescent microscope (Olympus, Melville, NY). Images
were captured using a digital camera and Optimas software.
Endothelial cells were identified by red fluorescence (600 nm);
apoptosis was detected by the incorporation of fluorsecein-12dUTP at the 3⬘-OH ends of fragmented DNA, resulting in
localized green fluorescence (520 nm). Colocalization of the red
and green fluorescence identified apoptotic endothelial cells,
which appeared yellow.
To measure murine MMP-9 production by endothelial
cells, tissue sections from PC-3M-MM2 tumors were labeled
with anti-CD31/Texas Red as described above. The samples
were then washed in PBS and blocked with 5% normal horse
serum plus 1% normal goat serum. Samples were incubated
overnight at 4°C with a 1:2000 rabbit antimouse MMP-9 antibody specific to the catalytic domain of murine MMP-9 (kindly
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counterstained, so the absorbance was attributable solely to the
product of the ISH reaction.
IHC Staining. For IHC analysis, frozen tissue sections
from PC-3M-MM2 tumors (8 m) were fixed in cold acetone.
Formalin-fixed, paraffin-embedded specimens from PC-3MMM2 tumors (5 m) were deparaffinized in xylene and rehydrated in graded ethanol. Antigen retrieval was performed using
pepsin for 12 min. Endogenous peroxidase activity was
quenched with 3% hydrogen peroxide. Specimens were blocked
with 5% normal horse serum plus 1% normal goat serum in
PBS. The samples were incubated for 18 h at 4°C with one of
the following: a 1:800 rat monoclonal anti-CD31 antibody
(PharMingen, San Diego, CA), a 1:500 dilution of rabbit polyclonal anti-VEGF (Santa Cruz Biotechnology, Santa Cruz, CA),
a 1:500 dilution of rabbit polyclonal bFGF antibody (Sigma
Chemical Co., St. Louis, MO), a 1:50 dilution of a rabbit
polyclonal anti-IL-8 antibody (Biosource International,
Camarillo, CA), a 1:100 dilution of mouse monoclonal antiMMP-9 antibody (Oncogene Research Products, Cambridge
MA), or a 1:100 dilution of mouse monoclonal anti-PCNA
antibody (DAKO, Carpinteria, CA). The samples were then
rinsed four times with PBS before incubation with the appropriate secondary antibody: peroxidase-conjugated antirat IgG
(H⫹L; Jackson ImmunoResearch Laboratory, West Grove, PA),
antirabbit IgG, F(ab⬘)2 fragment (Jackson ImmunoResearch
Laboratory), antimouse IgG1 (PharMingen), or antimouse IgG
(Jackson ImmunoResearch Laboratory). The specimens were
again rinsed with PBS and incubated with diaminobenzidine
(Research Genetics) and mounted using universal mount
(Research Genetics).
Quantification of Immunostaining Intensity. The intensity of the immunostaining for VEGF, bFGF, IL-8, and
MMP-9 was measured in each treatment group using Optimas
image analysis software (Media Cybernetics). Measurements
were made in five different areas in each sample and quantified to yield an average measurement. The results are presented relative to the value for the control group, which was
set at 100 (25).
Quantification of MVD. MVD was determined by light
microscopy after immunostaining tissue sections from PC-3MMM2 tumors with anti-CD31 antibodies according to the procedure of Weidner et al. (26). Clusters of stained endothelial
cells distinct from adjacent microvessels, tumor cells, or other
stromal cells were counted as one microvessel. The tissue was
visualized using a cooled CCD Optronics Tec 470 camera
(Optronic Engineering, Goletha, CA) linked to a computer and
digital printer (Sony Corporation). The MVD was expressed as
the average value for the five most densely staining areas
identified within a single ⫻200 field.
TUNEL. Formalin-fixed, paraffin-embedded sections
from PC-3M-MM2 tumors (5 m) were deparaffinized in xylene and rehydrated in graded alcohol. The slides were rinsed
with distilled water/BRIJ and treated with a 1:500 dilution of
proteinase K (20 g/ml) for 15 min; endogenous peroxidase was
quenched with 3% hydrogen peroxide for 12 min. The samples
were washed three times with distilled water/BRIJ and incubated for 10 min at room temperature with TdT buffer. Excess
TdT buffer was drained, and the samples were incubated for 1 h
at 37°C with terminal transferase (1:400) and biotin-16-dUTP
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Table 1

