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Abstract Purpose: Antiangiogenic drug treatment inhibits tumor growth by decreasing blood supply,
which can also reduce the delivery of other therapeutic agents. Presently, we investigated
the effect of the vascular endothelial growth factor receptor tyrosine kinase inhibitor axitinib
(AG-013736) on tumor vascular patency and chemotherapeutic drug uptake. Furthermore, the
effect of axitinib on the antitumor activity of combination treatments with cyclophosphamide
was examined.
Experimental Design: Prostate cancer PC-3 xenografts were used to evaluate the effect of
axitinib treatment on tumor vascular morphology, fluorescent dye perfusion, hypoxia, and uptake
of 4-hydroxycyclophosphamide, the active metabolite of the chemotherapeutic prodrug
cyclophosphamide. Sequential or simultaneous schedules for axitinib and cyclophosphamide
administration were evaluated in both PC-3 tumors and 9L gliosarcoma xenograft models.
Results: Axitinib monotherapy induced sustained growth stasis in PC-3 tumors in association
with extensive apoptotic cell death. A substantial decrease in tumor vascular patency was
observed, exemplified by a near complete loss of Hoechst 33342 perfusion and the absence
of pimonidazole staining in the increasingly hypoxic tumors. Antitumor activity was significantly
enhanced in both PC-3 and 9L tumors treated using an optimized schedule of sequential, inter-
mittent axitinib-cyclophosphamide combination therapy despite a 40% to 70% decrease in tumor
tissue uptake of 4-hydroxycyclophosphamide.
Conclusions: In axitinib-cyclophosphamide combination therapy, enhanced anticancer activity
can be achieved when the reduced tumor cell exposure to the cancer chemotherapeutic agent is
compensated by antiangiogenesis-induced tumor cell starvation. This intrinsic antitumor
effect was particularly evident in PC-3 tumor xenografts, where tumor blood flow deprivation
dominates the overall therapeutic response.

Following the approval of several antiangiogenic agents (e.g.,
bevacizumab, sorafenib, and sunitinib) for cancer treatment,
antiangiogenesis has emerged as a new treatment option for
clinical oncologists. These agents offer extended survival in
patients with metastatic colorectal cancer, non-small cell lung
cancer, and advanced renal cell carcinoma (1). Because
antiangiogenic drugs are typically cytostatic, further develop-
ment of this new class of anticancer drugs will require effective
integration with conventional cytoreductive regimens (2, 3).
Bevacizumab, an anti-vascular endothelial growth factor
(VEGF) antibody, and the VEGF receptor (VEGFR)-2-specific

antibody DC101, both inhibit angiogenesis by blocking the
binding of VEGF to its cell surface receptors. Moreover, both
agents induce the morphologic and functional normalization
of the tumor vasculature, which is accompanied by a transient
increase in the delivery of drugs and oxygen to tumor cells
(4–7). This normalization involves the pruning of immature
blood vessels, a closer association between pericytes and
endothelial cells, and an overall improvement in blood vessel
organization (8). These changes in tumor vasculature provide a
window of opportunity for increasing antitumor activity by
combining cytotoxic reagents with angiogenesis inhibitors.
Indeed, the survival benefits of bevacizumab treatment in
clinical trials were observed in combination with cancer
chemotherapeutic drugs (9).

Antiangiogenic therapy is thought to require continuous or
near-continuous drug exposure in vivo ; consequently, the initial
induction of tumor vascular normalization described above is
typically followed by a decrease in tumor vascular patency (8).
This may eventually lead to reduced tumor uptake of a
coadministered chemotherapeutic drug with loss of therapeutic
activity. Moreover, not all antiangiogenic drugs induce a short-
term improvement in tumor blood perfusion. Many small-
molecule angiogenesis inhibitors target downstream signaling
pathways, including VEGFRs and other ligand-activated recep-
tors with tyrosine kinase activity (10). These receptor tyrosine
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kinase inhibitors block both cell surface and intracellular VEGF
signaling pathways, resulting in irreversible endothelial cell
death (11). Unlike bevacizumab, monotherapy with receptor
tyrosine kinase inhibitors, such as sorafenib and sunitinib,
significantly increases progression-free survival in phase III
clinical trials (12, 13). Suppression of angiogenesis per se could
thus be an important mode of antitumor action for these
potent receptor tyrosine kinase inhibitors. Moreover, increased
tumor cell starvation following angiogenesis inhibition could
potentially offset any decrease in antitumor activity associated
with the reduced tumor uptake of coadministered cytotoxic
drugs. Antiangiogenesis may also chemosensitize tumor cells to
chemotherapeutics or interfere with the repair of cytotoxic
drug-induced damage (14, 15). Detailed investigation of the
interactions between antiangiogenic agents and conventional
cytotoxic drug treatments are required to elucidate these issues
and to help identify the most effective drug combinations and
schedules.

Different tumors may display distinct intrinsic sensitivities to
angiogenesis inhibition. Although tumor vascular density has
been widely investigated as a prognostic marker, its value in
predicting tumor responses to antiangiogenic drugs is still
unclear. Even less is known about how tumor vascularity,
particularly the low vascular density of certain tumors, may
affect antitumor activity in the context of combination therapy.
Answers to these questions may provide important information
for patient stratification and guide the selection of treatment
regimens that include antiangiogenic drugs.

