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Combination therapy of zibotentan with
cisplatinum and paclitaxel is an effective regimen
for epithelial ovarian cancer?

Laura Rosano, Roberta Cianfrocca, Francesca Spinella, Valeriana Di Castro,
Pier Giorgio Natali, and Anna Bagnato

Abstract: In human ovarian carcinoma, the endothelin-1 (ET-1)/endothelin A receptor (ETaR) axis is overexpressed, cor-
relating with tumor grade. Moreover, ETAR activation by ET-1 affects cell proliferation, survival, angiogenesis, and inva-
sion. ETAR blockade with zibotentan (ZD4054), a specific ETAR antagonist, significantly inhibits ovarian cancer growth
in vitro and in vivo, underscoring the relevance of this pathway as a target for cancer therapy. Since clinical trial results
have defined the combination of platinum and taxane as the standard of care in the management of ovarian cancer, here
we explored the therapeutic efficacy of the integration of zibotentan with cytotoxic drugs having different modes of action.
We found that the combination of zibotentan with cisplatinum as well as zibotentan with paclitaxel was more effective at
inhibiting ovarian cancer HEY cell proliferation induced by endogenous ET-1 than were the single agents alone. However,
a significantly enhanced efficacy was observed when we combined zibotentan, cisplatinum, and paclitaxel. Accordingly, in
HEY xenografts the coadministration of zibotentan with cisplatinum enhanced the efficacy of the cytotoxic drug alone in
controlling tumor growth, associated with reduction in proliferation index and microvessel density. Remarkably, the com-
bination of zibotentan with both cisplatinum and paclitaxel was very effective in inhibiting tumor growth, neovasculariza-
tion, and cell proliferation, representing a preclinical endpoint to guide combination therapy in clinical trials.
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Résumé : Dans le carcinome ovarien humain, I’axe endothéline-1 (ET-1)/récepteur A de 'ET (RETA) est surexprimé, en
relation avec le grade tumoral. De plus, I’activation du RET4 par ’ET-1 entraine de nombreux effets cellulaires, y compris
la prolifération, la survie, 1’angiogenese et I’invasion. Le blocage du RETa au moyen du zibotentan (ZD4054), antagoniste
spécifique de RET,, inhibe significativement la croissance du cancer ovarien in vitro et in vivo, soulignant ’intérét de
cette voie comme cible dans le traitement du cancer. Les résultats d’essais cliniques ayant défini 1’association platine-ta-
xane comme une norme de soins dans le traitement du cancer ovarien, nous avons examiné 1’efficacité thérapeutique de
I’association de zibotentan et de médicaments cytotoxiques ayant différents modes d’action. Nous avons constaté que 1’as-
sociation zibotentan—cisplatine et zibotentan—paclitaxel inhibe plus efficacement la prolifération des cellules HEY de carci-
nome ovarien induite par ’ET-1 endogene que I’emploi de médicaments seuls. Toutefois, 1’efficacité a augmenté de
maniére significative lorsque nous avons combiné zibotentan, cisplatine et paclitaxel. Ainsi, dans les xénogreffes de cellu-
les HEY, la coadministration de zibotentan et de cisplatine a stimulé I’efficacité du médicament cytotoxique pour contréler
la croissance de la tumeur, comme indiqué par la diminution de I’index de prolifération et de la densité des microvais-
seaux. L’association zibotentan—cisplatine—paclitaxel a été tres efficace pour inhiber la croissance tumorale, la néovascula-
risation et la prolifération cellulaire, et représente un critere préclinique pour guider la polythérapie dans les essais
cliniques.

Mots-clés : cancer ovarien, ET-1, récepteur ETy, zibotentan, polythérapie.