Tumorigenicity and metastasis of orthotopic prostate xenograftsa
Experiment 1

Experiment 2

Treatment group

Tumor
incidence

Median tumor
weight, mg (range)

Lymph node
metastasis

Tumor
incidence

Median tumor weight,
mg (range)

Lymph node
metastasis

Control
Paclitaxel
DC101
Paclitaxel/DC101

9/9
10/12
8/12
7/11

1230 (178–2225)
482 (152–1312)b
148 (64–297)b,c
48 (20–116)b,c

7/9
5/9
5/12
2/11d

10/10
10/10
10/10
10/10

1142 (298–1960)
413 (109–1888)
314 (53–741)b
399 (102–677)b

6/9
7/11
5/6
3/8

a

The median tumor weight and range are reported only in those animals bearing tumors and are total prostate weight.
P ⬍ 0.01 compared with control (Mann-Whitney U test).
c
P ⬍ 0.01 compared with paclitaxel (Mann-Whitney U test).
d
P ⬍ 0.01 compared with controls (2 test).
b

RESULTS
Orthotopic Prostate Cancer Model. DC101 therapy reduced the incidence, size, and metastatic potential of PC-3M-MM2
human prostate cancer xenografts growing in nude mice. In Experiment 1, the prostate glands removed from five animals before
the initiation of treatment on day 4 had microscopic tumors. After
completion of 4 weeks of therapy, the median tumor weight was
1230 mg in control animals but only 482 mg in paclitaxel-treated
animals (P ⫽ 0.009, Mann Whitney U test). In the DC101-treated
group, 8 of 12 animals developed tumors with a median weight of
148 mg (P ⬍ 0.001 compared with controls, Mann Whitney U
test). In the DC101/paclitaxel combination therapy group, 7 of 11
animals developed tumors with a median weight of 48 mg (P ⬍
0.001 compared with controls, Mann Whitney U test; Table 1).
Lymph node metastases, confirmed by H&E staining, were found
in 7 (77%) of 9 control mice, 5 (55%) of 9 paclitaxel-treated mice,
5 (42%) of 12 DC101-treated mice, and 2 (18%) of 11 mice that
received combination therapy (P ⬍ 0.01, 2 test). In Experiment 2,
treatment of established tumors began 14 days after tumor inoculation. Prostates harvested from five control animals at the beginning of therapy had macroscopic tumors with a median weight of
93 mg (range, 52–110 mg). Again, tumor weight was significantly
lower in the mice treated with DC101 alone or in combination with
paclitaxel. The statistically significant reduction in the incidence of
lymph node metastasis observed when animals were treated at an
early time point (day 4), Experiment 1, was not found in the
treatment of established (day 14) tumors, Experiment 2.
In the orthotopic LNCaP-LN3 model, tumors developed in

