
Introduction

Prostate cancer is the most common lethal malignancy diagnosed
and the second leading cause of male cancer death in the United
States [1]. Most advanced prostate cancer ultimately progresses
to an androgen-independent state resulting in death due to wide-
spread metastases [2]. The conventional treatment, including
androgen ablation, prostatectomy, radiotherapy and chemotherapy,
has improved survival rate. But the therapeutic efficacy in patients
with advanced prostate cancer was limited. Accordingly, novel
therapeutic strategies must be developed to improve therapeutic

effectiveness against advanced prostate cancer that is resistant to
conventional treatment.

The growth and metastasis of prostate cancer are angiogene-
sis-dependent. Therefore, microvascular endothelial cells
recruited by a tumour have become an important target in cancer
therapy [3]. Endostatin, a 20-kD C-terminal fragment of collagen
XVIII, inhibits endothelial cell proliferation and tumour angiogene-
sis [4] and confers survival advantage on cancer patients [5]. But
long-term systemic delivery of recombinant protein is expensive,
is a painful experience for patients, and may be insufficient to obtain
high concentrations of the therapeutic molecule in the tumour 
tissue [6]. Antiangiogenic gene therapy can overcome the defects
and become an effective and promising approach in the treatment
of cancer [7]. Recently, we developed a recombinant replication-
defective adenovirus, E10A, that carries the human endostatin
gene. E10A has been shown to inhibit tumour growth and angio-
genesis in a wide variety of animal tumour models [8, 9]. This
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virus was registered by the U.S. Food and Drug Administration
(FDA, Rockville, MD, USA) in 2005 (ClinicalTrials.gov identifier,
NCT00262327) and has finished Phase I clinical trials for the treat-
ment of advanced solid tumours [10]. Docetaxel is a member of the
taxane family, a class of cytotoxic chemotherapeutic agents that
bind to � tubulin, thereby stabilizing microtubules and causing cell-
cycle arrest and apoptosis. It has become the standard first-line
therapy for hormone refractory prostate cancer [2, 11].

In this study, we evaluated the effect E10A in combination with
docetaxel on HUVECs in vitro and human prostate cancer s.c.
xenograft, orthotopic tumours and angiogenic models in vivo.
Combination treatment with E10A and docetaxel enhanced the
inhibition effects on endothelial cell function and tumour growth
and metastasis of prostate cancer. The results of tumour
microvascular analysis, alginate capsule and Matrigel plug models
revealed that the combined therapy significantly enhanced the
antiangiogenic efficacy, compared with E10A or docetaxel alone.

Materials and methods

Cell culture

HUVECs were isolated from umbilical cords as described previously [12]
and cultured to a passage of 3–7. Cells were grown in M199 medium, sup-
plemented with 15% foetal bovine serum (Hyclone Laboratories Inc,
Logan, UT, USA), 4 ng/ml bFGF (Promega, Madison, WI, USA), 0.05 mg/ml
ECGS (BD Biosciences, Bedford, MA, USA) and 0.1 mg/ml heparin. Human
prostate cancer PC-3 and DU-145 cells (American Type Culture Collection,
Rockville, MD, USA) were cultured in Ham’F12 medium and �-MEM
medium contained 10% foetal bovine serum, respectively.

Recombinant adenoviruses and docetaxel

Replication-defective recombinant adenoviral vectors carrying the human
endostatin gene (E10A) and �-galactosidase (Ad-LacZ) were generated as
described previously [13]. The cDNA for human endostatin was inserted
following an IL-2 signal sequence. The transgene expression was driven by
the cytomegalovirus (CMV) promoter. The viruses were titred using
Adeno-XTM Rapid titer Kit (BD Biosciences Clontech, USA) and stored at
�70�C. Docetaxel (Aventis Pharmaceuticals, Bridgewater, NJ, USA) was
purchased from the Cancer Centre Pharmacy of Sun Yat-sen University.
The supernatants of PC-3 cells after 72 hrs of infection with E10A or 
Ad-LacZ at MOI of 100 were harvested as conditioned medium (CM) and
evaluated endostatin protein using a human endostatin ELISA kit (R&D
systems, Minneapolis, MN, USA) according to the recommendation of the
manufacturer. CM from Ad-LacZ served as negative control, which did not
affect HUVECs biological function in vitro compared with untreated group.