[Traduit par la Rédaction]

Introduction

Ovarian cancer has a distinctive biology and behavior at
the clinical, cellular, and molecular levels (Bast et al.
2009). Despite ongoing efforts to develop an effective
screening strategy, only 20% of ovarian cancers are diag-
nosed at an early stage of tumor progression and can be

cured using currently available therapy. After the disease
has metastasized, the cure rate decreases substantially, and
although patients respond to a combination of platinum- and
taxane-based chemotherapy, small numbers of drug-resistant
cells can persist and remain dormant in the peritoneal cavity,
to grow progressively, leading to the death of the patient de-
spite aggressive treatment of recurrent disease (Hennessy et
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al. 2009). Given the heterogeneity of this disease at the cel-
lular and molecular levels, and the large number of mole-
cules and signaling pathways that are most frequently
activated or overexpressed in ovarian cancers, an immediate
challenge is to identify pathways for which inhibition would
provide synthetic lethality using conventional drugs together
with targeted therapies (Bast et al. 2009). Among new tar-
gets, great emphasis is placed on targeting the endothelin
(ET) axis, which is capable of controlling the interactions
of cancer cells with stromal components in the tumor (Bag-
nato et al. 2008). The ET family comprises three 21-amino
acid peptides, ET-1, ET-2, and ET-3, which are potent vaso-
constricting peptides involved in the pathophysiology of dif-
ferent malignancies (Levin 1995; Masaki 2000). ETs
mediate their action by activating two G protein-coupled re-
ceptor (GPCR) subtypes, ET, and ETg. The ETgR is ex-
pressed in endothelial cells, but ETAR expression here is
almost undetectable (Morbidelli et al. 1995; Salani et al.
2000a). In these cells, ET-1 acts as an angiogenic factor di-
rectly modulating various stages of neovascularization, in-
cluding endothelial cell proliferation, migration, invasion,
protease production, and tube formation, through ETgR.
Moreover, ET-1 can act indirectly to induce the release of
major angiogenic factors, such as vascular endothelial
growth factor (VEGF), from tumor cells expressing ETAR
(Salani et al. 2000a). ET-1 also contributes to endothelial
cell integrity by acting as a survival factor (Shichiri et al.
1997). In epithelial ovarian cancer, the levels of ET-1 are
markedly elevated in the ascites of patients, and ET-1 and
ET4R are overexpressed and activated in 85% of ovarian tu-
mors, correlating with advanced stage of disease (Rosano et
al. 2005), expression of VEGF, and tumor-induced vascula-
rization (Salani et al. 2000b). Upon being activated, the
ET4R in ovarian cancer cells mediates activation of differ-
ent signaling pathways, including mitogen-activated protein
kinase (MAPK), phosphoinositide 3-kinase (PI3K)-depend-
ent Akt activation, epidermal growth factor receptor
(EGFR) transactivation, p125 focal adhesion kinase and pax-
illin activation, involved in the control of cell proliferation,
survival, VEGF-mediated angiogenesis, migration, invasion,
and metastatic spread (Bagnato et al. 2005). In particular, it
has been demonstrated in a variety of cell types that ET-1 is
an antiapoptotic factor, as demonstrated by the inhibition of
chemotherapy drug-induced apoptosis, that modulates cell
survival pathways through a Bcl-2-dependent and PI3K-
mediated Akt activation (Del Bufalo et al. 2002; Nelson et
al. 2005). Specific ET5R antagonism may therefore provide
an additional approach to the treatment of carcinoma,
whereby ETR blockade could result in tumor growth inhib-
ition by reducing tumor growth as well as by inducing apop-
tosis. Emerging experimental and preclinical data
demonstrate that interfering with ETAR pathways provides
an opportunity for the development of new mechanism-
based antitumor strategies by using an ET,R antagonist
alone and in combination with cytotoxic drugs or molecular
inhibitors (Akhavan et al. 2006; Bagnato and Rosano 2008;
Banerjee et al. 2007).

Among various ETAR antagonists, zibotentan is an orally
bioavailable ETAR antagonist that potently and specifically
binds to the ET4R, blocking signal transduction path-
ways implicated in cancer cell proliferation and other
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host-dependent  processes promoting cancer growth
(Growcott 2009; Morris et al. 2005; Rosano et al. 20006,
2007a). Preclinical data showed that treatment with ziboten-
tan produced tumor growth inhibition in well-established
HEY ovarian carcinoma xenografts that was comparable
with that achieved by paclitaxel. More marked and pro-
longed tumor growth inhibition was obtained by combined
treatment of zibotentan with paclitaxel, associated with
marked reduction of various tumor progression markers and
tumor neovascularization and increased apoptosis (Rosano et
al. 2007b).