The present study was designed to investigate the effect of
angiogenesis inhibition on tumor blood perfusion and
chemotherapeutic drug uptake following treatment with

axitinib, a potent receptor tyrosine kinase inhibitor that targets
VEGFRs at subnanomolar concentrations (16) and has shown
clinical efficacy in phase II clinical trials (17, 18). The efficacy of
combination therapies involving axitinib and the cytotoxic
prodrug cyclophosphamide using either metronomic or max-
imum tolerated dose (MTD) treatment schedules was also
examined. Our findings show that PC-3 human prostate cancer
xenografts, which are hypovascularized, are highly sensitive to
axitinib treatment. Axitinib not only induces a strong anti-
angiogenic response but also dominates the overall antitumor
activity of drug combinations with cyclophosphamide. As a
consequence, despite a substantial decrease in exposure of the
axitinib-treated tumors to the active 4-hydroxycyclophospha-
mide (4-OH-CPA) metabolite, a significant therapeutic en-
hancement is achieved when cyclophosphamide is included in
the combination therapy. Furthermore, our findings suggest
that the therapeutic outcome of the combination therapy can
be influenced by the timing of different treatment regimens,
which may need to be optimized in a tumor-dependent
manner. Taken together, these studies support the therapeutic
potential of combining axitinib with conventional chemother-
apeutic drugs for treatment of prostate cancer and potentially
other tumors.

Materials andMethods

Supplementary materials and methods. Details on chemicals, cell
growth inhibition, immunohistochemistry, pimonidazole staining,
TUNEL assay, and image analysis are provided in Supplementary
Materials together with Supplementary Figs. S1 to S5.
Cell lines. Human tumor cell lines PC-3 (prostate cancer), A549

(non-small cell lung cancer), MCF-7 (breast cancer), and U251 (glioblas-
toma) were obtained from Dr. Dominic Scudiero (National Cancer
Institute) andwere grown in RPMI 1640 containing 5% fetal bovine serum
at 37jC in a humidified 5%CO2 atmosphere. The rat gliosarcoma cell line
9L and a derivative expressing the cyclophosphamide-activating cyto-
chrome P450 2B11 (9L/2B11 cells) were those described previously (19)
and were grown in DMEM with 10% fetal bovine serum.
Tumor xenograft models. The effect of drug treatment on tumor

growth was studied in PC-3 and 9L/2B11 tumor xenografts grown in
scid mice (see below). These two tumor cell lines were selected because
of their distinct differences in tumor vascularity, sensitivity to axitinib
treatment both in vivo and in vitro , and their responses to metronomic
cyclophosphamide treatment (19–21). For example, 9L and 9L/2B11
tumors are highly vascularized, whereas PC-3 tumors are poorly
vascularized (Supplementary Fig. S1A). This morphologic difference
has functional consequences, with untreated PC-3 tumors containing
large hypoxic regions, whereas untreated 9L (and 9L/2B11) tumors are
devoid of hypoxia as indicated by pimonidazole and glucose
transporter type-1 (Glut-1) staining (Supplementary Fig. S1B). Discrete,
small clusters of cells are seen in the Hoechst 33342 perfusion staining
pattern of PC-3 tumors, whereas a mixture of patchy staining of
separate cell clusters and near-uniform staining in some extended areas
characterize 9L tumors (Supplementary Fig. S1C).

Immunodeficient male Fox Chase ICR scid mice, 5 to 7 weeks old,
were purchased from Taconic and housed in the Boston University
Laboratory of Animal Care Facility in accordance with approved
protocols and federal guidelines. Autoclaved cages containing food
and water were changed once a week. Mouse body weight was
measured every 3 to 4 days. On the day of tumor cell inoculation,
PC-3 and 9L/2B11 tumor cells at 70% to 80% confluence were
trypsinized and resuspended in fetal bovine serum-free culture
medium. 9L/2B11 (4 � 106) or PC-3 (6 � 106) cells in a volume of
0.2 mL were injected subcutaneously into each flank of the mouse

Translational Relevance

An important considerationwhen introducing antiangio-
genesis treatments into the clinic is their effect on tumor
uptake of cytotoxic drugs and, consequently, the effect on
combination therapies that incorporate these new agents.
The present studies use tumor xenograft models to
investigate these issues for the VEGFR tyrosine kinase
inhibitor and antiangiogenesis drug axitinib, which is
shown to substantially decrease tumor vascular patency
and tumor uptake of 4-OH-CPA, the activated metabolite
of cyclophosphamide formed in the liver. Despite this
decrease in cytotoxic drug uptake, the axitinib-cyclophos-
phamide combination shows enhanced antitumor activity
when using an optimized sequence and schedule of drug
administration, indicating that these important treatment
variables need to be selected carefully in the clinic. More-
over, prostate cancer PC-3 tumors are shown to be highly
sensitive to antiangiogenesis despite their poor vascularity,
which may be an important consideration for patient
selection. Finally, the inability of the widely used hypoxia-
specific dye pimonidazole to stain increasingly hypoxic
PC-3 tumors following axitinib treatment indicates a need
to use alternative monitors to evaluate tumor oxygenation.
This is particularly true when the penetration of pimonida-
zole itself may be inhibited by the drug treatment under
investigation.
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bilaterally. Tumor sizes were measured every 3 to 4 days using digital
calipers (VWR International) and volumes were calculated as (p / 6) �
(L �W)3/2. Mice were randomized to different treatment groups on the
day of initial drug treatment when the average tumor volume reached
400 to 600 mm3 (10-34 tumors per group, as specified).

Drug treatment schedules. Axitinib was suspended at 5 mg/mL
polyethylene glycol 400 and sonicated at room temperature for 10 to

20 min to obtain a fine suspension. The pH was adjusted to 2 to 3 using

0.1 N HCl followed by the second sonication. A final 3:7 (v/v) ratio of
polyethylene glycol 400/H2O was obtained by adding acidified water

(pH 2-3). The injection-ready solution was prepared fresh every 4 to
5 days and stored at 4jC in the dark. Axitinib was administered to

the tumor-bearing mice daily by intraperitoneal injection at 25 mg/kg

body weight and in a volume of 5 AL/g body weight. Control mice
received daily intraperitoneal injection of vehicle solution (30%

polyethylene glycol 400/70% acidified water, pH 2-3) in a volume of
5 AL/g body weight.