In vitro determination of proliferation

Effect of endostatin and docetaxel either alone or in combination on
endothelial cell proliferation was determined by isobolographic analysis

as described previously [14]. Recombinant endostatin expressed in 293
cells was purified from the culture supernatants by chromatography.
HUVECs (3000 per well) were dispensed in each well of a 96 culture plate
(BD Falcon, CA, USA). After allowing for attachment overnight, HUVECs
were treated with endostatin for 30 min., and docetaxel was added in an
array to quintuplicate sets of cultures. After 72 hrs, cell proliferation was
measured with Cell Counting Kit-8 (Dojindo Molecular Technologies, INC.,
Gaithersburg, MD, USA) according to the instruction of the manufacturer.
For in vitro experiments, a docetaxel dose of 0.1 nM (IC90) was chosen.
In proliferation assay, after cells were placed into plate overnight, the
medium was replaced with 50 �l of CM. Thirty minutes later, HUVECs
complete medium (150 �l) in the presence or absence of 0.1 nM doc-
etaxel was added.

Tube formation assay

HUVECs (10,000 per well) were suspended in 25 �l of CM and gently
added to Matrigel-coated wells. Thirty minutes later, HUVECs complete
medium (75 �l) containing 20 ng/ml vascular endothelial growth factor
(VEGF) (Peprotech, London, UK) with or without 0.1 nM docetaxel was
added. After 16 hrs, images were captured under �50 magnification, and
tube formation was scored as follows: a three-branch-point event was
scored as one tube [15].

Boyden chamber assay of endothelial 
cell migration

Transwell inserts with 8-�m-pore size (Costar, MD, USA) were coated with
0.78 mg/ml Matrigel (Becton Dickinson, Bedford, MA, USA). Harvested
HUVECs (20,000 per well) were preincubated with CM for 30 min. before
150 �l of serum-free M199 with or without 0.1 nM docetaxel was added to
the upper chamber of the inserts and HUVECs complete medium (500 �l)
containing 50 ng/ml VEGF was added to the lower wells. After 6 hrs of
incubation, the upper surface of the insert was swabbed to remove nonmi-
grated cells. HUVECs were fixed by cold 70% ethanol and fluorescently
stained with DAPI (Roche Molecular Biochemicals, Germany). Cell migra-
tion was quantitated by counting the number of migrated cells under �100
magnification with a DMIRB Leica fluorescence microscope (Leica
Microsystems, Wetzlar, Germany).

Prostate cancer s.c. xenografts model

Male athymic nude mice (4–6 weeks old) were obtained from Beijing vital-
river Experimental Animals Co. Ltd. After 1 week of adaptation, human
prostate cancer cells (PC-3, DU-145) were injected s.c. into the flanks of
mice (5 � 106 cells in 100 �l of PBS). When 150-250 mm3 tumours had
formed, mice were randomly assigned to groups and treatment was initi-
ated. For antitumour study, six groups of animals with PC-3 xenograft were
used, each group had 10 animals. The first group of animals was left
untreated. The second group and fifth group of animals were injected intra-
tumourally (i.t.) with Ad-LacZ (1 � 109 pfu) once a week. The third and
sixth groups of animals were injected i.t. with E10A (1 � 109 pfu) once 
a week. The fourth group of animals was treated i.p. with docetaxel 
(10 mg/kg) weekly 24 hrs after each vector injection. In addition to the
virus injection, the fifth and sixth groups of animals were also treated with
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docetaxel at the same dose and schedule as described previously. Four
groups of animals with DU-145 cells xenograft (n 	 10) were treated with
Ad-LacZ, E10A, docetaxel plus Ad-LacZ, E10A plus docetaxel, respectively,
with the same protocol as animals with PC-3 xenografts. All animals were
treated for 4 weeks. Tumour volume (V) was determined twice a week by
direct measurement with callipers and was calculated by the formula: 
V 	 L�W2/2 (L, length; W, width). Upon termination of the experiment,
the tumours were removed. One part of the tumour tissue was fixed in 10%
neutral buffered formalin. Another part of the tumour tissue was embed-
ded in OCT compound for storage at –70�C. For survival studies, there
were four groups mice with PC-3 xenograft (n 	 10). After 4 weeks of
treatment, animals either found dead or killed when tumours were
observed by palpation to approach 10% body weight or individual animals
seemed to be stressed by weight loss, ruffled skins and/or lethargy [16].