7 of 10 in control mice, 4 of 10 paclitaxel-treated mice, 5 of 10
DC101-treated mice, and 2 of 11 mice that received combination therapy (P ⬍ 0.05, 2 test.)
Prostate Cancer Tibial Metastasis Model. There is no
reliable method to objectively quantify tumor growing as a bone
metastasis using the model described above. Therefore, we
evaluated the response to treatment with serial X-rays performed 2, 4, and 6 weeks after tumor inoculation. Fig. 2 shows
representative tibial X-rays in each group after 6 weeks of
therapy. In the control group, there was extensive destruction of
the proximal tibia and complete disruption of the knee joint. In
the paclitaxel-treated group, substantial bony erosion was noted,
similar to that found in the control animals. In the mice treated
with DC101, either alone or in combination with paclitaxel, the
amount of bone destruction was greatly reduced and the cortex
was almost intact.
MVD/Endothelial Cell Apoptosis. CD31 immunostaining was used as a surrogate measure of angiogenesis. Significantly reduced MVD was demonstrated after therapy with
paclitaxel, but the effect was much more remarkable with
DC101, particularly when used in combination with paclitaxel
(Table 2; Fig. 3). Using the double-fluorescent labeling strategy
described above, we identified apoptotic endothelial cells only
in the tumors of mice treated with DC101. Apoptotic endothelial
cells were not identified in tumors from control or paclitaxeltreated mice (Fig. 3).
Tumor Cell Proliferation and Apoptosis. DC101 therapy, particularly when used in combination with paclitaxel,
resulted in a significantly lower rate of tumor cell proliferation
as measured by PCNA immunostaining. A similar effect of
lesser magnitude was observed in the tumors treated with paclitaxel alone. TUNEL demonstrated significant increases in
tumor cell apoptosis in the DC101-treated groups. The ratio of
TUNEL:PCNA, which represents the balance between cell
death and proliferation, was greatest in the combination treatment group (Table 2; Fig. 3).
The Effect of Therapy on Angiogenic Factor Expression. We evaluated the in vivo expression of mRNA and
protein for the angiogenic and metastatic markers (IL-8,
MMP-9, bFGF, VEGF, and E-cadherin) in orthotopic prostate cancer xenografts (Table 3). There was no significant
alteration in the mRNA or protein expression for any of the
factors after treatment with DC101, paclitaxel, or combination therapy compared with controls. This finding is in keep-
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donated by Dr. Robert Senior, Washington University, St.
Louis, MO). The samples were then washed with PBS. After
further protein blocking, the specimens were incubated with an
antirabbit FITC-conjugated secondary antibody. DAPI (Vector
Laboratories Inc.) was added to identify the nuclei, and the
specimens were visualized with fluorescent microscopy as
above (endothelial cells demonstrated localized red fluorescence
and murine MMP-9 appeared green).
Statistical Analysis. The statistical differences for tumor
size, MVD, proliferation, and apoptotic rates were analyzed by
the Mann-Whitney U test. Staining intensity for bFGF, VEGF,
IL-8, E-cadherin, and MMP-9, mRNA, and protein was also
analyzed by the Mann-Whitney U test. Differences in the incidences of tumor and metastases between groups were analyzed
by the 2 test. P ⬍ 0.05 was considered significant.
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Table 2

MVD, apoptosis, and cellular proliferation

Treatment group

MVD
(median ⫾ SE)

PCNA
(median ⫾ SE)

TUNEL
(median ⫾ SE)

TUNEL:PCNA
ratio

Control
Paclitaxel
DC101
Paclitaxel/DC101

85 ⫾ 1.8
55 ⫾ 1.1a
40 ⫾ 1.0b
32 ⫾ 0.7b,c

168 ⫾ 3.9
130 ⫾ 9.6a
72 ⫾ 4.3b,c
54 ⫾ 3.3b,c

9 ⫾ 1.1
13 ⫾ 0.8a
18 ⫾ 3.0b
16 ⫾ 1.0b,c

5.4
10.1b
25.6b,c
29.6b,c

P ⬍ 0.05 compared with controls (Mann-Whitney U test).
P ⬍ 0.01 compared with control (Mann-Whitney U test).
c
P ⬍ 0.01 compared with paclitaxel (Mann-Whitney U test).
a

b

ing with the selectivity of DC101 for murine endothelial cells
because these factors are primarily produced by the human
prostate cancer cells.
The Effect of Therapy on MMP-9 Production in Murine Endothelial Cells. We evaluated the effects of VEGFR
blockade on murine endothelial cell MMP-9 expression in
vitro and in vivo. ISH was used to quantify the production of
MMP-9 mRNA in murine endothelial cells in vitro. After
exposure to DC101 at 25 or 50 nM, murine MMP-9 mRNA