Freshly prepared cyclophosphamide dissolved in PBS (140 mmol/L
NaCl, 10 mmol/L Na2HPO4, 2.7 mmol/L KCl, 1.8 mmol/L KH2PO4)
was filtered through a 0.2 Am acrodisc syringe filter (Pall Corp.) and
administered by intraperitoneal injection at either 140 mg/kg body
weight every 6 days (metronomic schedule; refs. 22–24) or two
injections at 150 mg/kg body weight spaced 24 h apart, with the second
treatment cycle repeated after a 19-day drug-free recovery period (MTD
schedule).

In MTD cyclophosphamide-axitinib combination treatment studies,
two daily cyclophosphamide treatments were followed by 6 or 9 days of
daily axitinib administration (or daily axitinib for 6 to 9 days as
indicated followed by two daily cyclophosphamide treatments, as
indicated), with each drug treatment given 24 h after the prior drug
treatment. In studies where cyclophosphamide (metronomic schedule)
and axitinib were to be administered on the same day, cyclophospha-
mide was injected 4 h before axitinib to minimize the potential for drug
interactions at the level of hepatic cyclophosphamide metabolism (21).
Hoechst 33342 perfusion. Hoechst 33342, a DNA-binding fluores-

cent dye with molecular weight of 561, has been widely used to study
the patency of the tumor vasculature (25). In the present study, Hoechst
33342 was used to determine the effect of various drug treatments on
tumor blood perfusion. Stock solutions of 16 mmol/L Hoechst 33342
in PBS were stored at 4jC in the dark. One minute after tail vein
injection at 15 mg Hoechst 33342/kg body weight (40-50 AL/mouse
with a 29-gauge needle), tissues samples were collected and processed
for cryosectioning. Images were analyzed using a fluorescent micro-
scope and captured by an Olympus MagnaFire digital camera.
Representative fields of the staining patterns were presented for each
tissue.

Tumor uptake of 4-OH-CPA. The effect of each drug treatment

on the net uptake of 4-OH-CPA by PC-3 tumors was determined

as follows. A single intraperitoneal injection of cyclophosphamide

(140 mg/kg body weight) was administered to tumor-bearing mice

24 h after the last axitinib (25 mg/kg/d intraperitoneally) or

cyclophosphamide treatment (140 mg/kg intraperitoneally every

6 days), except in the case of the 12 h axitinib treatment time point,

where cyclophosphamide was given 12 h after axitinib. Mice were killed

15 min after cyclophosphamide injection, corresponding to the Tmax of

plasma and liver 4-OH-CPA (20, 21). Blood, liver, and tumor samples

were collected and processed for analysis of 4-OH-CPA after derivati-

zation to 7-hydroxyquinoline (26). Tissue recovery of 4-OH-CPA was

60 F 3% with a sensitivity of 1 Amol/L under these conditions (26).

Data were expressed as mean F SE nanomoles of 4-OH-CPA produced

per gram of tissue for n = 6 tumors (3 mice) per data point.
Statistical analysis. Results were expressed as mean F SE and are

based on the indicated number of tumors or tissue samples per group.
Statistical significance of differences was assessed by two-tailed
Student’s t test or one-way ANOVA with Tukey post test as specified
in the text using Prism software version 4.0 (GraphPad) with a
significance level of V 0.05.

Results

Axitinib treatment arrests PC-3 tumor growth by angiogenesis
inhibition. Six days after the initiation of daily axitinib
treatment (25 mg/kg intraperitoneally, scid), growth stasis was
observed for PC-3 tumor xenografts grown subcutaneously in
immunodeficient scid mice (Fig. 1A, top). On day 12, when the
control group was terminated, the size of axitinib-treated
tumors was significantly smaller than that of control tumors
(P < 0.001, Student’s t test). This growth stasis response was
maintained for at least 24 days. Male scid mice bearing
subcutaneous PC-3 tumors showed body weight loss beginning
when the tumor volume reached 200 to 300 mm3 both with
and without axitinib treatment (Fig. 1A, bottom), indicating no
added toxicity from the axitinib treatment. Axitinib decreased
PC-3 tumor vascular area by 30% (Fig. 1B, top) and dilated
blood vessels seen in untreated PC-3 tumors became undetect-
able (Fig. 1B, bottom). However, the number of microvessels per
field (already low in the untreated PC-3 tumors; Supplementary
Fig. S1A) showed no significant change (Fig. 1C). In cell culture
studies, micromolar concentrations of axitinib displayed
growth-inhibitory activity against several tumor cell lines but
not PC-3 cells (Fig. 1D), suggesting the anti-PC-3 tumor activity
of axitinib in vivo (Fig. 1A) is not due to direct tumor cell
cytotoxicity. Rather, axitinib-induced angiogenesis inhibition is
likely the underlying mechanism for the observed tumor
growth stasis.
Axitinib induces PC-3 tumor hypoxia and suppresses tumor

blood perfusion. Untreated PC-3 tumors were hypoxic as
indicated by extensive staining with the hypoxia marker
Glut-1 (Fig. 2A, left). Glut-1 was validated as an endogenous
marker for PC-3 tumor hypoxia by its substantial up-regulation
in PC-3 cells cultured in hypoxic conditions (0.2% O2 for 48 h;
Supplementary Fig. S2A). Glut-1 staining colocalized with the
hypoxia-specific dye pimonidazole in untreated PC-3 tumors
(Supplementary Fig. S2B) and was largely exclusive of CD31
(endothelial cell) staining (Supplementary Fig. S2C). Quanti-
fication of Glut-1 staining in PC-3 tumors revealed a 27%
increase in Glut-1-positive area following axitinib treatment,
evidencing drug-induced tumor hypoxia (Fig. 2A, right). In
contrast, staining with the exogenous hypoxia marker pimoni-
dazole showed a time-dependent decrease in PC-3 tumor
staining, with only small regions on the tumor periphery
stained after 24 days of axitinib treatment (Fig. 2B). Given the
increase in Glut-1 staining (Fig. 2A), the decrease in pimoni-
dazole staining does not indicate a decrease in tumor hypoxia;
rather, it most likely results from decreased delivery of the
hypoxia-responsive dye itself to the hypoxic regions of axitinib-
treated tumors.