Histology analysis

For immunohistochemical studies, tumours were fixed in buffered forma-
lin and embedded in paraffin. Paraffin-embedded tissue sections were
incubated with rabbit anti-human Ki-67, rabbit anti-mouse CD31
(Neomarkers, Lab Vision, CA, USA) and rat anti-mouse LYVE-1 (Santa Cruz
Biotechnology Inc., Berkeley, CA, USA). The sections were visualized with
DAB using DAKO Envision system (Dako, Carpinteria, CA, USA). Apoptosis
analysis was performed with in situ Cell Death Detection kit (TUNEL)
according to the manufacturer’s instruction (Roche Molecular
Biochemicals, Mannheim, Germany). To quantify tumour cell proliferation,
apoptosis and MVD, 10 random fields at �200 were captured for imaging
within tumour tissue. The characteristics of blood vessels from the
tumours were analysed by dual immunofluorescence staining for endothe-
lial cells and pericytes [17]. Pericyte-coated mature vasculatures were dif-
ferentially indentified by staining with a mouse monoclonal anti-�-smooth
muscle actin (Dako) and rabbit anti-mouse CD31. Frozen tissue sections
were immunostained with a mixture of primary antibodies, and then with a
combination of TRITC-conjugated goat anti-rabbit IgG and FITC-conju-
gated goat anti-mouse IgG (Santa Cruz). Endothelial cells were identified
by red fluorescence, and pericytes were detected by green fluorescence.
Ten independent fields at �400 were used in morphometric analysis to
determine vessel length positive for pericyte coating.

Orthotopic prostate cancer model

Orthotopic prostate cancer model was established in male athymic nude
mice by surgical implantation [18]. Mice were anaesthetized by chloral
hydrate and placed in the supine position. A low midline abdominal 
incision was made and 1 � 106 PC-3 cells in 20 �l of phosphate buffer
solution (PBS) were injected into the dorsal lobe of the prostate using a 
30-gauge needle with a dissecting microscope. The surgical wound was
closed in two layers with interrupted sutures. Two weeks after surgical
orthotopic implantation, the mice were randomized into six groups. Group
and treatment were performed with the same protocol as PC-3 s.c.
xenografts model, except that the method of adenovirus administration
was intravenous injection instead of intratumoural injection. After 4 weeks
of treatment, at autopsy, the weight of the primary tumours was recorded,
and the metastasis to regional lymph nodes was determined. The endo-
statin levels and VEGF in the serum were determined using ELISA kits
(R&D systems, Minneapolis, MN, USA) according to the recommendation
of the manufacturer.

Alginate-encapsulated tumour cells assay

Alginate-encapsulated tumour cells assay was performed in vivo as previ-
ously described [19, 20]. Four alginate beads (1 � 105 PC-3 cells per bead)
were implanted s.c. into an incision made on the dorsal side of athymic
mice. Mice were randomized into four groups (n 	 4). Twelve hours later,
the mice were intravenously injected with Ad-LacZ or E10A 
(1 � 109 pfu/week) and 10 mg/kg docetaxel was given i.p. 24 h after each
virus injection for a total of 20 mg/kg. On 15 day after implanting, the mice
were injected with 0.1 ml of 100 mg/kg FITC-dextran (Sigma Chemical Co.,
St. Louis, MO, USA) solution via tail vein. Alginate beads were rapidly
removed and photographed 20 min. after FITC-dextran injection. The uptake
of FITC-dextran was measured against a standard curve of FITC-dextran.

Statistical analysis

Results were evaluated using t-test and one-way ANOVA with SPSS 11.0
software (SPSS, Inc., Chicago, IL, USA), unless otherwise specified. The
incidence of lymph node metastasis between two groups was compared
using Fisher’s exact test. Results of survival were evaluated using
Kaplan–Meier. P 
 0.05 was considered statistically significant.