levels were significantly reduced by 47 and 54%, respectively (Fig. 4).
We used a double-labeling procedure to colocalize
endothelial cells and murine MMP-9 protein production in
prostate tumor specimens in vivo. In untreated control tumors, murine MMP-9 was identified in the ECM adjacent
to endothelial cells. In DC101-treated tumors, there was a
reduction in endothelial cell-associated murine MMP-9
production (Fig. 5).
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Fig. 2 Serial tibial X-rays were performed at
2-week intervals in mice bearing PC-3M-MM2
tumors. The films shown are representative of the
treatment groups 6 weeks after tumor inoculation.
In the control group and, to a lesser extent, in the
paclitaxel-treated group, there were substantial
bony erosions and disruption of the knee joint. In
contrast, the extent of bony destruction in the
DC101-treated tumors, both alone and in combination with paclitaxel, was markedly less.
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Table 3 mRNA and protein expression for MMP-9, VEGF, bFGF, IL-8, and E-cadherin after therapy with DC101 and paclitaxel
ISH was performed on two prostates from each group. Image analysis was carried out on five areas in each prostate. Expression of each factor
in the tumor tissue was normalized by dividing by the expression of poly d(T)20 in the same area. Immunohistochemistry was performed on two
prostates from each group. Image analysis was carried out on five areas in each prostate. The expression of each factor is then presented relative to
its expression in the control group, which is arbitrarily assumed to be 100%.
mRNA expression
Treatment group
Control
Paclitaxel
DC101
Paclitaxel/DC101

Protein expression

MMP-9

VEGF

bFGF

IL-8

E-Cadherin

MMP-9

VEGF

bFGF

IL-8

100
107
101
99

100
110
105
97

100
91
94
98

100
90
93
99

100
101
110
100

100
105
103
98

100
98
107
105

100
97
94
92

100
103
94
98

DISCUSSION
Surgical extirpation and radiation therapy are potentially curative treatment modalities for clinically localized prostate cancer.
Currently, there is no curative therapy for locally advanced or
metastatic prostate cancer. Combination chemotherapy produces

minimal objective responses and rapidly leads to the development
of drug resistance (27). Hormonal therapy has a limited role, and its
effect is short lived as the selection of resistant clones occurs.
Hence, the development of new therapeutic strategies including
antiangiogenic therapy is urgently needed.
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Fig. 3 Proliferation and apoptosis in PC-3M-MM2 xenografts were analyzed by IHC with anti-PCNA antibody and TUNEL. The average number
of PCNA-positive cells per ⫻200 field decreased significantly from 168 in controls to 130, 72, and 54 in paclitaxel, DC101, and combination therapy
groups, respectively. The number of apoptotic tumor cells increased significantly from 9 per ⫻200 field in controls to 13, 18, and 16 in the paclitaxel,
DC101, and combination therapy groups, respectively. MVD in the treatment groups was measured by counting the average number of CD31⫹ cells
in five ⫻200 fields. MVD decreased significantly from 85 in controls to 55, 40, and 32 in the paclitaxel, DC101, and combination therapy groups,
respectively. Endothelial cell apoptosis was detected by a double-labeling strategy in which endothelial cells were identified by using an anti-CD31
antibody (revealing red fluorescence), and apoptotic nuclei were detected by TUNEL assay (revealing green fluorescence). Colocalization of apoptotic
endothelial cells was detected by a yellow coloration. Apoptotic endothelial cells were identified only in the tumors treated with DC101.
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The importance of VEGF in promoting the growth and
metastasis of prostate cancer has been clearly elucidated. Several groups have shown increased expression of VEGF in prostate cancer cell lines growing in culture compared with benign
prostate cells, with the highest expression noted in androgeninsensitive metastatic cell lines (28, 29). In our laboratory, using
recycled prostate carcinoma cell variants in an orthotopic prostate cancer xenograft model, we have demonstrated an association between the invasive and metastatic potential of a cell line
and VEGF expression (30). Clinical progression of prostate
cancer and angiogenesis development has been linked in the
transgenic adenocarcinoma of mouse prostate (TRAMP) model,
in which development of a more malignant phenotype was
associated with increasing production of VEGF and a change in
the predominant VEGFR from VEGFR-1 to VEGFR-2/flk-1
(31). In clinical studies, urinary and serum VEGF levels have
shown promise as prognostic markers, particularly in men with
hormone-refractory prostate cancer (32, 33). The analysis of
radical prostatectomy specimens by IHC analysis (34) and colorimetric ISH (35) has shown a significant association between
VEGF expression and tumor grade and stage, as well as a
positive correlation with clinical outcome.
The production of MMP-9 and other proteases by prostate
cancer cells and stromal cells facilitates the degradation of the
ECM, resulting in tumor invasion and subsequent metastasis
(36, 37). MMPs are expressed by and around blood vessels, and
changes in MMP activity modulate microtubule formation in
vitro (38). The proteolytic effects of MMPs facilitate the migration of endothelial cells through the altered ECM toward angiogenic stimuli; in this manner, MMPs are an integral part of the
angiogenesis process (39). Direct experimental evidence for the
involvement of MMPs in angiogenesis came from analyses of
mice made MMP-9-deficient by targeted mutagenesis (40).
These mice demonstrated a delayed release of an angiogenic
activator, thereby establishing that MMP-9 regulates angiogenesis. Using biochemically manipulated cells that produce less
MMP-9, Sehgal et al. (36) have demonstrated in a murine
prostate cancer model that MMP-9 expression is essential for
the development of hematogenous metastasis. Although benign
and hyperplastic prostatic tissues express negligible amounts of