The significant change in PC-3 tumor vascular patency
indicated by these findings was verified by Hoechst 33342
perfusion, which stained individual cell clusters in untreated
PC-3 tumors (Fig. 2C), indicating the presence of perfused
blood vessels. After 24 days of axitinib treatment, when
pimonidazole staining in PC-3 tumors was undetectable,
Hoechst 33342 staining was also undetectable. Careful exam-
ination of Hoechst 33342 staining in several normal tissues,
including heart, kidney, liver, lung, and muscle, revealed no
significant changes in blood perfusion following axitinib
treatment, although a small decrease in staining intensity was
apparent in intestine (Fig. 2D). Thus, axitinib significantly and
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specifically reduces PC-3 tumor vascular patency without
affecting most normal tissues.
Axitinib rapidly but reversibly decreases tumor uptake of 4-OH-

CPA. Given the near-complete block in the delivery of both

Hoechst 33342 and pimonidazole into axitinib-treated PC-3
tumors, we investigated the effect of axitinib treatment on PC-3
tumor uptake of 4-OH-CPA, the cytotoxic metabolite of
cyclophosphamide formed in the liver via cytochrome P450

Fig. 1. Antitumor activity and antiangiogenic effects of axitinib in PC-3 tumor xenografts and cultured tumor cells. A, axitinib monotherapy (25 mg/kg intraperitoneally
daily, days 0-23) induced growth stasis in PC-3 tumor xenografts grown subcutaneously in immunodeficient scid mice. Limited body weight loss was associated with
tumor growth but was not increased by axitinib treatment (right ; 4-6 g loss over a 22-day period in 5-week-old male scid mice beginning when the tumor volume reached
200-300 mm3). Solid line beneath the X axis, period of daily axitinib treatment. Data are based on n = 10 tumor per group. Bars, SE. B, percentage of surface area of
PC-3 tumor cryosections that stained CD31positive (top). Daily axitinib treatment for 24 d but not metronomic cyclophosphamide treatment (140 mg/kg intraperitoneally
every 6 d � 4 cycles) significantly reduced tumor vascular area (mean F SE, n = 4 tumors per group). Dilated blood vessels were not detected in axitinib-treated or
combination therapy-treated PC-3 tumors (bottom). Bar, 200 Am. C, number of tumor blood vessels per CD31-immunostained PC-3 tumor section counted at�400
magnification.The decrease in vascular area (B) without a change in microvessel density (C) following axitinib monotherapy suggests that the remaining blood vessels are
smaller in size. Mean F SE (n = 4 tumors per group). *, P < 0.05; **, P < 0.01, compared with vehicle control (Student’s t test). D, cultured PC-3, A549, MCF-7, and U251
tumor cells were continuously treated with axitinib at the indicated concentrations for 4 d and the effect on final cell numbers, indicative of relative growth rate, was
determined by crystal violet staining. Mean F SD (n = 3 replicates per data point).
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Fig. 2. Axitinib treatment reduces PC-3 tumor vascular patency without affecting normal tissues. A, immunostaining of the endogenous hypoxia marker Glut-1revealed
extensive hypoxia in PC-3 tumors (left). Quantification of Glut-1-positive area revealed increased tumor hypoxia following daily axitinib treatment (25 mg/kg intraperitoneally
daily) for 24 d (right). Mean F SE (n = 4 tumors per group). B, staining with the hypoxia-specific dye pimonidazole in untreated PC-3 tumors gradually decreases following
6 and 24 d of axitinib treatment. Bar, 500 Am (A and B).Vascular patency of PC-3 tumors (C) and normal tissues (D) was determined by intravenous injection of Hoechst
33342 dye (15 mg/kg) followed by1min of circulation. Bar, 50 Am (C and D).
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metabolism. Although axitinib does not inhibit the activation
of cyclophosphamide by liver cytochrome P450 enzymes or the
export of 4-OH-CPA from liver to blood (21), PC-3 tumor
uptake of 4-OH-CPA decreased to 60% of control 12 h after a
single axitinib injection followed by a further decrease to 30%
of control after 24 days of axitinib treatment (Fig. 3A). This
70% decrease in tumor drug uptake is more extensive than the
30% decrease in tumor vascular area (Fig. 1B), suggesting that
axitinib both prunes tumor blood vessels and decreases the
patency of the remaining vessels.

Next, we investigated whether the inhibition of tumor drug
uptake by axitinib is reversible. PC-3 tumors were treated with
axitinib for 6 days, at which time drug treatment was
discontinued and the capacity for tumor uptake of 4-OH-CPA
was determined. Although the half-life of axitinib in mouse
plasma is only 2 h (16), PC-3 tumor 4-OH-CPA levels did not
fully recover until 6 days after axitinib withdrawal (Fig. 3B,
fourth column). This reversal of the antivascular effects of
axitinib was accompanied by a resumption of tumor growth
(Fig. 3C). A second cycle of axitinib was administered 9 days
after the termination of the first axitinib treatment cycle, which
inhibited tumor uptake of 4-OH-CPA within 12 h (Fig. 3B, last
column versus sixth column), similar to the initial axitinib
treatment (Fig. 3A, day 0.5). Thus, the tumor blood vessels
remain sensitive to axitinib inhibition.
Axitinib reduces tumor cell proliferation and increases

apoptosis. Next, we investigated the inhibitory effect of axitinib
on PC-3 tumor cell proliferation. PC-3 tumor expression of
proliferation cell nuclear antigen was measured by immuno-
histochemical staining, which showed a >50% decrease in
proliferation index after 24 days of axitinib treatment (Fig. 4A).
At the same time, the level of apoptosis (TUNEL staining) was
increased in axitinib-treated PC-3 tumors (Fig. 4B). Large areas
of PC-3 tumors showed condensed nuclear staining following
axitinib treatment (Supplementary Fig. S3), suggesting that
there is extensive apoptosis or necrosis in the axitinib-treated
tumors. Because axitinib does not directly inhibit PC-3 tumor
cell growth (Fig. 1D), this antiproliferation activity, and the
associated proapoptotic response, is likely to be secondary to
the axitinib-induced decrease in tumor blood perfusion and the
increase in hypoxia (Figs. 2 and 3). Thus, strong angiogenesis
inhibition induces substantial tumor cell starvation and death,
which itself has an important inhibitory effect on PC-3 tumor
growth.
Improved antitumor activity of axitinib-cyclophosphamide