Results

Inhibition of HUVECs proliferation

In vitro, endostatin did not affect PC-3 cells proliferation.
Isobolographic analysis demonstrated combination of endostatin
and docetaxel could synergistically inhibit HUVECs proliferation
(data not shown). To evaluate the effect of CM on HUVECs biolog-
ical function in vitro, HUVECs were incubated with CM at a final
concentration of 25%. The expression levels of endostatin in CM-
E10A were 392 � 21 ng/ml. We found that incubation of HUVECs
with CM-E10A inhibited proliferation by 20%, in comparison with
CM-Ad-LacZ control (Fig. 1A). However, combination of E10A and
0.1 nM docetaxel (IC90) appeared to have higher antiproliferative
rate of 59% on HUVECs, compared with CM-E10A or docetaxel
plus CM-Ad-LacZ (P 
 0.001).

Inhibition of HUVECs migration and 
tube formation

We investigated the effect of E10A and docetaxel on HUVECs tube
formation. Control HUVECs, grew on Matrigel, aligned to form
tube-like structures over 16 hrs and connected tubes with multi-
centric junctions. Either CM-E10A or docetaxel inhibited tube for-
mation by 35% and 41%, respectively (Fig. 1B), compared with
the control. When combined, however, E10A and docetaxel inhib-
ited tube formation to a greater extent (85%) than either agent
alone (P 
 0.001).
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Boyden chamber assay was used to assess the effect of combi-
nation of E10A and docetaxel on HUVECs migration. Stimulation of
HUVECs along a directional gradient of VEGF resulted in migration
to the underside of the insert, the migration of HUVECs treated with
CM-E10A or docetaxel plus CM-Ad-LacZ was significantly reduced
by 35%, 52%, respectively, in comparison with the control (Fig. 1C).
Interestingly, combination of CM-E10A and docetaxel showed
stronger inhibitory effect on HUVECs migration (P 
 0.001), com-
pared with CM-E10A or docetaxel plus CM-Ad-LacZ.

E10A and docetaxel inhibited growth of prostate
cancer s.c. xenografts

We investigated the antitumour efficacy of E10A in combination
with docetaxel in the prostate cancer s.c. xenograft models. We
found that tumour growth was significantly delayed by E10A alone
or docetaxel plus Ad-LacZ, compared with Ad-LacZ control 
(Fig. 2A). For the PC-3, tumour growth delay was significant from
day 14 after the beginning of therapy onward (P 
 0.05). For the

DU-145, the growth delay was significant from day 10 onward 
(P 
 0.05). However, the combination of E10A and docetaxel
resulted in a significantly (P 
 0.05) greater tumour growth delay
than was produced by other groups, starting on day 7 for DU-145
and day 14 for PC-3, until the end of experiments. The inhibition
rate of the treated group was determined according to tumour
weight (Fig. 2B). In the PC-3 xenograft models, the inhibition rates
of E10A, docetaxel plus Ad-LacZ and E10A plus docetaxel groups
were 46%, 31%, and 74%, respectively. In the DU-145 models,
the corresponding inhibition rates were 43%, 32% and 70%,
respectively. In the case of PC-3, there was no significant effect on
growth kinetics and tumour weight in tumours treated with Ad-LacZ
compared with untreated group, treated with docetaxel compared
with docetaxel plus Ad-LacZ (P � 0.05).

The long-term outcome of treatment was evaluated by survival
rate of tumour-burden mice. There was no additional treatment
after 4 weeks of treatment. Figure 2C shows the survival curve of
treated mice. Although E10A alone prolonged median survival
over Ad-LacZ control, and docetaxel plus Ad-LacZ animals (56
days versus 40, 48 days, respectively), there were no animals alive
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Fig. 1 The effects of E10A and docetaxel on biological function of
HUVECs. (A) Proliferation assay. HUVECs were treated with CM from
infected PC-3 cells or/and 0.1 nM docetaxel, and cell proliferation was
evaluated after 72 hrs. Columns, cell proliferation normalized against
Ad-LacZ control (mean � S.D.). (B) Tube formation assay. HUVECs
were treated with CM or/and 0.1 nM docetaxel. Cells were plated on
96-well plates with Matrigel. After 16 hrs of incubation, images of
tube formation were captured, and tube formation was scored in one
�50 microscopic field. The number of tube formation was quanti-
tated, and the data are presented as the mean � S.D. per field (�50)
and were normalized to Ad-LacZ-treated control (n 	 5). 
*P 
 0.001; (C) Migration assay. HUVECs were treated CM or/and 0.1
nM docetaxel and pipetted into inserts of Matrigel-coated transwells.
Addition of chemoattractant, HUVECs complete medium containing
50 ng/ml VEGF, to the lower well of Boyden chamber stimulated