MMPs (41), malignant and metastatic prostatic tissues express
relatively greater amount of MMPs (42). The magnitude of
collagenase production by prostate carcinoma cells has been
linked to their invasive and metastatic potential (43). Some
authors have reported a correlation between MMP-9 expression
and stage (35) and a possible independent predictive prognostic
value for MMP expression in prostate carcinomas (44). Thus the
production of MMP-9 and VEGF are intrinsically linked to
tumor angiogenesis, growth, and progression, and these molecules are, therefore, valid targets for novel therapeutic strategies
in prostate cancer.
In the present study, using orthotopic models of prostate
cancer and prostate cancer bone metastasis, we demonstrated
significant growth inhibition and reduction in metastatic potential of early orthotopic xenografts growing in the prostate gland
of athymic nude mice treated with DC101. We extended our
study to include treatment of well-established macroscopic tumors and again demonstrated significant inhibition of growth.
The incidence of lymph node metastasis in the established
tumors was not reduced by DC101 therapy, which suggests that
metastasis in this model may be an early event or that lymphatic
dissemination occurs independently of therapy as a function of
tumor burden. Furthermore, the growth-inhibitory effects of
DC101 have been confirmed in two cell lines that have different
degrees of androgen sensitivity. The growth of bony prostate
metastases in the tibia of nude mice was also inhibited by
treatment with DC101. These models most closely simulate the
in vivo conditions of prostate cancer growing in its native
microenvironment and allow critical tumor-stromal interactions
to be recreated and studied. However, a limitation of these types
of models is the lack of an intact immune system in nude mice
that may have a role in modulating therapeutic and toxic effects.
In our study, we have shown that DC101 acts by reducing
MVD via the induction of endothelial cell apoptosis and by
decreasing the production of MMP-9 by endothelial cells. Reduced proliferation and increased apoptosis in these tumors are
presumably secondary to the antiangiogenic effects. The therapeutic effects were much more marked in Experiment 1 of our
study. Established tumors appeared less sensitive to the effects
of VEGF blockade. The difference in response may relate to the
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Fig. 4 Murine lung endothelial cells treated with DC101 (25 and 50 nM) were analyzed for MMP-9 mRNA expression using a colorimetric ISH
procedure. Therapy with DC101 for 72 h significantly reduced MMP-9 mRNA expression in murine endothelial cells by 47% [DC101 (25 nM)] and
54% [DC101 (50 nM)].
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greater reliance of immature endothelial cells on the trophic
support of VEGF, as reported by Tran et al. (45). These findings
have implications for the introduction of antiangiogenic agents
in clinical trials. Because these agents have much greater efficacy against immature endothelium, it may be prudent to explore their role not only as an adjuvant therapy for advanced
tumors but also in a chemoprevention setting in which angiogenesis is critical for tumor initiation.
The present study demonstrated the regulation of MMP-9
production in endothelial cells by DC101. Dias et al. (46) have
previously shown that MMP-9 production in leukemic cells is
dependent on VEGF stimulation and that, by decreasing collagenase production via VEGF deprivation, leukemic cell migration, although an artificial ECM, is impaired. Leukemic and
endothelial cells share a common precursor cell and express the
same VEGFRs, and, thus, similar signal transduction pathways
may be involved in this effect. Our findings from IHC analysis
and ISH clearly show regulation of MMP-9 production in en-