Currently, the standard first-line chemotherapy regimen in
ovarian cancer is systemic administration of a platinum-
based chemotherapy (cisplatinum or carboplatin) combined
with a taxane (paclitaxel or docetaxel). This therapy elicits
a significant response rate, with most patients with ovarian
cancer able to achieve a period of remission at the culmina-
tion of first-line therapy (Hennessy et al. 2009). Because of
the high levels of recurrence associated with this treatment
option, in this study we extended the preclinical evaluation
of zibotentan by in vitro and in vivo testing the efficacy of
zibotentan plus cisplatinum and paclitaxel to improve the
therapeutic outcome of this chemotherapeutic regimen.

Materials and methods

Materials

Clinical grade zibotentan (ZD4054) was kindly provided
by AstraZeneca (Macclesfield, UK). Paclitaxel was kindly
provided by Bristol-Myers (Sermoneta, Italy), and cisplati-
num by Teva Pharmaceuticals (Utrecht, Netherlands).

Cells and cell culture conditions

The human ovarian carcinoma cell line HEY, generously
provided by Prof. Giovanni Scambia (Catholic University
School of Medicine, Rome, Italy) and previously character-
ized for ET-1 receptor expression and for ET-1 production
(Bagnato et al. 1995, 1999), were cultured in RPMI contain-
ing 10% fetal calf serum (FCS) and 1% penicillin—strepto-
mycin at 37 °C under 5% CO, and 95% air. The cells were
serum-starved by incubation for 24 h in serum-free RPMI.
All culture reagents were from Invitrogen (Paisley, UK).

Thymidine incorporation assay

Cells were seeded in 96-well plates at approximately 80%
confluence (2 x 10¢ cells/well) and incubated in serum-free
medium for 24 h to induce quiescence before adding
100 nmol/L ET-1. After 24 h, when cells were confluent,
1 uCi of [methyl-3H]thymidine (5.0 Ci/mmol) was added to
each well (1 MBq = 27.03 pCi). Six hours later, culture me-
dia were removed, and cells were washed 3 times with PBS,
treated with 10% trichloroacetic for 15 min, washed twice
with 100% ethanol, and solubilized in 0.4 mol/L sodium hy-
droxide. The cell-associated radioactivity was then deter-
mined by liquid scintillation counting. Responses to all
treatments were assayed in 6 replicates, and results were ex-
pressed as the means of 3 separate experiments.

Xenografts in nude mice
Female athymic nude (nu/nu) mice, 4-6 week of age
(Charles River Laboratories, Milan, Italy), were treated fol-
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Fig. 1. Effect of zibotentan in combination therapy with paclitaxel and cisplatinum on ovarian carcinoma cell proliferation. Serum-starved
HEY cells were treated with zibotentan (1 pmol/L), paclitaxel (TAX, 60 nmol/L), or cisplatinum (CIS, 1 pmol/L), alone or in combination,
before measuring [*H]thymidine incorporation. Combination therapies evaluated were zibotentan + CIS, zibotentan + TAX, TAX +CIS, or
zibotentan + CIS + TAX. Data are means + SD of 6 duplicate determinations of 3 separate experiments. *, Significant at p < 0.001 compared
with control (C); **, p < 0.005 compared with single treatments; ***, p < 0.001 compared with zibotentan + CIS or zibotentan + TAX.
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lowing the guidelines for animal experimentation of the Ital-
ian Ministry of Health. Mice were injected s.c. into one
flank with 1.5 x 106 viable HEY cells. After 7 days, when
tumors reached approximately 0.2-0.3 cm in diameter, mice
were randomized into groups (n = 10) to receive one of the
following treatments for 21 days: zibotentan (diluted in
PBS) at a daily dose of 10 mg/kg, paclitaxel 20 mg/kg per
dose given i.v. 3 times a day every 4 days, cisplatinum
5 mg/kg i.p. one time on day 1, zibotentan and cisplatinum,
zibotentan and paclitaxel, or zibotentan plus both cisplati-
num and paclitaxel. Control mice were injected with the
drug vehicle. Tumor size was measured with calipers and
was calculated using the formula m/6 X larger diameter X
(smaller diameter)2.