endothelial migration to the underside of the transwell membrane. After 6 hrs of incubation, migrated cells were stained by DAPI. The number of cells
that migrated was counted by microscopy, and the data are presented as the mean � S.D. per field (�100) and were normalized to Ad-LacZ-treated
control (n 	 6), *P 
 0.001.
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past day 71. However, after combination treatment with E10A and
docetaxel, median survival was significantly increased to 98 days
(P 
 0.001 by log rank compared with E10A alone or docetaxel
plus Ad-LacZ).

Evaluation of tumour cell proliferation 
and apoptosis

Representative tumours harvested from each group were
processed for immunohistochemical analyses (Fig. 3A). Cell pro-
liferation and apoptosis were evaluated using Ki-67 stain and
TUNEL method, respectively. Results are shown in Table 1. The
median number of Ki-67-positive tumour cells counted per 200�

field was decreased from 596 in control tumours to 370 after ther-
apy with E10A alone (P 
 0.001). Treatment with docetaxel did not

result in a significant reduction in cell proliferation when compared
with the control (P 	 0.62). The combination of E10A and doc-
etaxel significantly inhibited proliferation compared with the other
treatment group (P 
 0.05). The mean number of apoptotic cells
counted per 200� field was significantly increased from 6 in 
Ad-LacZ control tumours to 28, 25 after therapy with E10A or doc-
etaxel plus Ad-LacZ, respectively (P 
 0.001). The tumours from
combination exhibited the greatest apoptotic cells in all groups 
(P 
 0.001).

Inhibition of tumour neovascularization

To investigate whether the antitumour effect is associated with a
reduction in the tumour angiogenesis, MVD was determined by
CD31-positive cells per 200� field. MVD was not significantly
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survival survival rate compared with additional groups of mice included Ad-LacZ control, E10A alone, Ad-LacZ plus docetaxel (P 
 0.001 by 
log-rank method).

Fig. 2 The effect of combined with E10A and doc-
etaxel on the growth of s.c. xenografts of human
prostate cancer in nude mice. When 150-250 mm3

s.c. xenografts had formed, mice were randomized
groups and then subjected to 4 weeks treatment.
(A) Time-dependent evolution of tumour volume in
athymic mice with PC-3 and DU-145 cells
xenografts (n 	 10). (B) Tumour weight estimate of
antitumour effect (n 	 10). Mice were killed after 
4 weeks of treatment and tumours were resected
and weighted. (C) Kaplan–Meier estimate of sur-
vival time (n 	 10). Survival of mice injected with
E10A in combination with docetaxel had a better
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Fig. 3 Immunohistochemical analyses PC-3 s.c. tumours in different treatment groups. (A) The sections were immunostained for expression of Ki-67
(cell proliferation), TUNEL (cell apoptosis) and CD31 (endothelial cells). Representative images were shown (�200). (B) Vessels were stained with rab-
bit anti-CD31 (red) and anti-mouse �-smooth muscle actin (green) to identify whether vessels are mature. Representative images of vessels positive
for CD31 (endothelium cells) and �-smooth muscle actin (pericytes) were shown (�400). (C) Determination of immature vessels. Ten independent
fields at �400 were used in morphometric analysis to determine whether vessel is mature. Columns, mean � S.D.
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reduced in tumours of mice treated with docetaxel plus Ad-LacZ,
but was in tumours of mice treated with E10A alone or in combi-
nation with docetaxel (21 and 10, respectively; P 
 0.001). The
effect of antiangiogenesis was enhanced in mice treated with E10A
in combination with docetaxel.

We sought out to further characterize tumour vessels by dual
immunofluorescence staining. Immature vessels were defined as
vessel structures composed of endothelial cells, whereas mature
vessels were defined as vessel structures containing endothelial cells
and pericytes. Figure 3B shows representative images from the
tumour in treated mice. The results are summarized in Fig. 3C.
Control mice treated with Ad-LacZ showed that majority of the ves-
sels were devoid of pericytes (70% of the total vessels), indicating
that the vast majority of the vessels are immature. Treated mice
showed lesser degree of angiogenesis in the tumours. E10A or 
docetaxel plus Ad-LacZ treatment reduced the relative amount of
immature vessels to 44%, 53% of the total vessels. However, a com-
bination of E10A and docetaxel treatment nearly eliminated the imma-
ture vessels in the tumour, reducing to 10% of the total vasculature.

