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Abstract The use of chemotherapy and endocrine therapy have led to objective
tumour shrinkage and improved survival in women with metastatic breast
cancer. Despite the availability of many chemotherapeutic drugs, these agents
do not act specifically on the various growth signalling pathways that drive
tumour growth and progression. This lack of specificity is likely to explain the
inconsistent responses seen across the population of breast cancer patients
and contributes to the undesirable adverse effects. The expanding knowledge
of the important molecular pathways involved in tumourogenesis and
tumour progression has led to the exciting development of several classes of
targeted agents. The potential advantage of such treatment is to improve
cancer cell kill with less damage to healthy tissues. Hormonal agents were the
first to utilize the specific estrogen receptor-related growth pathways for
therapeutic efficacy. Agents directed to the human epidermal growth factor
receptor (HER)-2/neu growth signalling pathway exemplify the effectiveness
of the new generation of targeted biological agents, but are limited to the
20–25% of breast cancers that overexpress the receptor. However, angio-
genesis is a critical component of tumour development that is necessary for all
tumour growth and is not limited to a subset of breast cancers. Therefore,
agents that can diminish or prevent tumour angiogenesis are likely to have a
far broader application and benefit to women with breast cancer.

Several anti-angiogenic agents have been evaluated in phase I, II and III
trials for patients with metastatic breast cancer. These trials have demon-
strated efficacy of anti-angiogenic agents when used in combination with
chemotherapy and the toxicity profile has been better defined. Issues re-
garding the mechanisms of resistance, identifying combination regimens
that result in the greatest clinical benefits and minimizing the adverse
effects are areas that require further research.

Clinical research over the past two decades has
established the important role of angiogenesis in
the ongoing growth and dissemination of malig-
nant cells. Vascular endothelial growth factor
(VEGF) [also known as VEGFA] belongs to a

family of growth regulators involved in new
vessel growth andmaturation with direct involve-
ment in malignant cell proliferation. Earlier stu-
dies have demonstrated the presence of increased
levels of VEGF in a number of malignancies and
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its role in enabling malignant cell survival. This
factor has also been shown to have a prognostic
role in women with early breast cancer. More-
over, the angiogenic pathway can be targeted by
several therapeutic agents currently in develop-
ment.[1,2]

This review provides a brief background to
the role of neovascularization in breast tumour
development and the pivotal role of the VEGF
family in this process. The agents that have de-
monstrated pre-clinical activity and have entered
clinical evaluation for treatment of metastatic
breast cancer (bevacizumab, sunitinib, sorafenib,
pazopanib, cediranib, motasenib and aflibercept)
are discussed.

1. Antiangiogenic Therapy

Neovascularization is a crucial component of
cancer cell growth and progression. A number of
proangiogenic factors have been identified that
occur in higher levels in patients with breast
cancer and are responsible for the perpetuation of
tumour blood vessel development. Of these fac-
tors, the VEGF protein family is considered the
most important, with the VEGFA isoform
(commonly known as VEGF) being the most
important member.

In vitro studies have confirmed that VEGF
acts to: (i) promote endothelial cell growth via the
presence of VEGF receptors present on arteries,
veins and lymphatic channels; (ii) enhance endo-
thelial cell survival via VEGF interacting with
coactivators, such as phosphatidylinositol 3-kinase/
Akt, Bcl-2 and survivin;[3] (iii) increase vascular
permeability, which allows protein leakage and
endothelial cell migration; (iv) stimulate vessel
dilatation with subsequent blood flow and blood
pressure effects; and (v) serve as a chemoat-
tractant for bone marrow-derived progenitor
cells.[4-6]

VEGF mRNA upregulation has been demon-
strated in a number of malignancies including
gastrointestinal tract, kidney, lung, bladder, in-
tracranial and breast.[7] Levels of VEGFhave been
shown to increase during malignant transforma-
tion from adenomas to carcinomas, again sug-
gesting a pivotal role in malignant progression.[8]

1.1 Anti-Vascular Endothelial Growth Factor
Therapy

One of the earliest therapeutic agents devel-
oped to inhibit VEGFwas themurine anti-human
VEGF monoclonal antibody A4.6.1. Angio-
genesis was potently suppressed in a number of
human tumour cell lines that were transplanted
into nude mice with resultant inhibition of neo-
vascularization.[9] The humanization of an anti-
VEGF monoclonal antibody (bevacizumab) was
subsequently shown to decrease microvascular
density, tumour perfusion, interstitial fluid pres-
sure, and the number of viable endothelial and
progenitor cells in colorectal carcinoma.[10]