combination. Next, we investigated the effect of the reduced
tumor 4-OH-CPA uptake on the antitumor activity of axitinib-
cyclophosphamide combination therapies. Two schedules of
cyclophosphamide treatment were investigated: metronomic
(every 6 days) cyclophosphamide, which has intrinsic anti-
angiogenic activity (22), and classic MTD cyclophosphamide
treatment. Metronomic cyclophosphamide arrested PC-3 tumor
growth after the second cycle of drug treatment (Fig. 5A). This
delayed antitumor response was similar to the response to
axitinib treatment. In contrast, metronomic cyclophosphamide
combined with axitinib halted tumor growth on initiation of
drug treatment and was followed by sustained growth stasis
with a slow but steady 20% decline in tumor size, which was
significantly different from the axitinib and the metronomic
cyclophosphamide monotherapy groups (P < 0.001, one-way
ANOVA, days 0-23). When drug treatment was terminated on

day 23, PC-3 tumors given the combination treatment were
significantly smaller than tumors treated with either mono-
therapy alone (Student’s t test, P < 0.001). The reduced vascular
area and small increase in microvessel density seen in the
combination treatment group (Fig. 1B, top, and 1C) largely
reflect changes associated with axitinib treatment. In addition,
axitinib decreased intratumoral 4-OH-CPA (Fig. 3A, last three
columns) and markedly increased apoptosis (Fig. 4B) both with
and without metronomic cyclophosphamide treatment. Thus,
axitinib plays a dominant role in the antitumor activity of the
combination therapy.

Fig. 3. Effect of axitinib on PC-3 tumor 4-OH-CPA exposure. 4-OH-CPA
concentrations were determined in PC-3 tumors grown subcutaneously in
scid mice treated with axitinib (25 mg/kg intraperitoneally daily) and/or
metronomic cyclophosphamide (140 mg/kg intraperitoneally every 6 d)
for the indicated periods. To determine the effect of drug treatment on tumor
uptake of 4-OH-CPA, mice were given an intraperitoneal injection of a test
dose of cyclophosphamide (140 mg/kg) and tumors were excised 15 min later.
Tumor levels of 4-OH-CPA were determined by high-performance liquid
chromatography. A, intratumoral 4-OH-CPA levels were decreased to 60% of
control within 12 h (0.5 day) after the first axitinib injection and to 30% of
control after 24 d of axitinib treatment both without and with metronomic
cyclophosphamide treatment (metro). B, daily injection of axitinib for 6 d
reduced tumor 4-OH-CPA uptake by f40% (second column compared with
first column). This decrease was largely reversed 6 d after the cessation of drug
treatment (fourth column compared with first column). Tumor 4-OH-CPA
uptake decreased again within 12 h after a second cycle of axitinib treatment
(last column compared with fifth column). *, P < 0.5; ***, P < 0.001, compared
with day 0 control (first column); cc, P < 0.01, compared with axitinib day 6/
drug-free day 9 (fifth column), Student’s t test (n = 6 tumors per group).
Bars, SE (A) and (B). C, PC-3 tumors undergoing growth stasis following
axitinib treatment (25 mg/kg intraperitoneally d 0-5) resumed growth
6 d after drug withdrawal. Arrows beneath the X axis, days of axitinib
treatment. Data represent n = 6 tumors per group. Bars, SE.

Axitinib Antiangiogenesis and CombinationTherapy

www.aacrjournals.org Clin Cancer Res 2009;15(2) January15, 2009583



MTD cyclophosphamide treatment induced substantial PC-3
tumor growth delay at the first treatment cycle followed by a
shorter delay after the second cycle of drug treatment (Fig. 5B).
Neoadjuvant axitinib treatment for 9 days followed by MTD
cyclophosphamide resulted in sustained PC-3 tumor growth
stasis through two cycles of drug treatment (Fig. 5B) despite the
40% to 70% decrease in tumor uptake of 4-OH-CPA (Fig. 3A).
However, the strongest anti-PC-3 tumor growth response was
achieved with another drug administration schedule, where
MTD cyclophosphamide was followed by 9 days of axitinib
treatment. With this schedule, not only was tumor growth

completely arrested on initiation of drug treatment, but also the
tumors gradually regressed, with a maximal regression of close
to 50% achieved during the second cycle of combination
therapy (Fig. 5B). A near-identical antitumor response was seen
when daily axitinib treatment was extended for 19 days, until
the next cycle of MTD cyclophosphamide treatment (data not
shown), where the absence of an axitinib-free interval between
cyclophosphamide treatments excludes the possibility that
tumor 4-OH-CPA uptake recovers by the time of the second
cycle of cyclophosphamide treatment (Fig. 3B). Tumor volumes
of both combination treatment groups (axitinib/MTD cyclo-
phosphamide and MTD cyclophosphamide/axitinib) were
significantly different from the MTD cyclophosphamide treat-
ment group (P < 0.001, one-way ANOVA, days 0-56) and from
each other (P < 0.01, one-way ANOVA, days 0-42). Quantifi-
cation of the MTD cyclophosphamide-induced tumor growth
delay periods revealed the following tumor volume doubling
times: 4 days (vehicle control), 32 days (MTD cyclophospha-
mide), 53 days (axitinib/MTD cyclophosphamide), and 53 days