Effect of orthotopic prostate cancer growth 
and metastasis by E10A and docetaxel

To evaluate whether systemic administration of E10A plus doc-
etaxel could inhibit prostate cancer metastasis, orthotopic
prostate cancer models were established. Four weeks after the
start of treatment, all mice were killed. The data summarized in
Table 2 show that weekly therapy with either docetaxel, docetaxel
plus Ad-LacZ or the combination significantly decreased tumour
weight when compared with the Ad-LacZ control. In addition, the
tumours in combination treatment group were a greater reduc-
tion of tumour burden than use of either agent alone (P 
 0.05)
and it was possible to separate the seminal vesicles and bladder
indicating that the grade of tumour progression was lower.
Tumour aggressions to intestines were observed in 3 of 6
untreated mice, 3 of 8 mice treated with Ad-LacZ and 1 of 8 mice
treated with E10A, whereas no tumour aggressions were

detected in the intestines of mice given with docetaxel plus Ad-
LacZ and combination treatment. It is interesting to note that
histologically positive regional lymph node metastases were
found in 7 of 8 mice treated with Ad-LacZ, 5 of 8 mice treated
with docetaxel plus Ad-LacZ, 4 of 8 mice treated with E10A and
1 of 8 mice given combination therapy (Table 2). Hence, the
metastatic spread of primary tumour appeared to be significantly
inhibited by combination therapy (P  0.01). Neither gross nor
microscopic metastases were detected in the liver, lung, kidney,
heart or brain. All of the treatments were tolerated well, and no
difference in animal behaviour or weight was found between
groups in s.c. xenograft and orthotopic tumour models.

Lymphatic vessels were identified using LYVE-1 immunostatin-
ing, and lymphatic vessel density (LVD) was evaluated positive
cells per 200� field (Fig. 4A). The number of LVD in control tumours
was 36 � 9. LVD was not significantly reduced in tumours of mice
treated with docetaxel plus Ad-LacZ (33 � 12, P � 0.05), but was
in tumours of mice treated with E10A alone or in combination with
docetaxel (18 � 7 and 7 � 3, respectively; P 
 0.01). Moreover,
the tumours that had received combination of E10A and docetaxel
showed a greatest marked reduction of LVD (P 
 0.01).

To evaluate gene expression after combination treatment, we
measured serum levels of endostatin in orthotopic tumour-bearing
mice treated with E10A and/or docetaxel. Four days after the first
injection, serum endostatin levels reached the observed peak. One
week after each injection, serum endostatin levels stabilized within
a range of 60.7–87.9 ng/ml, which exhibited approximately three-
five-fold higher levels, compared with Ad-LacZ group (Fig. 4B). To
determine whether the combination treatment affects proangio-
genic environment, VEGF secreted by the tumour cells was meas-
ured in the serum. Control group of mice showed 793.8 � 260.8
pg/ml human VEGF (Fig. 4C). E10A-treated mice had 4.6-fold less
VEGF in the serum compared with the control group (P 	 0.028).
About 10-fold reduction in serum VEGF was seen in the combina-
tion treatment group compared with the serum levels of VEGF in
the control group (P 	 0.019).
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Treatment group Ki-67 a TUNEL 
a

CD31 a

Ad-LacZ 596 � 144 6 � 2 52 � 15

Ad-LacZ �Doc 512 � 113 25 � 6 b 42 � 11

E10A 370 � 100 b 28 � 9 b 21 � 4 b

E10A�Doc 228 � 78 c 67 � 18 d 10 � 3 d

Table 1 Immuohistochemical analysis of human prostate cancer PC-3
s.c. xenogrft tumours

a Median number proliferating cells (Ki-67 stain), apoptotic cells
(TUNEL stain) and vessels (CD31 stain), respectively, per high-power
field (�200).
b P 
 0.05, compared with Ad-LacZ control.
c P 
 0.05, compared with E10A and docetaxel plus Ad-LacZ.

