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ABSTRACT

The multifaceted nature of the angiogenic process in malignant neo-
plasms suggests that protocols that combine antiangiogenic agents may be
more effective than single-agent therapies. However it is unclear which
combination of agents would be most efficacious and will have the highest
degree of synergistic activity while maintaining low overall toxicity. Here
we investigate the concept of combining a “direct” angiogenesis inhibitor
(endostatin) with an “indirect” antiangiogenic compound [SU5416, a vas-
cular endothelial growth factor receptor 2 (VEGFR2) receptor tyrosine
kinase (RTK) inhibitor]. These angiogenic agents were more effective in
combination than when used alone in vitro (endothelial cell proliferation,
survival, migration/invasion, and tube formation tests) and in vivo. The
combination of SU5416 and low-dose endostatin further reduced tumor
growth versus monotherapy in human prostate (PC3), lung (A459), and
glioma (U87) xenograft models, and reduced functional microvessel den-
sity, tumor microcirculation, and blood perfusion as detected by intravital
microscopy and contrast-enhanced Doppler ultrasound. One plausible
explanation for the efficacious combination could be that, whereas SU5416
specifically inhibits vascular endothelial growth factor signaling, low-dose
endostatin is able to inhibit a broader spectrum of diverse angiogenic
pathways directly in the endothelium. The direct antiangiogenic agent
might be able to suppress alternative angiogenic pathways up-regulated
by the tumor in response to the indirect, specific pathway inhibition. For
future clinical evaluation of the concept, a variety of agents with similar
mechanistic properties could be tested.

INTRODUCTION

Without vascularization, solid tumors grow only to 1–2 mm (1).
Thus, tumor growth and metastasis are angiogenesis dependent, and
microvascular endothelial cells (ECs) recruited by a tumor have
become an important second target in cancer therapy (2). As a result,
angiogenesis inhibitors have been developed to target vascular ECs
and block tumor angiogenesis. Targeting ECs that support tumor
growth is particularly promising because these cells are genetically
stable and, therefore, less likely to accumulate mutations that would
allow them to develop drug resistance (3). A paramount challenge for
antiangiogenic therapy is to design combination protocols that can
counteract the diverse angiogenic stimuli produced by the tumor and
its microenvironment. Studies suggest that the addition of antiangio-
genic agents to conventional therapeutic strategies, e.g., chemother-
apy (4–7), radiation (8–10), or other tumor-targeting agents (11), will
increase clinical efficacy (12–15). For relapsed multiple myeloma, the
antiangiogenic agent thalidomide has become an important treatment
option (16), and its combination with dexamethasone is now being
advocated for newly diagnosed multiple myeloma (17).

Angiogenesis inhibitors have been divided into two classes,

namely, “direct” and “indirect” (18). Direct angiogenesis inhibitors
such as endostatin target the microvascular ECs and prevent them
from responding to various proangiogenic stimuli. In contrast, indirect
angiogenesis inhibitors interfere with the proangiogenic communica-
tion between the tumor–cell and endothelial–cell compartments. This
indirect inhibitory effect can be achieved by (a) inhibiting the expres-
sion of angiogenic factors such as vascular endothelial growth factor
(VEGF) or basic fibroblast growth factor (bFGF) in the tumor; (b)
blocking the activity or neutralizing the proangiogenic proteins in
circulation [e.g., using solubilized VEGF receptor 2 (VEGFR2)-Fc-
fragments]; or (c) blocking the expression or activation of their
receptor on ECs (e.g., VEGFR2). Because of the nature of indirect
angiogenesis inhibition, tumors are thought to be able to circumvent
the inhibitory effect by switching the production of proangiogenic
factors (e.g., from VEGF to bFGF). Indeed, recent studies have shown
that tumors produce different angiogenic factors over the course of
their growth (19). Because there is the potential of tumor “escape”
when specific, indirect antiangiogenic agents e.g., anti-VEGF are
delivered individually, appropriate combination protocols involving
these agents are needed to achieve the greatest benefit (20). We
considered that endostatin plus a VEGF receptor antagonist would be
a good combination for further study because of the pervasive role of
VEGF in tumor growth and the direct action of endostatin. Another
rationale for investigating the combination of endostatin and VEGF
inhibition is their closely balanced relationship under physiological
conditions, which may become imbalanced as the cancer or inflam-
matory disease progresses (21, 22). Circulating endostatin levels have
been shown to be elevated in patients with renal cell carcinoma (23)
and hepatocellular carcinoma (24), and to be correlated with circulat-
ing VEGF levels. Additionally, effects of exogenous endostatin have
been suggested to be mediated, at least in part, by their ability to
down-regulate VEGF expression within the tumor (25). Endostatin
decreases VEGF-induced vascular leakage and suppresses VEGF-
induced retinal neovascularization and retinal detachment (26). Ele-
vated VEGF levels with an imbalance between proangiogenic cyto-
kines and endostatin are associated with human metastatic liver
tumors (27). The extent of the imbalance between VEGF and endosta-
tin was a predictive marker for the outcome of vitreous surgery in
patients with proliferative diabetic retinopathy (28).

In the present report, we evaluate the concept of combining a direct
(endostatin) and an indirect (SU5416, an inhibitor of VEGFR2 sig-
naling) angiogenesis inhibitor on human ECs in vitro and on human
xenograft tumors in vivo. We show that the therapeutic efficacy of
SU5416 can be enhanced by the addition of a low dose of the
endogenous angiogenesis inhibitor endostatin. The combined therapy
with SU5416 and endostatin enhanced the antiangiogenic effects in
human ECs in vitro and enhanced tumor growth delay of human
xenografts (prostate adenocarcinoma PC3, non-small cell lung cancer
(NSCLC) A549, and glioblastoma U87). Additionally, tumor angio-
genesis was quantified and visualized using a new cranial window
model (A549), and blood perfusion was detected by contrast-
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enhanced Doppler ultrasound. The data confirm that combined treat-
ment with direct and indirect inhibitors of angiogenesis may result in
synergistic antiangiogenic activity, improving the overall antitumor
efficacy of these agents.

MATERIALS AND METHODS

Reagents and Cell Culture. Primary isolated human umbilical vein ECs
(HUVECs; Promocell, Heidelberg, Germany) and human dermal microvascu-
lar ECs (HDMECs; Promocell) were cultured up to passage 9. Cells were
maintained in culture at 37°C with 5% CO2 and 95% humidity in serum-
reduced (5% FCS) modified Promocell medium, supplemented with 2 ng/ml
VEGF and 4 ng/ml bFGF (Promocell). This combination of growth factors
(VEGF and bFGF) optimized growth kinetics. Human adenocarcinoma
prostate tumor cells (PC3) and human glioblastoma multiforme cells (U87;
Tumorbank DKFZ, Heidelberg, Germany), were cultured in DMEM (10%
FCS). Human recombinant VEGF and bFGF proteins were purchased from
Promocell.

The angiogenesis inhibitor SU5416 was synthesized at SUGEN Inc., as
described previously (29). SU5416 is an ATP-competitive inhibitor of the
VEGFR2 receptor tyrosine kinase, with aKi value of�160 nM. It also inhibits
platelet-derived growth factor receptor� tyrosine kinase, with aKi value of
320 nM (30, 31). Endostatin treatment was performed with soluble recombinant
human (in vitro) and mouse (in vivo) endostatin (Pichia pastoris; Calbiochem,
Schwalbach, Germany).