Fig. 5. Antitumor activity of cyclophosphamide-axitinib combination therapy in
PC-3 tumors. PC-3 tumors were implanted subcutaneously in scid mice. Arrows
along the X axis, days on which cyclophosphamide was administered; horizontal
lines below the X axis, period of daily axitinib treatment (25 mg/kg intraperitoneally,
daily).Tumor volumes are expressed as a percentage of the volume on day 0, when
drug treatment was initiated, to facilitate comparisons between groups. Dotted
horizontal lines above the Xaxis, a 50% decrease (bottom line) and a100% increase
in tumor volume (top line), respectively. A, combination of daily axitinib treatment
with metronomic cyclophosphamide (140 mg/kg intraperitoneally every 6 d) led to
tumor growth arrest by the second cyclophosphamide injection. B, antitumor
activity of MTD cyclophosphamide (150 mg/kg, two intraperitoneal injections
24 h apart, repeated every 21d) was significantly enhanced when followed by
9 d of daily axitinib treatment. P < 0.01, one-wayANOVA, days 0 to 42. No body
weight loss was induced by the various combination drug treatments compared
with vehicle-treated tumor-bearing mice (see Supplementary Fig. S4). Data
represent n = 10 to 24 tumors per group. Bars, SE.

Fig. 4. Cell proliferation and apoptosis in 24-d axitinib and/or 4� 6 dmetronomic
cyclophosphamide-treated PC-3 tumors. Effect of the indicated in vivo drug
treatments on PC-3 tumor cell proliferation (A) and apoptosis (B)was analyzedby
proliferation cell nuclear antigen immunostaining andTUNEL assay, respectively.The
number of proliferation cell nuclear antigen-positive cells were counted at�200
magnification. *,P < 0.05, comparedwith vehicle control forn =4 tumors per group
(Student’s t test). Bar,100 Am.
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(MTD cyclophosphamide/axitinib). Tumors treated with axiti-
nib monotherapy were significantly larger than those in either
combination treatment group (P < 0.001, Student’s t test,
day 23). PC-3 tumor-induced body weight loss was similar in
all treatment groups (Supplementary Fig. S4), indicating that
the combination of cyclophosphamide with axitinib does not
cause additional host toxicity.
Optimal timing of axitinib and cyclophosphamide administra-

tion in 9L/2B11 tumor model. scid mice bearing 9L gliosar-
coma expressing the cyclophosphamide-activating cytochrome
P450 2B11 (9L/2B11 tumors) were used as a second model to
investigate the therapeutic effect of combining axitinib with
MTD cyclophosphamide. In 9L/2B11 tumors, overall antitumor
activity was increased when MTD cyclophosphamide was
followed by daily axitinib treatment (Fig. 6), a finding that is
consistent with, but less dramatic than, our results with PC-3
tumors (Fig. 5B). In contrast to PC-3 tumors, however, an even
greater increase in anti-9L/2B11 tumor activity was seen when
neoadjuvant axitinib treatment preceded MTD cyclophospha-
mide treatment (Fig. 6). This improvement was obtained
despite the limited antitumor activity of axitinib alone in 9L/
2B11 tumors (Fig. 6) and despite the decrease in tumor uptake
of 4-OH-CPA (21). One-way ANOVA analysis of tumor volume
changes in the last cycle of drug treatment (days 48-69) verified
that all three treatment groups were significantly different from
each other (P < 0.01). Thus, axitinib/MTD cyclophosphamide
was more effective than MTD cyclophosphamide/axitinib,
which itself was more effective than MTD cyclophosphamide
alone. A small body weight loss occurred after each cyclophos-
phamide treatment cycle (Supplementary Fig. S5), as is typical
for MTD-scheduled cytotoxic drugs.

Discussion

As new antiangiogenesis drugs enter the clinic for cancer
treatment and an even larger number of candidates progress

through preclinical and clinical development, it is important to
obtain a better understanding of their effects on tumor blood
vessel patency and their potential interactions with traditional
cancer chemotherapies. In the current study, we investigated
axitinib, an oral antiangiogenic drug and potent and selective
inhibitor of VEGFR-1, VEGFR-2, and VEGFR-3, which has
shown substantial antitumor activity in multiple preclinical
models and in several clinical trials (17, 21, 28). Specifically, we
investigated how axitinib affects tumor blood perfusion in
human prostate cancer PC-3 xenografts and the potential effect
of such changes have on the efficacy of axitinib in combination
with the cancer chemotherapeutic prodrug cyclophosphamide.
PC-3 tumor blood vessel patency was significantly reduced by
axitinib, which substantially blocked tumor cell access to
pimonidazole, Hoechst 33342, and 4-OH-CPA, the active,
cytotoxic metabolite of cyclophosphamide, all delivered via
tumor blood flow. Despite the unfavorable effect on tumor
uptake of 4-OH-CPA, the antitumor activity of axitinib in
combination with cyclophosphamide was found to be greater
than that of either agent alone. The present study also suggests
that the intrinsic vascularity of a given tumor may influence its
responsiveness to angiogenesis inhibition, as PC-3 tumors,
which are poorly vascularized, showed substantially greater
sensitivity to axitinib treatment (Fig. 1A) than 9L gliosarcoma,
which are highly vascularized (21). Finally, studies with PC-3
tumors and with 9L tumors expressing the cyclophosphamide-
activating cytochrome P450 2B11 (19, 20) revealed that the
relative timing of axitinib and cyclophosphamide administra-
tion can significantly affect the antitumor activity of the
combination. Thus, optimization of combination therapies
will require careful consideration of the effect of intrinsic tumor
vascularity and the diverse interactions that may occur between
angiogenesis inhibitors and cytotoxic chemotherapeutic agents.