Immunohistochemical analysis

Indirect immunoperoxidase stain of tumor xenografts was
performed on acetone-fixed 4 pm tissue sections, as de-
scribed previously (Rosano et al. 2007a). Briefly, sections
were incubated with monoclonal rat anti-mouse CD31
(PECAM-1 (platelet—endothelial cell adhesion molecule 1);
generously donated by Dr. A. Mantovani, Mario Negri Insti-
tute, Milan, Italy), and with anti-Ki67 monoclonal antibody
(clone MIB1; Ylem, Rome, Italy). The avidin—biotin assays
were performed using the Vectastain Elite kit (for non-mur-
ine primary antibodies) and Vector MOM immunodetection
kit (for murine primary antibodies) obtained from Vector
Laboratories (Burlingame, USA). Mayer’s hematoxylin was
used as a nuclear counterstain. Negative control stain was
represented by sections in which the incubation with the pri-
mary antibody was either omitted or substituted by isotype-
matched immunoglobulins. The evaluation of microvessel
density was performed by 2 independent observers on a
x 200 magnification field according to the criteria of Weid-
ner et al. 1992. Cells positive for Ki67 were expressed as
the percentage of tumor cells with nuclear staining counted
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in 5 separate x 40 microscopic fields (at least 200 cells per
field were counted).

Statistical analysis

Statistical analyses used Student’s ¢ test for in vitro stud-
ies. The time course of tumor growth was compared across
the groups by two-way ANOVA, with group and time as
variables. All statistical tests were two-sided. A probability
value of p < 0.05 was considered statistically significant.
All statistical analyses were performed using commercial
software (SPSS, Chicago, USA).

Results

Combination of zibotentan and chemotherapeutic drugs
inhibits cell proliferation

The potential antiproliferative effect of zibotentan in com-
bination with paclitaxel and cisplatinum was evaluated on
HEY cells that release ET-1 and express functional ETAR
(Bagnato et al. 1995, 1999; Rosano et al. 2005). Serum-
starved cell lines were exposed to zibotentan (1 pmol/L), pa-
clitaxel (60 nmol/L), or cisplatinum (1 pmol/L), alone or in
combination. As measured by the [?H]thymidine incorpora-
tion assay, a significant inhibition of cell proliferation in-
duced by endogenous ET-1 was observed in zibotentan-
treated cells (Fig. 1). An additional reduction in proliferation
was observed after treatment with combinations of either zi-
botentan and cisplatinum or zibotentan and paclitaxel com-
pared with the inhibition produced by single agents (Fig. 1).
However, the combination of zibotentan with both cisplati-
num and paclitaxel was more effective than the inhibition
produced by double treatments, suggesting that the specific
blockade of the ET5R with zibotentan cooperates with con-
ventional cytotoxic drugs to potentiate the effect of pacli-
taxel and cisplatinum by inhibiting cell proliferation.
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Fig. 2. Antitumor activity of zibotentan with paclitaxel and cisplatinum on established HEY human ovarian carcinoma xenografts. Mice
were given injections of 1.5 x 109 HEY cells s.c. into the dorsal flank. After 7 days, randomized mice were treated for 21 days with vehicle
(control), cisplatinum (CIS), paclitaxel (TAX), zibotentan, zibotentan + CIS, zibotentan + TAX, or zibotentan + CIS + TAX. Values are
means = SD of 3 different experiments, using a total of 70 mice for each experiment. The comparison of the time course of tumor growth
curves by two-way ANOVA with group-by-time interaction for tumor growth was statistically significant (p < 0.005).
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Table 1. Immunohistochemical analysis of HEY xenografts after treatment with ziboten-

tan in combination with cytotoxic drugs.