Endothelial and Tumor Cell Proliferation Assay. Proliferation assay was
performed as described previously by O’Reilly et al. (32) with minor modifi-
cations. Briefly HUVEC and HDMEC passages 6–9 were grown to confluence
in modified Promocell medium supplemented with 5% FCS, containing
2 ng/ml VEGF and 4 ng/ml bFGF (endothelial standard condition). PC3 and
U87 cells were cultured in DMEM supplemented with 10% FCS (tumor cell
standard condition). Cells were harvested by trypsinization at 37°C and neu-
tralized with trypsin-neutralizing solution (TNS). A suspension of 50,000 cells
in modified Promocell medium/DMEM was added to 25-cm2 flasks (Becton
Dickinson, Heidelberg, Germany). The cells were incubated for 24 h under
standard conditions, incubated with angiogenesis inhibitors for 1 h in media
with no additional growth factor supplementation and thereafter were incu-
bated for another 72 h in standard condition. Cells were then dispersed in
trypsin, were resuspended, and were counted in a Coulter counter.

Clonogenic Assay. ECs (HUVECs, HDMECs) and tumor cells (PC3, U87)
were grown under standard conditions. To investigate the effects of endostatin
and SU5416 on clonogenic survival, increasing numbers of cells (102 to
5 � 104) were plated in 25 cm2 flasks. Cells were incubated with compounds
and cultures were returned to the incubator for 14–17 days, after which they
were stained with crystal violet (Sigma, Seelze, Germany), colonies were
counted, and the surviving percentage was determined for plating efficiency
and clonogenic survival.

Matrigel Invasion Assay. To assess the migration/invasion ability of ECs
after treatment with endostatin and SU5416, a Matrigel invasion assay was
used. Transwell inserts with an 8-�m pore size were coated with Matrigel
(0.78 mg/ml; Becton Dickinson, Heidelberg, Germany). HUVECs and
HDMECs were trypsinized, and 200�l of cell suspension (3� 105 cells/ml)
containing different concentrations of endostatin and SU5416 were added in
triplicate transwells. Chemoattractant media (500�l) was added to the lower
wells.

After 12 h of incubation, ECs that had invaded the underside of the
membrane were fixed, were stained in thiazine and eosin solution using
Diff-Quik II solution (Dade Behring, Marburg, Germany), and were sealed on
slides. Migrating cells were counted by microscopy.

EC Morphogenesis Assay: Tube Formation. To examine the ability of
HUVECs and HDMECs to produce tubular structuresin vitro, 24-well plates
were coated with 300�l of Matrigel (Becton Dickinson, Heidelberg, Ger-
many). This extract of the Engelbreth-Holm-Swarm (EHS) murine sarcoma,
which contains basement membrane components, is liquid at 4°C and forms a
gel when warmed to 37°C. When plated on Matrigel, HUVECs (48,000
cells/well) undergo differentiation into capillary-like tube structures in modi-
fied Promocell medium (10% FCS) supplemented with VEGF (2 ng/ml) and
bFGF (4 ng/ml). Angiogenesis inhibitors were added, and, after a 6-h incuba-

tion on the Matrigel at 37°C/5% CO2, the medium was aspirated, and the cells
were fixed and stained with Diff-Quik II reagents (Dade Behring AG. The ECs
were assessed in pictures taken with a microscope.

Apoptosis. At various times, up to 72 h after therapy, fluorescence-
activated cell sorting analysis (FACScans; Becton Dickinson, San Jose, CA)
was performed. Cells were fixed in Hank’s solution and 70% ethanol. After
concentrating the cells by centrifugation and removing the supernatant, the
cells were washed in PBS. Cells were again pelleted and the supernatant was
discarded. Next, the cells were resuspended in the staining solution of PBS,
RNase, and propidium iodide; and fluorescence-activated cell sorting meas-
urement for apoptotic cells was performed.

Animal Studies. The in-house and governmental animal protection com-
mittees approved all of the experiments, and the animals were cared for
according to the guidelines for laboratory animals established by the German
government. For tumor growth experiments with s.c. growing human xeno-
transplants, female athymic mice (BALB/c, nu/nu, 8 weeks of age; weight,
�20 g) were obtained from Charles River Laboratories (Sulzfeld, Germany).
The animals were maintained under clean room conditions in sterile rodent
microisolator cages (VentiRack, Heidelberg, Germany). Animals received
sterile rodent chow and waterad libitum. Human prostate carcinoma cells
(PC3) and glioblastoma (U87) cells were injected s.c. into the right hind limb
(5 � 106 cells in 100�l of PBS). Tumors grew for 7–10 days (U87) or 15–20
days (PC3) until established. Animals were randomized for therapy when
tumor volume reached 50–75 mmł. Tumor volume was determined three times
weekly by direct measurement with calipers and was calculated by the formula
Volume (V) � length � width � depth� 0.5. Animals were treated with
7.5 �g (in 100�l of PBS) recombinant mouse endostatin twice daily (every
12 h) by s.c. injections (0.75 mg/kg/day). In animals with U87 tumors, SU5416
was administered i.p. dissolved in 50�l of DMSO (25 mg/kg, two times
weekly). In animals with PC3 tumors, SU5416 was administered s.c. dissolved
in 100 �l of carboxymethycellulose (CMC)-based vehicle (100 mg/kg, two
times weekly). The observations were ended for ethical reasons, when the
tumor volumes became large compared with the animal size.

Histology and Immunohistochemistry. Tumors for histological analysis
were harvested from three animals at day 10 after the start of antiangiogenic
therapy and at the end of observation, were fixed in buffered formalin, and
were embedded in paraffin. Tissue slices (5�m) were stained with H&E.
General tissue morphology was visualized by H&E. To assess the tumor
cellular proliferation (%Ki-67 positivity) immunohistochemical staining was
performed using the MIB-1 monoclonal mouse antihuman Ki-67 antigen
(Dako, Hamburg, Germany). Sections were counterstained with H&E. Ki-67
staining was quantified by counting the number of positively stained cells of
200–250 nuclei in 10 randomly chosen fields at�200.

Blood Perfusion Using Intermittent Power Doppler Ultrasound. Inter-
mittent Doppler sonography is a noninvasive method to visualize and quantify
functional parameters of tumor vascularizationin vivo. It is based on the i.v.
bolus injection of an ultrasound contrast agent and the destruction of the
contrast microbubbles by the intermittent power Doppler ultrasound. The
dynamics of the refilling of these bubbles is a measure for blood perfusion
(33). Mice carrying the s.c. growing U87 glioblastoma were mock treated or
treated with endostatin, SU5416, or their combination as described above
(n � 3, each). Ten days after the start of therapy, mice were examined after the
i.v. injection of 100�l of Levovist (300 mg/ml) using intermittent power
Doppler-sonography (Siemens-Acuson, Sequoia 512, fixed 7 MHz linear
transducer, Mechanical Index 1.9) as described earlier (34).