Multiple methods have been developed for measuring tissue
oxygenation, including polarographic needle electrodes, fluo-
rescent fiber probes (29), electron paramagnetic resonance
oximetry (30), and hypoxia-specific dyes (31). Pimonidazole, a
2-nitroimidazole derivative (Hypoxprobe), is enzymatically
reduced at low oxygen tensions and forms protein adducts,
which can be visualized using specific antibody (32). Pimoni-
dazole is widely used for detection of hypoxia in vivo , including
tumor hypoxia induced by antiangiogenic drugs (4, 25).
However, the present findings show that the reliability of
pimonidazole as an indicator of tumor hypoxia can be
compromised by drug-dependent reduction in tumor blood
perfusion, which affects the tissue penetration of pimonidazole
itself. For example, untreated PC-3 tumors showed extensive
hypoxia staining following intraperitoneal delivery of pimoni-
dazole, which is consistent with direct measurements of oxygen
tension in PC-3 tumors using polarographic electrodes (33).
Interestingly, this staining became undetectable after chronic
axitinib treatment. Although certain antiangiogenic drugs can
increase tumor oxygenation by inhibiting tumor cell mito-
chondrial respiration (34), this effect has not been reported for
axitinib. Moreover, our monitoring of PC-3 tumor hypoxia
with the endogenous hypoxia marker Glut-1, whose expression
colocalized with pimonidazole staining in untreated PC-3
tumors and some other tumor types (35), revealed an increase
in tumor hypoxia following axitinib treatment. Perfusion with
the fluorescent dye Hoechst 33342 revealed strong staining of
discrete cell clusters surrounding patent blood vessels in

Fig. 6. Effect of relative timing of axitinib versus cyclophosphamide administration
on 9L/2B11antitumor activity. 9L/2B11rat gliosarcoma tumors implanted
subcutaneously in 5-week-old scid mice were treatment with axitinib and/or
MTD cyclophosphamide using doses as specified in Fig. 5 and the following
schedules as summarized in the diagrams below the X axis : daily axitinib for
30 d; MTD cyclophosphamide, 3 cycles repeated every 24 d; MTD
cyclophosphamide either preceding or following 6 daily treatments with axitinib.
Drug treatment was initiated when the average tumor volume reached f500 mm3

(day 0). Six days of neoadjuvant axitinib treatment showed the strongest antitumor
activity without any drug-associated body weight loss (see Supplementary
Fig. S5). Mean F SE (n = 10 tumors per group).
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untreated PC-3 tumors that was abolished by axitinib treatment.
In addition, the PC-3 tumor content of liver-activated, blood-
delivered 4-OH-CPA was reduced >70% by long-term axitinib
treatment. Thus, the decrease in pimonidazole staining seen in
axitinib-treated PC-3 tumors is not due to a decrease in tumor
hypoxia per se but rather results from the inability of the dye to
efficiently penetrate into the tumor via blood circulation.
Therefore, when strong inhibition of tissue blood perfusion
may occur, exogenous hypoxia-sensitive dyes such as pimoni-
dazole cannot be reliably used and alternative methods, such as
staining with Glut-1 or other endogenous hypoxia markers, or
direct pO2 measurements should be employed.

Surviving blood vessels in PC-3 tumors are reduced in size
following axitinib or axitinib-cyclophosphamide combination
treatment, suggesting there is a more pronounced effect of
axitinib on larger blood vessels. Similar decreases in tumor
blood vessel size have been observed with other antiangio-
genesis drugs (5, 36). The antiangiogenic effects of axitinib seen
in PC-3 tumors were not manifested as a decrease in blood
vessel counts despite the pruning of dilated blood vessels and
the significant drop in tumor blood perfusion revealed by three
separate functional assays: an increase in tumor hypoxia, a
decrease in Hoechst 33342 staining, and a decrease in 4-OH-
CPA uptake. These observations support the conclusion that
changes in tumor microvessel density should be considered
carefully when assessing the antiangiogenic response of drug
treatment (37). Moreover, although highly vascularized tumors
are often studied as therapeutic targets for antiangiogenic drugs
(38, 39), the importance of tumor vascularity as a predictor of
the therapeutic efficacy of antiangiogenesis treatments is still
unclear (40). In the present study, complete growth stasis was
observed when axitinib was used to treat PC-3 tumors, which
are hypovascularized, whereas only a transient tumor growth
delay was seen in axitinib-treated 9L tumors, which are
hypervascularized, despite the large decrease in 9L tumor
microvessel density and the increase in 9L tumor hypoxia that
accompanies drug treatment (21). Several factors may contrib-
ute to the differential responses of 9L and PC-3 tumors to
antiangiogenic drug treatment, including tissue of origin,
oncogenic background, and vascularity. In particular, the low
vascularity of PC-3 tumors may increase tumor susceptibility to
antiangiogenic drugs, such as axitinib, which may suppress
tumor blood flow to a level where tumor growth cannot be
supported. In contrast, the high vascular density of 9L tumors
may provide a reservoir of excess blood flow capacity, which
makes complete arrest of tumor growth by angiogenesis
inhibition alone more difficult to achieve. Differential
responses to antiangiogenic treatments have been described
in a limited number of other hypervascularized versus
hypovascularized tumor models (41–43). Further investigation
of the effect of intrinsic tumor vascularity on the response to
angiogenesis inhibition will be of great importance to the
identification of suitable patient populations and the selection
of treatment schedules for this new class of anticancer drugs.

Certain antiangiogenesis treatments may normalize tumor
vasculature and thereby facilitate the delivery of cytotoxic drugs
and oxygen to the tumor for a limited period (8) and thereby
sensitize tumors to chemotherapeutic agents and radiation
therapy (4, 6, 44). In combination therapies where antiangio-
genic drugs alone have limited efficacy, cytotoxic chemo-
therapeutics are likely to dominate the antitumor response.

Consequently, any decrease in tumor blood flow induced by an
antiangiogenic agent may compromise the efficacy of the
combination therapy. For example, in the case of 9L tumors
treated with metronomic cyclophosphamide, which as a
monotherapy induces substantial tumor regression, combina-
tion with axitinib decreases tumor uptake of 4-OH-CPA and
blocks cyclophosphamide-induced expression of endogenous
angiogenesis inhibitor thrombospodin-1 in host cells, thereby
interfering with metronomic cyclophosphamide-induced 9L
tumor regression (21). Similar decreases in drug or nonspecific
IgG uptake have been observed in other axitinib-treated
tumors, despite the morphologic normalization of the tumor
vasculature, which is indicated by decreased tortuosity, a closer
association between endothelial cells and pericytes, and
reduced vessel leakiness (28, 45).