Table 2 The effect of combination therapy with E10A plus docetaxel on
inhibition of growth and metastasis of orthotopic prostate cancer in
nude mice

a P 
 0.05, compared with untreated and Ad-LacZ control.
b P  0.01 compared with untreated and Ad-LacZ control.
c P 
 0.05, compared with single agent and docetaxel plus Ad-LacZ.

Treatment group n Tumour weight (mg) LN metastasis

Untreated 6 446 � 107 6/6

Ad-LacZ 8 427 � 138 7/8

Doc 6 213 � 54a 3/6

Ad-LacZ�Doc 8 194 � 60 a 5/8

E10A 8 234 � 59 4/8

E10A�Doc 8 104 � 33 b,c 1/8 
b
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In vivo testing of antiangiogenic effects

The inhibition of angiogenesis stimulated by tumour cells was
evaluated in the alginate-encapsulated tumour cell assay. Growth
factors produced by the encapsulated PC-3 cells induce vascu-
larization of beads over 14 days (Fig. 5A), which can then be
measured by uptake of FITC-dextran. FITC-dextran uptake was
significantly decreased of 51%, 23% in E10A alone or docetaxel
plus Ad-LacZ group, compared with Ad-LacZ control group.
However, the most striking difference was observed in mice
treated with combination of E10A and docetaxel (P 
 0.001, Fig. 5B).
This group of mice had a significant decrease by 77% compared
with control group.

Discussion

E10A, a replication-defective adenovirus carrying human endo-
statin gene, had shown to be effective against a wide variety of
tumour models, but the results of Phase I clinical trial demonstrated

E10A exhibited mild antitumour effect [21]. In addition, antiangio-
genic therapy could develop the appearance of ‘acquired drug
resistance’ [22] due to the activation of hypoxia-inducible factor
[23]. To improve the efficacy of this form of treatment, combined
strategies with other therapies are desirable. In previous studies,
antiangiogenic drugs combined with each other [24–26], as well
as with chemotherapy [17, 27, 28] and radiation [29, 30] against
tumour. To date, most clinical trials indicate that they are the most
effective when piggybacked onto traditional therapies, especially
chemotherapy [31, 32]. In addition to proliferating cancer cells,
chemotherapeutic drugs affect the endothelium of the growing
tumour vasculature. The antiangiogenic efficacy of chemotherapy
seems to be optimized by administering low doses of drug on 
a frequent schedule, known as metronomic chemotherapy [33].
Docetaxel is one of the most important cytotoxic chemotherapeu-
tic agents used today in the treatment of prostate cancer. However,
the clinical efficacy and utility of docetaxel at conventional treat-
ment doses are often compromised due to adverse effects such as
haematologic toxicity. Consistent with recent reports [34, 35], our
studies showed that docetaxel also exhibit antiangiogenic proper-
ties when used at very low doses by inhibiting endothelial cell 
proliferation, migration and tube formation. In order to enhance
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Fig. 4 (A) LYVE-1-positive lymphatic vessels in orthotopic tumours received the different treatment. Representative images were shown (�200). (B)
Serum endostatin levels in the mice with orthotopic tumours. After systemic delivery of E10A, serum endostatin levels were determined by ELISA. Serum
endostatin levels in mice treated with Ad-LacZ were used as control. (C) Serum VEGF levels in different groups of mice. Mice were killed after 4 weeks of
treatment and serum were collected for determination of VEGF levels by ELISA. Columns, mean � S.D. *P 
 0.05, compared with Ad-LacZ control.
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therapeutic effect of E10A, we investigated combined therapy
using docetaxel on endothelial cell in vitro, on human prostate
cancer and angiogenic models in vivo.

In vitro, when given together, E10A and docetaxel synergisti-
cally inhibited endothelial cell function including proliferation,
migration and tube formation. In vivo, combination treatment
resulted in enhanced inhibition of tumour growth and survival
improvement in androgen independent human prostate cancer
s.c. xenograft and orthotropic tumour models. The enhanced anti-
tumour efficacy in the present study may result from the increased
induction of the apoptosis and enhanced reduction in tumour cel-
lular proliferation and microvasculature.