Intravital Microscopy of A549 NSCLC in a Cranial Window Prepara-
tion. For intravital microscopy, adult male severe combined immunodeficient
(SCID) mice (age, 5–6 weeks; weight, 20–25g) were obtained from Charles
River Laboratories. Chunks (volume, 0.5–1.0 mmł) of solid tumors (A549
NSCLC; Tumorbank DKFZ) from donor mice were implanted into a cranial
window preparation in which the calvaria serves as the site for implantation
(35). To produce the chunks, 106-107 cells of the A549 cell line were s.c.
injected into the hind limbs of severe combined immunodeficient donor mice.
For cranial window preparation, 20 mice were anesthetized, and the scalp was
shaved, depilated, and disinfected. An�1-cm2 oval surface area of the scalp
and the periosteum beneath were removed and a hole 2 mm� 1 mm� 0.5 mm
was drilled into the calvaria. After implantation of a tumor chunk into this hole,
the preparation was sealed with a glass coverslip and bone cement. Within the
1st week after implantation, tumors were investigated every 24 h to determine

8891

COMBINED DIRECT AND INDIRECT INHIBITORS OF ANGIOGENESIS
D

ow
nloaded from

 http://aacrjournals.org/cancerres/article-pdf/2511574/zch02403008890.pdf by guest on 19 M
ay 2023



the first appearance of newly formed vessels and the onset of perfusion in these
vessels. On days 7, 14, 21, and 28 after tumor implantation, the tumor growth
i.e., the two-dimensional tumor surface was documented with standardized
microscopic digital photography of the cranial window using bright field
microscopy at �10 and was measured with a computer-based analysis program
(AnalySIS V3.0; Soft Imaging System, Münster, Germany). Additionally, the
functional vessel density [(FVD), the length of perfused microvessels per
tumor surface] as a measure for angiogenesis was assessed by intravital
fluorescence video microscopy. FITC-labeled dextran (Sigma; Mr 2,000,000;
0.1 ml of a 5% solution in 0.9% NaCl) as a plasma marker was injected into
a tail vein. For off-line analysis, a custom-made computer program was used
(CapImage; Engineer Office Dr. Zeintl, Heidelberg, Germany). Animals were
treated from day 15 on, after randomization into four groups: endostatin
(n � 5; 0.75 mg/kg/day in twice daily injections s.c. in 100 �l of PBS),
SU5416 (n � 5; 100 mg/kg/week s.c. in 100 �l of carboxymethycellulose
every other day), combined endostatin with SU5416, and control (n � 5; 100
�l of PBS daily s.c.). On day 28 after implantation, experiments were termi-
nated for ethical reasons.

Statistical Analysis. Tumor growth experiments were designed to assess
the response to treatment by using the reduction in tumor growth. For this
purpose, the tumor volume V was normalized to V0 at the onset of treatment
(day 0) to compare tumor growth. Statistical evaluation of tumor growth was
undertaken by comparing the standardized volumes for each day. In addition,
the general response to treatment was assessed on the basis of the time, T4,
required to reach four times the initial tumor volume. For multiple comparisons
in tumor growth experiments, histological quantitation, and in vitro experi-
ments, we used the Kruskall-Wallis ANOVA for nonparametric variables. For

parametric variables, ANOVA was used along with Fisher’s least-significant-
difference (LSD) method using the software program Statistica 5.0 (StatSoft,
Hamburg, Germany). All of the analyses were two-tailed. Data of intravital
microscopy were analyzed statistically using the software program SigmaStat
for Windows (Version 2.03; SPSS AG, Zurich, Switzerland). Depending on
parametric or nonparametric distribution of data, one-way repeated measures
ANOVA or Friedman repeated measures ANOVA on ranks was used with
Turkey test for all pairwise multiple comparison procedures. A P of 0.05 was
considered significant.

RESULTS

Endostatin and VEGF Inhibition Have Synergistic Antipro-
liferative Effects on ECs. EC proliferation is an important step in
tumor angiogenesis. We first investigated the effects of endostatin in
combination with SU5416 on endothelial and tumor cell proliferation
in cultures. Fig. 1 , A and B, show dose-response curves, demonstrat-
ing that each compound alone significantly inhibited EC proliferation.
To determine whether combinations exhibited increased antiprolifera-
tive activity, isobolographic analysis was performed. Different com-
binations of concentrations were added to HUVECs. From the dose-
response curves, the concentration at which HUVEC proliferation was
inhibited to 60% of control (IC60) was calculated. Fig. 1C shows the
isobologram generated from these data (36). When compared with the
theoretical (diagonal) line representing (zero interaction) additive
effectivity, all of the values from the combination treatment fall below
the line indicating synergistic activity for this end point.

For additional in vitro combination experiments, an endostatin dose
of 100 ng/ml (IC80) and a SU5416 dose of 1 �M (IC70) were chosen.
Using these drug concentrations, the combination of endostatin and
SU5416 appeared to have synergistic antiproliferative effects in
HUVEC and also in a second human (HDMEC) EC (HUVEC: ex-
pected proliferation, 80% � 70% � 56%; measured proliferation,
38%; P � 0.01; HDMEC: expected combined inhibition from single
effects 72% � 62% � 44%; measured combined inhibition, 28%;
P � 0.01; Fig. 1D).

The combination using these drug concentration (100 ng/ml endo-
statin, 1 �M SU5416) also exhibited some weak antiproliferative
activity in U87 glioma and PC3 tumor cells (P � 0.05), but it was
modest and appeared to be only additive (Fig. 1E).

Combined Endostatin and VEGF Inhibition Enhances Reduced
Clonogenic Survival in ECs. Clonogenic survival is an important
criterion of cell survival in response to antitumor agents because the
final cell death may occur only after additional cell divisions. A single
application of endostatin or of SU5416 reduced the clonogenic sur-
vival of ECs significantly (P � 0.05; Fig. 2). The combination of
endostatin and SU5416 induced a synergistic inhibition of clonogenic

Fig. 1. EC proliferation assay normalized to each untreated control cell type (100%).
Cells were treated for 1 h with endostatin, SU5416, or combinations, were incubated for
72 h, and were counted. Bars, cell numbers from eight plates normalized against control
without therapy (mean � SD; �, P � 0.05; ��, P � 0.01 versus control or as indicated).
A, endostatin monotherapy dose response. B, SU5416 monotherapy dose response.
C, combination of endostatin and SU5416 plotted in an isobologram. The diagonal line
shows the theoretical line indicating additive effects. Each value is derived from a
dose-response curve representing doses to elicit 60% inhibition (IC60). D, HUVEC and
HDMEC EC proliferation assay using endostatin (100 ng/ml) and SU5416 (1 �M). E, U87
and PC3 tumor cell proliferation assay using endostatin (100 ng/ml) and SU5416 (1 �M).

Fig. 2. Clonogenic survival. Cells were plated in 25-cm2 flasks, treated with endostatin
(100 ng/ml), SU5416 (1 �M), or combinations; and cultures were returned to the incubator
for 14–17 days. Colonies (if �50) were counted, and survival fraction was calculated after
normalizing for plating efficiency. Bars, numbers from three independent experiments in
triplicate (mean � SD; �, P � 0.05; ��, P � 0.01 versus control or as indicated).
A, HUVECs and HDMECs. B, U87 and PC3 tumor cells.
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survival in HUVECs (expected survival fraction, 0.75; measured,
0.32) and HDMECs (expected, 0.68; measured, 0.29). There was also
a modest reduction of clonogenic survival in U87 and PC3 tumor cells
after treatment with the angiogenesis inhibitors alone, but this was
statistically significant only for SU5416. As expected, the combina-
tions were more effective than single agents but, in contrast to the
effect on ECs, appeared to be only additive.

Endostatin and SU5416 Enhance Apoptosis in ECs. To investi-
gate potential mechanisms of the antiproliferative effect of endostatin
and SU5416, we analyzed the apoptosis fraction of HUVECs and
HDMECs. Fig. 3A demonstrates that both endostatin and SU5416
used alone induced apoptosis. The combination of endostatin and
SU5416 appeared to be additive for the induction of apoptosis. Qual-
itatively similar results were obtained with Hoechst staining of
HUVEC cytospins and counting the apoptotic cells under the micro-

scope (data not shown). Fig. 3B demonstrates that neither endostatin
nor SU5416 alone induced significant apoptosis in PC3 and U87 cells
in vitro. The combination of endostatin and SU5416 weakly induced
apoptosis in the tumor cells.