Tumor volume,

Median vessel Proliferation in-

Treatment cm? density dex Ki67

Control 3.36+0.09 68+5 38.1+x1.9

Zibotentan 1.30+0.69* 26+2% 23.242.3%
TAX 1.50£0.12% 32425 26.6+2.0%
CIS 1.70£0.11* 25+2% 27.9+2.3%
Zibotentan + TAX 1.02+0.027 19+2F 15.5+2.6f
Zibotentan + CIS 0.98+0.04F 18+2f 14.9+2.1F
Zibotentan + CIS + TAX 0.30+0.027 1117 9.7+1.4F

Note: Mice were treated for 21 days with zibotentan, paclitaxel (TAX), cisplatinum (CIS),
zibotentan + CIS, zibotentan + TAX, or zibotentan + CIS + TAX. Immunohistochemical analysis was
performed 55 days after tumor injection. Vessel counts were assessed by light microscopy after
staining for CD31. Areas containing the highest numbers of capillaries and small venules were iden-
tified by scanning at low power, and individual vessel counts were performed at a magnification of
% 200. The relative number of proliferating cells was quantitatively assessed in 5 randomly selected
fields at a magnification of x 40. Values are means + SD, and each group consisted of 10 mice.

*, Significant at p < 0.05 compared with control; . p <0.002 compared with single treatments.

Combination of zibotentan and chemotherapy inhibits
growth of human HEY ovarian carcinoma in nude mice
The potential antitumor effect of combination treatment of
zibotentan with cisplatinum plus paclitaxel in vivo was as-
sessed in murine tumor xenografts. Human HEY cells were
grown as subcutaneous tumors in nude mice. After 7 days of
tumour growth, when established xenografts were palpable,
mice were treated with single treatments of zibotentan, cis-
platinum, or paclitaxel or combination treatments of ziboten-
tan with cisplatinum, zibotentan with paclitaxel, or
zibotentan with both cisplatinum and paclitaxel. Treatment
with zibotentan produced a 61% inhibition of tumor growth
on day 55 after tumor injection (p < 0.001 compared with
control; Fig. 2); this effect was comparable with that
achieved with either paclitaxel or cisplatinum. We next eval-
uated whether the cooperative effects observed for ziboten-
tan with paclitaxel or cisplatinum in vitro were also present
in vivo. A further significant growth inhibitory effect was

seen when zibotentan was used in combination with cisplati-
num (70%) or in combination with paclitaxel (69%). How-
ever, as observed in vitro, a more marked and sustained
growth inhibitory effect was found when we combined zibo-
tentan with both chemotherapeutic agents (90%). The com-
bination treatment at the dose and schedule tested was well
tolerated, as indicated by the absence of weight loss or other
signs of acute or delayed toxicity. To demonstrate that the
inhibition of tumor growth observed in treated mice was ac-
companied by a significant reduction in tumor cell prolifera-
tion and vascularization, tissue sections of HEY tumors on
day 55 after tumor cell injection were analyzed by immuno-
histochemistry (Table 1). Tumor-induced vascularization,
quantified by staining with anti-CD31, was significantly re-
duced compared with controls after treatment with ziboten-
tan, paclitaxel, or cisplatinum alone (61%, 53%, and 57%,
respectively). In mice treated with either zibotentan plus pa-
clitaxel or zibotentan plus cisplatinum, this inhibition
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reached approximately 70% (p < 0.002 compared with sin-
gle agents); however, a more marked inhibitory effect was
observed when zibotentan was combined with both cisplati-
num and paclitaxel (80%). In parallel, we demonstrated that
the number of proliferating tumor cells, measured by the
number of Ki67-positive cells, was reduced approximately
38%, 30%, and 31% in tumors of mice treated with ziboten-
tan, paclitaxel, or cisplatinum as single agents, respectively,
compared with control mice (p < 0.05). This inhibition of
proliferation was approximately 57% in mice treated with
combinations of either zibotentan plus paclitaxel or ziboten-
tan plus cisplatinum. As was shown for tumor vasculariza-
tion, the combination of zibotentan with both cisplatinum
and paclitaxel similarly resulted in approximately 75% re-
duction in the number of Ki67-positive cells (p < 0.002
compared with single agents). Collectively these findings
confirm the potential cooperation of zibotentan with cisplati-
num and paclitaxel to enhance the therapeutic efficacy of
cytotoxic drugs.