Compared to the normal prostate, VEGF expression is
increased in prostate carcinomas [36]. VEGF plays a critical role in
tumour angiogenesis and is a potent inducer of dilated, tortuous,
disorganized and leaky vasculature in tumours [5]. The abnormal
vessels impair the delivery of oxygen and chemotherapeutic
agents, which may be one of the causes of tumour resistant to
radiotherapy and chemotherapy. Moreover, VEGF induces lym-
phanaiogenesis to promote cancer metastasis [37], and has
autocrine function acting as a survival factor for tumour cells pro-
tecting them from chemotherapy [38]. Therefore, neutralization of

VEGF and inhibition of VEGF pathway can be useful methods of
treatment for prostate cancer. Endostatin interferes with VEGF sig-
nalling by down-regulating VEGF [39] and direct interaction with
KDR/Flk-1 [40]. Antiangiogenic drugs would prune immature
growing blood vessels – generally considered to be the vessels
most sensitive to such drugs – leaving behind an increased pro-
portion of mature, functional vessels [41]. Residue immature 
vessels might mature rapidly as a result of the recruitment of per-
icytes. Vasculature normalization provides an opportunity to tran-
siently improve blood flow in tumours and better deliver
chemotherapeutic drugs to cancer cells, which result in further
elimination of vessels. Consistent with other reports [17], combi-
nation therapy significantly reduced MVD, especially immature
vessels in tumour tissues. Interestingly, endostatin inhibited lym-
phangiogensis and lymph node metastasis by suppressing the
expression of VEGF-C in tumour cells [42]. Our results provided
evidence that combined with endostatin and docetaxel could pro-
duce enhanced decrease in the incidence of prostate cancer lym-
phatic meatstasis.

The therapeutic dose of docetaxel (10 mg/kg/week) was deter-
mined by efficacy and minimal body weight loss, according to our
initial experiments and the previous studies of Huang et al. [28].
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Fig. 5 Alginate-encapsulated tumour cells assay. Alginate beads containing 1 � 105 tumour cells were implanted s.c. into the backs of athymic mice
(four beads per mice). Mice treated with E10A or Ad-LacZ i.v. at 1 � 109 pfu, or/and docetaxel i.p. at 10 mg/kg once a week for 2 weeks. On day 15
after inoculation, beads were surgically removed. FITC-dextran was quantified. (A) Representative figures of alginate bead are shown. (B) FITC-dextran
uptake of beads, Columns, mean � S.D., *P 
 0.001.
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To achieve maximum therapeutic concentration of endostatin
within the tumour microenvironment, intratumoural administra-
tion of E10A was performed in s.c. pre-established tumours.
Orthotopic prostate cancer models, which are essential to evalua-
tion of metastasis, were injected intravenously with adenovirus.
Sauter et al. [43] applied systemic administration of adenovirus
carrying endostatin that produced potent antimetastatic effect in
lung cancer models. Our studies demonstrated serum endostatin
levels dropped significantly a week after E10A injection, but
weekly systemic administration of E10A resulted in sustained
therapeutic concentration [9, 44]. E10A treatment when combined
with docetaxel significantly reduced tumour burden and inhibited
cancer cell activity, which may contribute to the marked decrease
in serum VEGF. Systemic administration of E10A and docetaxel
resulted in remarkable antiangiogenic and antitumour effect,
which provide an effective strategy for metastatic prostate cancer.

Clinical studies of endostatin showed little toxicity at the doses
studied with evidence of antitumour effects [45]. Similar results were
observed in preclinical toxicity studies [13] and Phase I clinical trails
of E10A [21, 46]. In the prostate cancer model, no significant
adverse effects were observed in combination treatment group of
mice, similar to other treatment groups, which suggests that com-
bined therapy with E10A and docetaxel can be safely administered.

There are at least three different mechanisms that may con-
tribute to the better therapeutic efficacy mediated by combination
therapy with E10A and docetaxel. First, Chemotherapeutic and
antiangiogenic agents target tumour and endothelial cells, respec-

tively. Independent targeting can enhance the total effect of either
of the treatment alone. Endostatin inhibits tumour angiogenesis to
prevent rapid tumour cell repopulation after cytotoxic chemother-
apy and lessen the possibility that resistant tumour cells emerge.
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chemotherapeutic drugs could reach the tumour tissue more effi-
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exert enhanced anti-metastatic effect. In summary, we have devel-
oped a promising strategy for advanced prostate cancer and
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