These observations suggest that EC apoptosis can contribute to the
potent suppression of EC proliferation and clonogenic survival ob-
served on treatment with endostatin and SU5416.

Endostatin and SU5416 Reduce EC Migration and Invasion.
EC migration and invasion are critical for tumor angiogenesis. We
examined the invasion of HUVECs and HDMECs through Matrigel-
coated transwell inserts (Fig. 4). Endostatin (100 ng/ml) or SU5416
(1 �M) significantly reduced HUVEC and HDMEC migration/inva-
sion. Interestingly, a combination of endostatin and SU5416 showed
a more-than-additive reduction of EC invasion (HUVEC: expected,
47% migrated cells, observed, 23% migrated cells; HDMEC: ex-
pected, 40%, observed, 21%).

Combined Endostatin and SU5416 Reduce EC Tube Forma-
tion. The production of tubular structures is another important step in
angiogenesis. We, therefore, investigated the effects of endostatin and
SU5416 on HUVEC and HDMEC EC tube formation. As shown in
Fig. 5, control ECs, plated on Matrigel and incubated with control
medium, aligned to form lumen-like structures and anastomosing
tubes with multicentric junctions. EC cultures, treated with either
endostatin or SU5416 alone, formed fewer tubes as well as fewer and
weaker anastomoses. Endostatin not only quantitatively reduced the
number of tubes but also altered the morphology of the cells. Cells
treated with endostatin appeared to be contracted and condensed.
When both treatments, endostatin and SU5416, were combined, the
effects were greater than after each treatment alone, suggesting at least
an additive inhibition of tube formation. Few single cells remained

Fig. 3. Percentage of apoptotic cells after treatment with endostatin (100 ng/ml),
SU5416 (1 �M), or endostatin and SU5416. Cells were removed after 24 h, stained with
propidium iodide, and analyzed by fluorescence-activated cell sorting. Bars, mean� SD
(n � 6). �, P � 0.05; ��, P � 0.01). A, HUVECs and HDMECs. B, PC3 and U87 tumor
cells.

Fig. 4. Matrigel migration/invasion assay. ECs were pipetted into inserts of Matrigel-coated transwells containing endostatin (100 ng/ml) and SU5416 (1 �M). Chemotaxis assays
(n � 6/sample) were performed as described in “Materials and Methods.” A, representative figures of migrating HUVECs are shown. B, the number of cells that migrated was counted
by microscopy, and the data are presented as the mean � SD per field (�60) and were normalized to untreated control. Bars, mean � SD (n � 6). �, P � 0.05; ��, P � 0.01.
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and were morphologically highly altered, and no capillary-like net-
work could be detected.

Tumor Growth in Human Prostate and Glioblastoma Tumor
Models in Mice. Next we investigated whether the findings of anti-
angiogenic activity in vitro translated to in vivo efficacy in s.c.
xenografts in nude mice. For tumor growth quantification, we used the
human PC3 prostate adenocarcinoma and the human glioblastoma
U87 cell lines. After tumor cell injection, tumors were allowed to
grow until established (7 days for U87 and 21 days for PC3). Then
mice were randomized and were divided into therapy groups. Fig. 6
shows relative tumor growth for control and for endostatin, SU5416,
and their combination. We found that tumor growth was significantly
delayed by each therapy alone. For the PC3, tumor growth delay was
significant from day 10 after the beginning of therapy onward
(P � 0.01). For the U87, the growth delay was significant from day
5 onward. Interestingly, the combination of endostatin and SU5416
resulted in a significantly (P � 0.01) greater tumor growth delay than
was produced by either therapy alone, starting on day 20 for PC3 and
day 12 for U87, until the end of observation. Aside from that day-
by-day comparison, the general response to treatment was additionally
assessed on the basis of the time T4 required to reach four times the
initial tumor volume (Table 1). This analysis confirmed that each
treatment alone induced significant tumor growth delay (P � 0.01),
and the combination of endostatin and SU5416 further reduced tumor
growth versus each monotherapy (P � 0.05). For the PC3, tumor
growth delay caused by the combination endostatin and SU5416 was
22.1 days, which was 3–4-fold that caused by either therapy alone. In
the case of U87, the growth delay was 11.6. days for the combination,
which was 2–3-fold that caused by either therapy alone. All of the
treatments were tolerated well, and no difference in animal behavior

or weight was found between groups, which indicated low general
toxicity.

Histological Examination. Histological examination of PC3 xe-
nografts at day 10 after treatment started showed marked differences
in tumors from animals that received endostatin, SU5416, or the
combination therapy versus controls (Fig. 7). Extensive tumor necro-
sis with less mitotic figures were observed in H&E sections after
endostatin, SU5416, and the combination therapy. Tumor cellular
proliferation (% Ki-67 positivity) was markedly reduced after en-
dostatin, SU5416 and the combination of both. Quantitative analysis
of the tumor cell proliferation (% Ki-67 positivity) showed a signif-
icant 1.8-fold reduction after SU5416 (P � 0.01 versus control) and
a 2.6-fold reduction after endostatin (P � 0.001 versus control)
treatment. Combination treatment resulted in a 3.5-fold decrease in
tumor cell proliferation (P � 0.001 versus control), which was sig-

Fig. 6. Tumor growth after treatment with en-
dostatin and SU5416 and the combination of both
(see Table 1). Tumor cells were pelleted and im-
planted s.c. into the hind limb of balb c nu/nu mice
and were allowed to establish, as described in “Ma-
terials and Methods.” The day treatment started
was designated as day 0. Low-dose endostatin
(0.75 mg/kg/day) was administered twice daily (ev-
ery 12 h) from day 0 to day 14 for both PC3
prostate adenocarcinoma (A) and U87 glioblastoma
(B). SU5416 was administered at 25 mg/kg two
times weekly during the entire observation period
(PC3) or up to day 15 (U87). Each group contained
8–12 mice; data points, means of tumor volume V
normalized to the initial volume V0; error
bars, �SD.

Table 1 Response of PC3 and U87 xenograft tumors growing s.c. after treatment with
endostatin, SU5416, and the combination endostatin � SU5416

Tumor/Treatment

Days required for tumors
to grow four times the

original volume
(T4) � SE Growth delay (days)

PC3 control 15.5 � 1.5
PC3 SU5416 20.1 � 1.8a 4.6
PC3 Endostatin 23.3 � 2a 7.8
PC3 SU5416 � Endostatin 37.6 � 2a,b 22.1
U87 control 3.2 � 0.8
U87 SU5416 6.7 � 1.1a 3.5
U87 Endostatin 10.3 � 1.3a 7.1
U87 SU5416 � Endostatin 14.8 � 1.3a,b 11.6
a P � 0.01 versus control.
b P � 0.05 versus each monotherapy.

Fig. 5. EC tube formation. HUVECs (4.8 � 104 cells) were resuspended for 1 h in standard medium (A), or treated with 100 ng/ml endostatin (B), or treated with 1 �M SU5416
(C), or treated with a combination of 100 ng/ml endostatin and 1 �M SU5416 (D). Cells were plated on 24-well plates coated with Matrigel, as described in the “Materials and Methods”
section. After 6 h, the media were gently aspirated and the cells were fixed and stained. The slides were examined for EC tube formation by microscopy (�60–100). Representative
figures are shown.
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nificantly higher than that induced by each therapy alone (P � 0.05
for each comparison against a single therapy). Qualitatively similar
results were observed for U87 tumors.