dothelial cells by DC101 (Figs. 4 and 5). However, alternative
sources of MMP-9 (including other stromal elements and tumor
cells) were not affected by DC101, and the immunostaining of
whole tumors did not show any significant change in MMP-9
production (Table 3).
DC101, a chimeric form of the VEGFR-2 receptor antibody, has entered Phase I clinical studies in colorectal cancer.
The development of novel biological therapies in the last few
years has led to new paradigms for the design and evaluation of
clinical studies. Many of these biological agents are cytostatic
and do not cause regression of established tumors but, rather,
delay tumor growth. As a result, biological agents entering
clinical trials are now being evaluated as chronic or maintenance
therapy. In addition, these agents are being combined with
conventional chemotherapeutic agents or radiation therapy. The
present study, in addition to others (14), has demonstrated
synergistic responses by targeting both components of the
tumor: the cancer cells and the supporting stroma.
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Fig. 5 In vivo PC-3M-MM2 tumor specimens were stained using anti-CD31 antibodies and a Texas red fluorescent secondary antibody to label
endothelial cells (red). A murine-specific MMP-9 antibody linked to a green fluorescent secondary antibody was used to identify MMP-9 of murine
origin (from stromal cells). MMP-9, a secreted zymogen, was detected in and around the endothelial cells. In the tumors treated with DC101, there
was markedly reduced MMP-9 production.
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Established criteria used to evaluate cytotoxic chemotherapeutic agents (toxicity and response rates) may be inappropriate for biological agents. The traditional end points have been
replaced by measurement of time-to-disease-progression, usually combined with some surrogate marker of response, such as
MVD in the case of antiangiogenic therapy (47). Biological
therapies and, in particular, antiangiogenic therapy offer advantages over traditional chemotherapy. The majority of the
agents can be given p.o., and minimal toxic effects have been
reported in preclinical and clinical trials. Drug resistance has
not been observed because of the lower turnover rate and
reduced propensity for genetic instability in endothelial cells
compared with tumor cells. Future developments in antiangiogenic therapy will lead to targeted therapy to avoid
physiological angiogenic processes.
In conclusion, therapy with DC101, a monoclonal antibody
to the flk-1 receptor, inhibited the growth and metastasis of
orthotopic prostate cancer xenografts in athymic nude mice. The
growth of simulated prostate cancer bone metastases in the tibia
of nude mice was likewise inhibited by treatment with DC101.
Treatment with DC101 reduced MVD via the induction of
endothelial cell apoptosis and decreased the production of
MMP-9 by endothelial cells. The tumors in mice treated with
DC101 showed diminished angiogenesis, lower cellular proliferation rates, and significantly greater tumor and endothelial cell
apoptosis. These results validate the concept of targeting the
vascular endothelium as a means of inhibiting the growth and
metastasis of prostate cancer.
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