Discussion

Despite many advances in the field of cancer therapeutics,
ovarian cancer continues to be a leading cause of death, in
part due to the failure of current chemotherapy regimens
(Bast et al. 2009). Drug development strategies include the
evaluation of new drug combinations with small molecules
that may have improved efficacy compared with single
agents. In addition to enhanced cytotoxicity, combinations
of chemotherapeutic agents may inhibit and circumvent
drug resistance. Among new therapeutic targets in ovarian
cancer, the ET AR represents an important receptor in the mi-
croecology of the tumor-host invasion field, capable of con-
trolling tumor growth and progression by stimulating
migration, invasiveness, and neovascularization and by pro-
moting proliferation and survival (Bagnato and Rosano
2008). Among several approaches for targeting the ET-1
axis in cancer therapy, ETAR blockade with selective antag-
onists represents the most rational targeted approach in con-
trolling the pleiotropic activities of ET-1, which are all
pivotal in the gain and maintenance of ovarian malignant
phenotype (Bagnato et al. 2008). Among various ETAR an-
tagonists, zibotentan is effectively capable of blocking spe-
cifically ETsR-driven signalling pathways implicated in
cancer cell proliferation and progression in vitro and of in-
ducing tumor growth inhibition in ovarian cancer xenografts.
Given the hypothesis that novel therapeutic agents in addi-
tion to combination regimens may be beneficial in ovarian
cancer treatments, we previously analyzed in vitro and in
vivo the antitumoral effects of zibotentan in combination
with paclitaxel (Rosano et al. 2007b). In an attempt to
understand the biological mechanisms underlying the thera-
peutic effects of this combination therapy, we demonstrated
that when the 2 agents were combined, a significant additive
antitumor effect occurred, compared with a single regimen,
that was associated with a dramatic inhibition of the pleio-
tropic events triggered by ETAR activation. The increased
commitment toward apoptosis was dependent on the activa-
tion of caspase-3 and poly(ADP-ribose) polymerase (PARP)
and the inactivation of the antiapoptotic Bcl-2 protein, sug-
gesting that zibotentan potentiates the antitumor activity of
the cytotoxic agent paclitaxel by blocking survival path-
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ways. The benefit of combining zibotentan with paclitaxel
became more pronounced after in vivo treatment, with com-
plete regression of tumors in 40% of treated mice. The ther-
apeutic efficacy of the combination of zibotentan and
paclitaxel was associated with a marked inhibition of tumor
neovascularization and a reduction in the proliferation index,
demonstrating that zibotentan enhances the antitumor effect
of paclitaxel in vivo and also highlighting the potential ben-
efit of combining 2 therapeutic agents that have entirely dif-
ferent mechanisms of action. These results complement and
extend previous studies published by our group and others,
and they support the concept that pharmacological blockade
of the ETA,R using small molecule receptor antagonists in
combination with cytotoxic drugs is therapeutically advanta-
geous in different tumor types (Bagnato et al. 2008). The
therapeutic efficacy of zibotentan, which has been shown to
induce concomitant antitumor activity and inhibition of neo-
vascularization, provides us with a rationale for the preclini-
cal evaluation of this molecule in combination with different
cytotoxic drugs. In agreement with previous results, in this
study we found an increase in antitumor activity with the 3-
way combination of zibotentan, cisplatinum, and paclitaxel
that was associated with a significant suppression of tumor
neovascularization and cell proliferation. In this context, the
findings in different cancer cells that ET-1 acts as an antia-
poptotic factor among downstream events after receptor acti-
vation indicate that this peptide may also modulate cell
survival pathways through ET,R-mediated PI3K-dependent
Akt activation signaling. This suggests that activated ETAR
pathways can counteract the effect of chemotherapies, repre-
senting a valid target for anticancer therapy (Akhavan et al.
2006; Bagnato et al. 2008; Banerjee et al. 2007; Rosano et
al. 2007a, 2007b). Therefore, the combination of a specific
ETAR antagonist such as zibotentan with conventional che-
motherapeutic drugs, such as the platinums and taxanes,
would more effectively induce apoptosis, representing a
more effective treatment strategy to be evaluated in the clin-
ical setting.
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