Thus, for both PC3 and U87, the combination therapy endostatin
and SU5416 was significantly more effective than each therapy alone,
which suggested at least an additive tumor growth-inhibitory capacity
for the combination.

Tumor Blood Perfusion. To analyze tumor blood perfusion, we
used intermittent-power Doppler ultrasound as a noninvasive method
to determine blood flow in the s.c. growing U87 tumors. Ten days

after the start of antiangiogenic therapy, a total of 12 animals were
examined immediately after i.v. injection of 100 �l of Levovist 300
ultrasound contrast agent. An example of the ultrasonographic visu-
alization of tumor blood flow is demonstrated in Fig. 8. A reduction
of blood perfusion was observed after treatment with either endostatin
or SU5416. The combination treatment of endostatin and SU5416
resulted in a further reduction in tumor blood perfusion.

Intravital Microscopy of A549 Lung Carcinoma Cranial Win-
dow Model. Intravital microscopy in conjunction with the cranial
window system can be used as an experimental in vivo model to

Fig. 7. Histological examination of PC3 tumor xenografts (day 10 after therapy started with endostatin, SU5416, or combined treatment) growing s.c. in balb c nu/nu mice. Marked
tumor necrosis in H&E staining after SU5416 and endostatin treatment and in the combination treatment group (End.�SU5416; �400). Immunostaining of KI-67 antigen (dark brown
reaction product) at �200 and �400 shows a reduction of proliferating tumor cells after SU5416 and endostatin. The combination treatment further reduces the tumor cell proliferation
versus each therapy alone.

Fig. 8. Visualization of tumor blood perfusion
by noninvasive intermittent-power Doppler-sonog-
raphy in U87 human glioblastoma growing s.c. at
the hind limbs of balb c nu/nu mice. Representative
Doppler ultrasound pictures are taken at maximal
signal intensity after i.v. bolus injection of 100 �l
of ultrasound contrast agent (12 s after injection).
Animals were examined 10 days after therapy
started, as in Fig. 6. A, control; B, SU5416;
C, endostatin; D, SU5416�endostatin.
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characterize tumor angiogenesis, microcirculation, and tumor growth
with high temporal and spatial resolution. This model was initiated by
implanting chunks of A549 NSCLC into holes in the calvaria (Fig. 9).
In the first week after implantation, tumors were examined every 24 h
by bright field microscopy to observe the newly formed vessels and
the onset of perfusion in these vessels. On days 7, 14, 21, and 28 after
tumor implantation, functional microvessel density was additionally
analyzed by intravital fluorescence using FITC-labeled dextran. The
onset of perfusion in newly formed vessels occurred within 24 h after
the first appearance of the new vessels. After 7 days, all of the tumors
were established and had functional microcirculation. Animals were
then randomized into four groups: control, endostatin, SU5416, and
the combination of endostatin and SU5416. Tumor growth analysis
showed a typical growth for solid tumors in the two-dimensional
tumor diameter up to day 14, the day that treatment started. From that
time on, all three of the treatment groups showed inhibited tumor
growth reaching �50% of the control group. Starting at 1.0 � 0.2
mm2 on the day of implantation, the tumors reached a final two-
dimensional tumor surface by day 28 of 4.3 � 2.8 mm2 (control),
2.1 � 0.9 mm2 (SU5416), 2.5 � 0.7 mm2 (endostatin), and 2.4 � 1.4
mm2 (SU5416 and endostatin). The differences between the treatment
groups and the control did not reach statistical significance (P � 0.05
for each comparison). Only if the three treatment groups were pooled
and considered as one treatment group was the tumor growth reduc-
tion statistically significant (P � 0.05). In contrast, the analysis of
FVD as a measure of angiogenesis revealed highly statistically sig-
nificant differences (P � 0.001) over the time of investigation within
all of the groups, and between groups at the same time point of
investigation. The data of FVD are presented in detail in Table 2.
Intravital fluorescence microscopy showed that, in all of the treatment
groups, FVD decreased significantly with the beginning of treatment,
compared with the controls. This effect was most distinct in the group
treated with the combination of SU5416 and endostatin. Endostatin
and SU5416, as well as the combination treatment, were able to

significantly decrease FVD versus control and versus days 7 within
the same experimental group. The strongest antiangiogenic response
was observed in the group treated with the combination of SU5416
and endostatin: Here on days 21 and 28 after tumor implantation, the
decrease in FVD was significant not only versus control but also
versus SU5416 and endostatin alone. Thus, the combination of en-
dostatin and SU5416 demonstrated strong antiangiogenic activity and
reduced microcirculation and tumor growth in the cranial tumor
window model.

DISCUSSION

For antiangiogenic therapy to be successful, it must inhibit diverse
angiogenic stimuli produced by the tumor and its microenvironment
while limiting overall toxicity. Thus, it has been suggested that
combination antiangiogenesis protocols may be more effective than
monotherapies. To date, it is unclear which agent combinations would
be most efficacious and have the highest degree of synergistic activity.

Here we demonstrate that this bimodal therapy of direct and indi-
rect angiogenesis inhibition resulted in marked enhancement of anti-

Fig. 9. Intravital microscopy as an in vivo model to characterize tumor angiogenesis, microcirculation, and tumor growth with high temporal and spatial resolution (see Table 2).
A459 human NSCLC xenograft tumors were grown in a cranial window of severe combined immunodeficient mice until day 15, when tumors and microvessels were established. Bright
field microscopy shows tumor diameter, and intravital fluorescence microscopy using FITC-labeled dextran revealed functional microvessel density and tumor microcirculation.
Therapies with endostatin, SU5416, and their combination started on day 15. In the control group, microvessel density and tumor diameter increased significantly on days 14, 21, and
28 versus day 7. Both endostatin- and SU5416-treated animals have decreased vessel density and tumor growth versus control. The combination of endostatin and SU5416 completely
abrogates microvessels and further reduces tumor growth compared with either therapy alone. Top panels, pictures of the cranial window preparation were taken on day 28 after tumor
implantation at �10. Bottom panels, images were processed with Paintshop Pro (version 7.0) by cutting out the tumor field in the perfusion (FITC-dextran) images to elucidate the
perfusion in the tumor area. Dotted lines, two-dimensional tumor surface. A, control; B, SU5416; C, endostatin; D, SU5416 � endostatin. Scale bars, 1 mm.

Table 2 Analysis of functional vessel density (FVD) in A549 lung carcinoma in the
intracranial window preparation (n � 5 animals in each group, Mean � SD)

1day

FVD (mm/mm2) FVD (mm/mm2) FVD (mm/mm2) FVD (mm/mm2)

Control SU5416 Endostatin SU5416 � Endostatin

7 49 � 4 53 � 5 50 � 8 51 � 7
14 110 � 10§ 117 � 7§ 110 � 8§ 108 � 6
21 115 � 9§ 86 � 5*&§ 97 � 9*§ 69 � 12*&$#§

28 116 � 4§ 84 � 6*&§ 93 � 9*&§ 68 � 11*&$#§

1 day after tumor implantation
* P � 0.05 vs. control within the same time of investigation
# P � 0.05 vs. SU5416 within the same time of investigation
$ P � 0.05 vs. endostatin within the same time of investigation
§ P � 0.05 vs. day 7 after implantation within the same experimental group
& P � 0.05 vs. day 14 after implantation within the same experimental group
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angiogenic effects in vitro and in vivo. In vitro, the combination of
endostatin and SU5416, a synthetic, small-molecule, ATP-competi-
tive inhibitor of the VEGFR2 receptor tyrosine kinase, showed higher
activity than each therapy alone with respect to EC proliferation,
clonogenic survival, migration, tube formation, apoptosis induction,
and cell cycle blockade (data not shown). In vivo, in human prostate
cancer (PC3), NSCLC (A549), and glioblastoma (U87) xenograft
tumor models, the combination therapy resulted in enhanced tumor
cellular proliferation reduction, enhanced tumor growth delay, and
reductions in tumor cell proliferation, microvasculature, and blood
flow.