In the present study of PC-3 tumors, however, despite an
even greater decrease in tumor uptake of 4-OH-CPA following
axitinib treatment, and the blocking of metronomic cyclophos-
phamide-induced host cell thrombospondin-1 expression in
combination therapy-treated PC-3 tumors (data not shown), a
significantly improved antitumor response was achieved with
the axitinib-cyclophosphamide combination. Thus, the strong
antiangiogenic action of axitinib on PC-3 tumors, which was
manifested as a substantial decrease in blood flow to a tumor
that is already hypovascularized, dominates the overall
antitumor activity of the combination therapy. Consistent with
the strong intrinsic anti-PC-3 tumor activity of axitinib, PC-3
tumors displayed several responses to the axitinib monotherapy
and the combination drug treatment not seen in the
cyclophosphamide alone treatment group. For example,
metronomic cyclophosphamide decreased the number of
TUNEL-positive cells and increased the occurrence of enlarged
cell nuclei in PC-3 tumors, whereas both axitinib monotherapy
and the combination treatment substantially increased apopto-
sis and induced a population of cells with condensed nuclei.
Thus, despite the negative effect of axitinib treatment on tumor
drug uptake, the cytotoxicity conferred by the residual intra-
tumoral 4-OH-CPA supplements the antitumor activity of
axitinib, which collectively enhance overall therapeutic re-
sponse. Similarly, when axitinib was added to fractionated
radiation therapy, despite an increase in tumor hypoxia, which
would be expected to decrease tumor cell radiosensitivity, the
overall antitumor effect was increased (46). Together, these
observations suggest that for axitinib, and perhaps other
receptor tyrosine kinase inhibitors as well, inhibition of tumor
blood perfusion can itself elicit a substantial antitumor
response. In such a case, the overall antitumor activity of the
combination therapy will reflect the effect of angiogenesis
inhibition and the response to tumor cell exposure to cytotoxic
agents. Suboptimal delivery of the cytotoxic drug may be more
than compensated by antiangiogenesis-induced tumor cell
starvation, so that overall antitumor activity is still enhanced,
despite the decrease in tumor cell exposure to the cytotoxic
drug. This antitumor mechanism is likely to be most important
in combination therapies using potent antiangiogenic agents,
such as axitinib, and in tumors where a low level of tumor
vascular patency can readily be achieved. By contrast, in tumors
where the cytotoxic drug dominates the antitumor response,
addition of an antiangiogenic agent may decrease the overall
antitumor effect as exemplified by our earlier study with 9L
tumors given axitinib in combination with metronomic
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cyclophosphamide (21). Moreover, the present studies suggest
that therapeutic responses may need to be optimized in a
tumor type-related manner by appropriate adjustment of
the schedules of antiangiogenic and chemotherapeutic drug
treatment.

Cytotoxic drugs induce severe damage to both tumor cells
and tumor-associated endothelial cells (22, 24). The repair
processes initiated during the drug-free recovery period that
follows a cycle of chemotherapy could become another target
for antiangiogenic treatment in a combination therapy setting
(2). Presently, the addition of axitinib as an adjuvant following
MTD cyclophosphamide treatment improved the overall
antitumor response, as could be anticipated. Surprisingly,
however, substantial improvement in the antitumor response
to MTD cyclophosphamide was also seen when a short course
of axitinib therapy preceded MTD cyclophosphamide treat-
ment, particularly for 9L/2B11 tumors. The superior 9L/2B11
antitumor activity of this neoadjuvant axitinib treatment
cannot be explained by a change in the intrinsic chemo-
sensitivity of 9L tumor cells to 4-OH-CPA (21) or by functional
normalization of the tumor vasculature, because axitinib
actually decreases tumor uptake of 4-OH-CPA. Timing-depen-
dent antitumor effects are also seen when the antiangiogenic
drug SU11657 is combined with radiation therapy (47),
suggesting that there are intrinsic, beneficial interactions
between the two therapeutic agents under this neoadjuvant
schedule. These interactions not only counterbalance the
negative effect of the decrease in tumor oxygenation and
the reduced exposure to 4-OH-CPA but also further amplify the
intrinsic antitumor activity of antiangiogenesis and/or cytor-
eductive regimens. Given that VEGFR-positive endothelial cells
are the primary target of axitinib action, axitinib pretreatment
could increase the chemosensitivity of tumor-associated endo-
thelial cells in a manner that increases both vascular damage
and tumor cell damage following cytotoxic drug treatment.

Another possible explanation involves bone marrow-derived
endothelial cell progenitors, whose mobilization is induced by
MTD cyclophosphamide treatment (48) but is blocked by
antiangiogenic treatments including axitinib (14, 15). It has yet
to be determined if axitinib, when used as an adjuvant, retains
its effect on endothelial cell progenitor mobilization.

In conclusion, the VEGFR tyrosine kinase inhibitor axitinib
induced a significant but reversible decrease in PC-3 tumor
blood perfusion, which was sufficient to arrest tumor growth.
This potent antiangiogenic effect appears to serve as the major
antitumor factor in combination therapies applied to PC-3
tumors, where coadministration of cyclophosphamide further
enhanced the overall antitumor response despite a substantial
decrease in tumor uptake of the active chemotherapeutic agent.
The relative timing of antiangiogenesis treatment and cytotoxic
drug administration was also shown to affect therapeutic
activity and is an important consideration for the development
of combination therapies. Finally, the low intrinsic vascularity
of PC-3 tumors may be an important factor in the response to
angiogenesis inhibition, insofar as a further decrease in blood
supply may render tumor growth unsustainable. Further
understanding of the relationship between tumor vascularity
and the clinical efficacy of antiangiogenic drugs may provide
important guidance in patient stratification and regimen
selection in cancer treatment.
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