Several other agents have been developed with a
goal to abrogate VEGF activity and these include
vatalanib (PTK787, ZK 222584),[11] ZD4190,[12]

monoclonal antibody DC101,[13] vandetanib
(ZD6474),[14] cediranib (AZD2171),[15] motesanib
(AMG706), pazopanib (GW786034)[16] and afli-
bercept (VEGF-Trap).[17] The mechanism of action
of these agents varies, and includes specific anti-
VEGF activity (VEGFA, VEGFB, VEGFD,
placental growth factor [PIGF]), inhibition of
VEGF receptors (VEGFRs) [VEGFR1, VEGFR2,
VEGFR3, platelet derived growth factor receptor
(PDGFR)-b, c-KIT (CD117), fibroblast growth
factor (FGFR)1, FGFR3, VEGF-VEGFR bind-
ing], tyrosine kinase or raf kinase inhibition
with or without VEGFR inhibition (fms-like
tyrosine kinase [FLT]-3, epidermal growth factor
receptor, RET).

Although several cytotoxic agents have been
shown to have anti-angiogenic properties, this
review focuses on targeted biological agents that
primarily act as anti-VEGF agents. The mecha-
nism of action of these agents can be cate-
gorized into those that inhibit VEGF at the
protein level (directly and indirectly), inhibit
angiogenic pathways at the receptor level, or
interfere with downstream growth signalling
pathways.

1.1.1 Monotherapy

Although monotherapy with anti-VEGF
agents results in pruning of tumour blood vessels,
normalization of tumour vasculature, reduction
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in the proliferative fraction of cancer cells, and
reduction in circulating endothelial and pro-
genitor cells; clinical studies with single anti-
VEGF agents have not led to improved survival
in patients with solid tumours.[5]

There are several possible mechanisms that
may explain the ‘resistance’ to anti-VEGF
agents, such that monotherapy is inadequate for
tumour control. Endothelial cell heterogeneity
may exist, which can be seen in the variability in
function of endothelial cells in healthy tissues
(e.g. brain endothelial cells exhibiting higher
levels of the multidrug resistance protein re-
sponsible for the ‘blood-brain barrier’).

Tumour cell heterogeneity, with respect to the
level and number of proangiogenic factors pro-
duced, can lead to a variable response to anti-
angiogenic agents that specifically target only one
or a few of these factors. In addition, the different
‘clonality’ of malignant cells in the primary and
metastatic tumour will impact on the degree of
response to any given single agent.

Tumour progression or regrowth by angio-
genesis-independent pathways, such as vessel co-
option,[18] intussusceptive microvascular growth,
vascular mimicry and vasculogenesis, may con-
tribute to the resistance.[19] The optimal schedul-
ing and duration of therapy with anti-angiogenic
compounds has not yet been established and
pharmacokinetic factors may account for in-
adequate delivery of therapy to all tumour sites.
Finally, alterations in the tumour microenviron-
ment and compensatory response to therapy
leading to a secondary increase in VEGF levels
may also contribute to de novo or acquired re-
sistance to anti-angiogenic agents given as
monotherapy.[20]

1.1.2 Combination Therapy

Preclinical studies have demonstrated a greater
degree of tumour regression with the adminis-
tration of anti-angiogenic therapy in combina-
tion with conventional cytotoxic therapy.[21] It is
theorized that simultaneous inhibition of pro-
liferating tumour cells together with blunting of
the proangiogenic pathways would result in a
greater likelihood of improved patient outcome.

An alternate theory for the benefits of com-
bining conventional cytotoxic drugs with anti-
angiogenic agents has been proposed by
Folkman and others. These investigators have
shown that cytotoxic agents can result in inhibi-
tion of tumour angiogenesis in in vivomodels as a
result of interference with mitogen-activated host
vasculature (e.g. vinca alkaloids) or a direct effect
on tumour endothelial cells.[22,23] Furthermore,
it has been demonstrated that the combination
of a conventional cytotoxic agent and an anti-
angiogenic agent resulted in restoration of res-
ponse to a previously resistant cell line to the
cytotoxic agent or to greater in vivo tumour cell
control than with either therapy alone.[24,25]

Table I provides a current list of clinical trials
that are evaluating anti-angiogenic agents alone
or in combination with cytotoxic agents, endo-
crine therapy or other biological agents.