In the PC3 prostate cancer model, tumors treated with SU5416 in
combination with low-dose endostatin [compared with doses applied,
e.g., in the study by O’Reilly et al. (32)] were found to be only
4.5-fold of the size of control tumors at 40 and 60 days. A regression
was induced in some tumors, which was not achieved with either
therapy alone. The U87 glioblastoma model was used as an example
of an aggressive tumor that is associated with poor prognosis in the
clinic (1-year survival, �10%) and that exhibits high resistance to
conventional therapies. The combined therapy of U87 xenografts with
SU5416 and endostatin not only resulted in significant tumor growth
delay but also in reduced tumor blood perfusion, as shown by con-
trast-enhanced Doppler ultrasound. In vivo angiogenesis was further
investigated through the application of a novel cranial window model
in which the microvascular development in NSCLC (A549) could be
assessed using intravital microscopy. One aim of this model was to
mimic the bone microenvironment as a common site of NSCLC
metastasis. In contrast to the traditional cranial window models in
which the tumor is directly implanted in the cranium, we implanted
the tumor into a hole in the calvaria allowing it to grow in the bone
microenvironment. Using this intraossear tumor window, we observed
results similar to those seen in the s.c. tumor xenografts of PC3 and
U87. Tumor growth, angiogenesis, and microcirculation were strongly
impaired after treatment with SU5416, endostatin, or the combination
of the two. The antiangiogenic effects in the combination group were
significantly greater than after each monotherapy, as seen by the
strong reduction of FVD in the cranial window model of A549 lung
carcinoma. Our results in tumor growth inhibition can be explained in
part by the assumption that tumor growth inhibition occurs after the
impairment of angiogenesis, as described in Jain et al. (37).

Because of the ability of endostatin to suppress angiogenesis under
a variety of circumstances [high ambient concentrations of bFGF,
VEGF, interleukin-8, or platelet-derived growth factor (20)] and the
strength of SU5416 against the important VEGF receptor target in
particular, we show that the combination of endostatin and VEGFR
inhibition increased the antiproliferative activity in ECs and tumors
in vivo. Endostatin as a single agent has shown measurable anti-
angiogenic activity in its first two Phase I studies (38). With increas-
ing doses of endostatin, generally decreased tumor blood flow and
metabolism was measured by positron emission tomography (PET)
scans. Further tumor biopsy analysis revealed a significant increase in
tumor cell apoptosis and EC apoptosis after 8 weeks of therapy (39).
It is thought that in conjunction with other antiangiogenics or chemo-
therapeutics, the efficacy of endostatin will be improved (40, 41)
using a versatile repertoire of activities for endostatin that contribute
to its antiangiogenic function (42).

Using genome-wide expression profiling, we recently demonstrated
that many key regulators of proangiogenic pathways, including sev-
eral genes related to VEGF signaling (such as, e.g., Ap1 transcription
factors, Thrombin receptors, Stats, and HIF-1�), are directly down-
regulated after endostatin treatment in human microvascular ECs
in vitro. Thus, endostatin may act cooperatively with the VEGF
receptor inhibitor, because of the ability of endostatin to down-

regulate VEGF upstream and downstream signaling components on
the phosphorylation and transcriptional levels.8

Perhaps more importantly, endostatin may additionally abrogate the
angiogenic escape mechanisms in activated endothelium, which could
circumvent the blockade of VEGF signaling. Thus, the notable ther-
apeutic enhancement observed may occur for two reasons: (a) the
endostatin-induced down-regulation of angiogenic pathways that are
turned on by the high-intratumoral- or developmental-stage-specific
angiogenic heterogeneity (44); and (b) the ability of endostatin to
suppress the alternative angiogenic mechanisms up-regulated by the
blockade of VEGF signaling.

Taken together, our results suggest that angiogenic inhibitors that
possess presumed distinct modes of action may, in fact, show in-
creased therapeutic effectiveness when these agents are combined.
Enhanced antiangiogenic effectiveness has been reported for the com-
bination of endostatin with angiostatin (44, 45) and for endostatin with
chemotherapeutic agents (46). In contrast, the dual blockade of
VEGFR and epidermal growth factor receptor (EGFR) using small
molecules that block receptor tyrosine kinases of the same family did
not result in enhanced antitumor activity (11). In fact, only when
VEGFR blockade or epidermal growth factor receptor blockade was
combined with gemcitabine, were supra-additive therapeutic effects
observed.

Our chosen models, lung cancer, prostate cancer, and glioblastoma,
are common malignant diseases. Patients suffering from lung cancer
or glioblastoma, in general, share a poor prognosis, with the exception
of the rare cases of early-stage lung cancer, despite continuing efforts
to improve survival rates using combinations of surgery, radiotherapy,
and chemotherapy (47, 48). In the case of prostate cancer, effective
therapies exist, but the severe side effects of local and systemic tumor
therapy rationalize improved therapies.

In summary, the strategy of combining direct and indirect angio-
genesis inhibition to achieve a synergistic effect warrants clinical
investigation. A variety of agents with mechanistic properties that are
similar to the properties of the specific drugs used here could be
evaluated in humans.

ACKNOWLEDGMENTS

We thank Drs. P. Peschke and F. Kiessling for suggestions and support with
the animal work and Thuy Trinh for excellent in vitro work, as well as
Professor M. Wannenmacher for support of the entire study.

REFERENCES

1. Folkman, J. Tumor angiogenesis: therapeutic implications. N. Engl. J. Med., 285:
1182–1186, 1971.

2. Carmeliet, P., and Jain, R. K. Angiogenesis in cancer and other diseases. Nature
(Lond.), 407: 249–257, 2000.

3. Folkman, J., Hahnfeldt, P., and Hlatky, L. Cancer: looking outside the genome. Nat.
Rev. Mol. Cell Biol., 1: 76–79, 2000.

4. Browder, T., Butterfield, C. E., Kraling, B. M., Shi, B., Marshall, B., O’Reilly, M. S.,
and Folkman, J. Antiangiogenic scheduling of chemotherapy improves efficacy
against experimental drug-resistant cancer. Cancer Res., 60: 1878–1886, 2000.

5. Herbst, R. S., Madden, T. L., Tran, H. T., Blumenschein, G. R., Jr., Meyers, C. A.,
Seabrooke, L. F., Khuri, F. R., Puduvalli, V. K., Allgood, V., Fritsche, H. A., Jr.,
Hinton, L., Newman, R. A., Crane, E. A., Fossella, F. V., Dordal, M., Goodin, T., and
Hong, W. K. Safety and pharmacokinetic effects of TNP-470, an angiogenesis
inhibitor, combined with paclitaxel in patients with solid tumors: evidence for activity
in non-small cell lung cancer. J. Clin. Oncol., 20: 4440–4447, 2002.

6. Huang, S. F., Kim, S. J., Lee, A. T., Karashima, T., Bucana, C., Kedar, D., Sweeney,
P., Mian, B., Fan, D., Shepherd, D., Fidler, I. J., Dinney, C. P., and Killion, J. J.
Inhibition of growth and metastasis of orthotopic human prostate cancer in athymic
mice by combination therapy with pegylated interferon-�-2b and docetaxel. Cancer
Res., 62: 5720–5726, 2002.

8 A. Abdollahi, P. Hahnfeldt, C. Maercker, R. Rastert, H. J. Grone, W. Ansorge, J.
Debus, J. Folkman, L. Hlatky, and P. E. Huber, Endostatin gene regulation amplifies
antiangiogenic function, submitted for publication.

8897

COMBINED DIRECT AND INDIRECT INHIBITORS OF ANGIOGENESIS
D

ow
nloaded from

 http://aacrjournals.org/cancerres/article-pdf/2511574/zch02403008890.pdf by guest on 19 M
ay 2023



7. Klement, G., Baruchel, S., Rak, J., Man, S., Clark, K., Hicklin, D. J., Bohlen, P., and
Kerbel, R. S. Continuous low-dose therapy with vinblastine and VEGF receptor-2
antibody induces sustained tumor regression without overt toxicity. J. Clin. Investig,
105: R15–R24, 2000.

8. Mauceri, H. J., Hanna, N. N., Beckett, M. A., Gorski, D. H., Staba, M. J., Stellato,
K. A., Bigelow, K., Heimann, R., Gately, S., Dhanabal, M., Soff, G. A., Sukhatme,
V. P., Kufe, D. W., and Weichselbaum, R. R. Combined effects of angiostatin and
ionizing radiation in antitumour therapy. Nature (Lond.), 394: 287–291, 1998.

9. Khan, M. K., Miller, M. W., Taylor, J., Gill, N. K., Dick, R. D., Van Golen, K.,
Brewer, G. J., and Merajver, S. D. Radiotherapy and antiangiogenic TM in lung
cancer. Neoplasia, 4: 164–170, 2002.

10. Pedley, R. B., El Emir, E., Flynn, A. A., Boxer, G. M., Dearling, J., Raleigh, J. A.,
Hill, S. A., Stuart, S., Motha, R., and Begent, R. H. Synergy between vascular
targeting agents and antibody-directed therapy. Int. J. Radiat. Oncol. Biol. Phys., 54:
1524–1531, 2002.

11. Baker, C. H., Solorzano, C. C., and Fidler, I. J. Blockade of vascular endothelial
growth factor receptor and epidermal growth factor receptor signaling for therapy of
metastatic human pancreatic cancer. Cancer Res., 62: 1996–2003, 2002.

12. O’Reilly, M. S. Targeting multiple biological pathways as a strategy to improve the
treatment of cancer. Clin. Cancer Res., 8: 3309–3310, 2002.

13. Jain, R. K. Normalizing tumor vasculature with anti-angiogenic therapy: a new
paradigm for combination therapy. Nat. Med., 7: 987–989, 2001.

14. Huang, X., Wong, M. K., Yi, H., Watkins, S., Laird, A. D., Wolf, S. F., and Gorelik,
E. Combined therapy of local and metastatic 4T1 breast tumor in mice using SU6668,
an inhibitor of angiogenic receptor tyrosine kinases, and the immunostimulator
B7.2-IgG fusion protein. Cancer Res., 62: 5727–5735, 2002.

15. Qian, C. N., Min, H. Q., Lin, H. L., and Hong, M. H. Combination of angiogenesis
inhibitor TNP-470 with cytotoxic drugs in experimental therapy of nasopharyngeal
carcinoma. Ann. Otol. Rhinol. Laryngol., 109: 641–645, 2000.

16. Richardson, P. G., Schlossman, R. L., Weller, E., Hideshima, T., Mitsiades, C.,
Davies, F., LeBlanc, R., Catley, L. P., Doss, D., Kelly, K., McKenney, M.,
Mechlowicz, J., Freeman, A., Deocampo, R., Rich, R., Ryoo, J. J., Chauhan, D.,
Balinski, K., Zeldis, J., and Anderson, K. C. Immunomodulatory drug CC-5013
overcomes drug resistance and is well tolerated in patients with relapsed multiple
myeloma. Blood, 100: 3063–3067, 2002.

17. Rajkumar, S. V., Hayman, S., Gertz, M. A., Dispenzieri, A., Lacy, M. Q., Greipp,
P. R., Geyer, S., Iturria, N., Fonseca, R., Lust, J. A., Kyle, R. A., and Witzig, T. E.
Combination therapy with thalidomide plus dexamethasone for newly diagnosed
myeloma. J. Clin. Oncol., 20: 4319–4323, 2002.

18. Folkman, J., H. P., and Hlatky, L. The logic of anti-angiogenic gene therapy. In: T.
Friedmann (ed.), The Development of Gene Therapy, pp. 1–17. New York: Cold
Spring Harbor Laboratory Press, 1998.

19. Yoshiji, H., Harris, S. R., and Thorgeirsson, U. P. Vascular endothelial growth factor
is essential for initial but not continued in vivo growth of human breast carcinoma
cells. Cancer Res., 57: 3924–3928, 1997.

20. Kerbel, R., and Folkman, J. Clinical translation of angiogenesis inhibitors. Nat. Rev.
Cancer, 2: 727–739, 2002.

21. Nagashima, M., Asano, G., and Yoshino, S. Imbalance in production between
vascular endothelial growth factor and endostatin in patients with rheumatoid arthri-
tis. J. Rheumatol., 27: 2339–2342, 2000.

22. Asai, K., Kanazawa, H., Otani, K., Shiraishi, S., Hirata, K., and Yoshikawa, J.
Imbalance between vascular endothelial growth factor and endostatin levels in in-
duced sputum from asthmatic subjects. J. Allergy Clin. Immunol., 110: 571–575,
2002.

23. Feldman, A. L., Alexander, H. R., Jr., Yang, J. C., Linehan, W. M., Eyler, R. A.,
Miller, M. S., Steinberg, S. M., and Libutti, S. K. Prospective analysis of circulating
endostatin levels in patients with renal cell carcinoma. Cancer (Phila.), 95: 1637–
1643, 2002.

24. Dhar, D. K., Ono, T., Yamanoi, A., Soda, Y., Yamaguchi, E., Rahman, M. A., Kohno,
H., and Nagasue, N. Serum endostatin predicts tumor vascularity in hepatocellular
carcinoma. Cancer (Phila.), 95: 2188–2195, 2002.

25. Hajitou, A., Grignet, C., Devy, L., Berndt, S., Blacher, S., Deroanne, C. F., Bajou, K.,
Fong, T., Chiang, Y., Foidart, J. M., and Noel, A. The antitumoral effect of endostatin
and angiostatin is associated with a down-regulation of vascular endothelial growth
factor expression in tumor cells. FASEB J., 16: 1802–1804, 2002.

26. Takahashi, K., Saishin, Y., Saishin, Y., Silva, R. L., Oshima, Y., Oshima, S., Melia,
M., Paszkiet, B., Zerby, D., Kadan, M. J., Liau, G., Kaleko, M., Connelly, S., Luo, T.,
and Campochiaro, P. A. Intraocular expression of endostatin reduces VEGF-induced
retinal vascular permeability, neovascularization, and retinal detachment. FASEB J.,
17: 896–898, 2003.

27. Miyashita, M., Tajiri, T., Yanagi, K., Shimizu, T., Futami, R., Sasajima, K., and
Tokunaga, A. Serum levels of vascular endothelial growth factor, basic fibroblast
growth factor and endostatin in human metastatic liver tumors. Hepatogastroenterol-
ogy, 50: 308–309, 2003.

28. Funatsu, H., Yamashita, H., Noma, H., Mochizuki, H., Mimura, T., Ikeda, T., and
Hori, S. Outcome of vitreous surgery and the balance between vascular endothelial
growth factor and endostatin. Investig Ophthalmol. Vis. Sci., 44: 1042–1047, 2003.

29. Krystal, G. W., Honsawek, S., Kiewlich, D., Liang, C., Vasile, S., Sun, L., McMahon,
G., and Lipson, K. E. Indolinone tyrosine kinase inhibitors block Kit activation and
growth of small cell lung cancer cells. Cancer Res., 61: 3660–3668, 2001.

30. Fong, T. A., Shawver, L. K., Sun, L., Tang, C., App, H., Powell, T. J., Kim, Y. H.,
Schreck, R., Wang, X., Risau, W., Ullrich, A., Hirth, K. P., and McMahon, G.
SU5416 is a potent and selective inhibitor of the vascular endothelial growth factor
receptor (Flk-1/KDR) that inhibits tyrosine kinase catalysis, tumor vascularization,
and growth of multiple tumor types. Cancer Res., 59: 99–106, 1999.

31. Mendel, D. B., Laird, A. D., Smolich, B. D., Blake, R. A., Liang, C., Hannah, A. L.,
Shaheen, R. M., Ellis, L. M., Weitman, S., Shawver, L. K., and Cherrington, J. M.
Development of SU5416, a selective small molecule inhibitor of VEGF receptor
tyrosine kinase activity, as an anti-angiogenesis agent. Anticancer Drug Des., 15:
29–41, 2000.

32. O’Reilly, M. S., Boehm, T., Shing, Y., Fukai, N., Vasios, G., Lane, W. S., Flynn, E.,
Birkhead, J. R., Olsen, B. R., and Folkman, J. Endostatin: an endogenous inhibitor of
angiogenesis and tumor growth. Cell, 88: 277–285, 1997.

33. Wei, K., Jayaweera, A. R., Firoozan, S., Linka, A., Skyba, D. M., and Kaul, S.
Quantification of myocardial blood flow with ultrasound-induced destruction of
microbubbles administered as a constant venous infusion. Circulation, 97: 473–483,
1998.

34. Krix M., Kiessling F., Vosseler S., Kiessling I., Le-Huu M., Fusenig N. E., and
Delorme S. Comparison of intermittent, bolus-contrast imaging with conventional
power Doppler sonography: quantification of tumour perfusion in small animals.
Ultrasound Med. Biol, 29: 1093–1103, 2003.

35. Sckell A., Klenke F., Merkle T., Gebhard M. M., and Ewerbeck V. Analysis of
angiogenesis, microcirculation, and growth of primary and secondary bone tumors: an
experimental study in mice. In: M. Boros (ed), Proceedings of the 37th Congress of
the European Society for Surgical Research, pp. 165–168. Bologna: Monduzzi
Editore, International Proceedings Division, 2002.

36. Berenbaum, M. C. What is synergy? Pharmacol. Rev., 41: 93–141, 1989.
37. Jain, R. K., Safabakhsh, N., Sckell, A., Chen, Y., Jiang, P., Benjamin, L., Yuan, F.,

and Keshet, E. Endothelial cell death, angiogenesis, and microvascular function after
castration in an androgen-dependent tumor: role of vascular endothelial growth factor.
Proc. Natl. Acad. Sci. USA, 95: 10820–10825, 1998.

38. Eder, J. P., Jr., Supko, J. G., Clark, J. W., Puchalski, T. A., Garcia-Carbonero, R.,
Ryan, D. P., Shulman, L. N., Proper, J., Kirvan, M., Rattner, B., Connors, S., Keogan,
M. T., Janicek, M. J., Fogler, W. E., Schnipper, L., Kinchla, N., Sidor, C., Phillips,
E., Folkman, J., and Kufe, D. W. Phase I clinical trial of recombinant human
endostatin administered as a short intravenous infusion repeated daily. J. Clin. Oncol.,
20: 3772–3784, 2002.

39. Herbst, R. S., Mullani, N. A., Davis, D. W., Hess, K. R., McConkey, D. J.,
Charnsangavej, C., O’Reilly, M. S., Kim, H. W., Baker, C., Roach, J., Ellis, L. M.,
Rashid, A., Pluda, J., Bucana, C., Madden, T. L., Tran, H. T., and Abbruzzese, J. L.
Development of biologic markers of response and assessment of antiangiogenic
activity in a clinical trial of human recombinant endostatin. J. Clin. Oncol., 20:
3804–3814, 2002.

40. Herbst, R. S., Hess, K. R., Tran, H. T., Tseng, J. E., Mullani, N. A., Charnsangavej,
C., Madden, T., Davis, D. W., McConkey, D. J., O’Reilly, M. S., Ellis, L. M., Pluda,
J., Hong, W. K., and Abbruzzese, J. L. Phase I study of recombinant human
endostatin in patients with advanced solid tumors. J. Clin. Oncol., 20: 3792–3803,
2002.

41. Thomas, J. P., Arzoomanian, R. Z., Alberti, D., Marnocha, R., Lee, F., Friedl, A.,
Tutsch, K., Dresen, A., Geiger, P., Pluda, J., Fogler, W., Schiller, J. H., and Wilding,
G. Phase I pharmacokinetic and pharmacodynamic study of recombinant human
endostatin in patients with advanced solid tumors. J. Clin. Oncol., 21: 223–231, 2003.

42. Ramchandran, R., Karumanchi, S. A., Hanai, J., Alper, S. L., and Sukhatme, V. P.
Cellular actions and signaling by endostatin. Crit Rev. Eukaryotic Gene Expr., 12:
175–191, 2002.

43. Fidler, I. J. Angiogenic heterogeneity: regulation of neoplastic angiogenesis by the
organ microenvironment. J. Natl. Cancer Inst. (Bethesda), 93: 1040–1041, 2001.

44. Bergers, G., Javaherian, K., Lo, K. M., Folkman, J., and Hanahan, D. Effects of
angiogenesis inhibitors on multistage carcinogenesis in mice. Science (Wash. DC),
284: 808–812, 1999.

45. Yokoyama, Y., Dhanabal, M., Griffioen, A. W., Sukhatme, V. P., and Ramakrishnan,
S. Synergy between angiostatin and endostatin: inhibition of ovarian cancer growth.
Cancer Res., 60: 2190–2196, 2000.

46. te Velde, E. A., Vogten, J. M., Gebbink, M. F., van Gorp, J. M., Voest, E. E., and
Borel, R., I Enhanced antitumour efficacy by combining conventional chemotherapy
with angiostatin or endostatin in a liver metastasis model. Br. J. Surg., 89: 1302–1309,
2002.

47. Arriagada, R., Pignon, J. P., and Le Chevalier, T. Initial chemotherapeutic doses and
long-term survival in limited small cell lung cancer. N. Engl. J. Med., 345: 1281–
1282, 2001.

48. Herbst, R. S., and Kies, M. S. ZD1839 (Iressa) in non-small cell lung cancer.
Oncologist, 7 (Suppl. 4): 9–15, 2002.

8898

COMBINED DIRECT AND INDIRECT INHIBITORS OF ANGIOGENESIS
D

ow
nloaded from

 http://aacrjournals.org/cancerres/article-pdf/2511574/zch02403008890.pdf by guest on 19 M
ay 2023