2. Clinical Application in Breast Cancer

2.1 Bevacizumab

Bevacizumab is a humanized monoclonal anti-
body directed against VEGF that prevents its
binding to VEGR-1 and -2.[9] It has undergone
extensive evaluation in the treatment of several
solid tumour types, including colorectal, lung,
renal and breast carcinomas. In these tumours,
randomized trials have shown superiority in
progression-free survival (PFS) or overall survi-
val (OS) in favour of the anti-VEGF combination
therapy compared with chemotherapy alone.[27-29]

An open-label trial was conducted in patients
with measurable and non-measurable metastatic
breast cancer who had received a minimum of
one chemotherapy regimen in the advanced set-
ting.[30] The dosage administered commenced at
3mg/kg every 2 weeks, increasing to 10mg/kg
and then to a maximal dose of 20mg/kg. A total
of 75 patients were entered, with 82% having re-
ceived two or more prior chemotherapy regimens
and 85% of the 21 patients with human epidermal
growth factor receptor (HER)-2/neu-positive
disease having received trastuzumab. Five pa-
tients (6.7%) achieved an objective response, with
a total of 12 patients (16%) having responsive or
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Table I. List of trial evaluating anti-angiogenic agents in breast cancer[26]

Protocol identification Phase Cancer stage Agent(s) being evaluated HER2/neu status Single arm (S)/
randomized (R)

SWS-SAKK-22/99 III Metastatica Trastuzumab followed by trastuzumab + paclitaxel vs

trastuzumab + paclitaxel

Positive R

AVF3693g III Metastaticb Bevacizumab + chemotherapy Negative/unknown S

A6181094 III Metastaticc Bevacizumab + paclitaxel vs sunitinib + paclitaxel Positive or negative R

BO20231 III Metastatica Trastuzumab + docetaxel vs

bevacizumab + trastuzumab + docetaxel

Positive R

A6181114 III Metastaticb Sunitinib continuation after prior sunitinibf Inclusion criteria of

initial trial

S

A6181099 III Locally advanced/metastaticb Capecitabine vs capecitabine + sunitinib Not specified R

MO19391 III Locally recurrent/metastatica Bevacizumab + paclitaxel or docetaxel Positive or negative S

ECOG-E1105 III Metastatica Trastuzumab + chemotherapy vs

trastuzumab + chemotherapy + bevacizumab

Positive R

GEICAM/2006-11 III Metastatica,d Letrozole vs letrozole + bevacizumab Negative R

CALGB-40503 III Inoperable IIIb/metastatica Tamoxifen or letrozole vs tamoxifen or letrozole +
bevacizumab

Not specified R

VEG108838 II Inflammatory breast cancer Pazopanib + lapatinib vs lapatinib Positive R

CECOG/BC1.3.005 III Metastatica Paclitaxel + bevacizumab vs capecitabine + paclitaxel Negative S

GUMC-2004-251 I/II Metastaticb Sorafenib + anastrozole Not specified S

2004-0758 I/II Metastaticb Everolimus + docetaxel Not specified S

2005-0471 I/II Metastatice Everolimus + trastuzumab Positive S

AECM-NCI-7703 I/II Inoperable locally

recurrent/metastaticb

Vorinostat + paclitaxel + bevacizumab Not specified S

05-030 I/II Metastaticb Capecitabine + bevacizumab Positive or negative S

40706 I/II IIIa/IIIb/metastatica Sorafenib + letrozole Not specified S

CT/08.02 I/II Metastatica Paclitaxel + bevacizumab + carboplatin Triple negative S

CT/07.21 I/II Metastatica Docetaxel + bevacizumab + epirubicin Negative S

GRN163L CP14A010 I/II Metastaticb Paclitaxel + bevacizumab + GRN163L Positive or negative S

0903-882 II II (N2)/III/metastaticb in CR Tetrathiomolybdate Not specified S

F050103001 II Metastaticb progressive on

endocrine therapy

Endocrine agent + bevacizumab Not specified S

EudraCT 2005-

004587-23

II Metastaticb Nil vs sunitinib Negative R

Continued next page
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Table I. Contd

Protocol identification Phase Cancer stage Agent(s) being evaluated HER2/neu status Single arm (S)/
randomized (R)

VEG20007 II Locally advanced/metastatica Pazopanib + lapatinib vs lapatinib Positive R

UMN-2006LS016 II Metastaticb Naltrexone Not specified S

DOCET_L_00712 II Metastatica Docetaxel + bevacizumab – trastuzumab Positive or negative Parallel S

BRSMTS0007 II Metastatica Paclitaxel + bevacizumab + gemcitabine Negative S

OSU-06027 II Metastatica Docetaxel + bevacizumab + trastuzumab Positive S

10536 II Locally recurrent/metastaticb Enzastaurin + capecitabine Not specified S

CT 4002 II Metastaticb Endocrine TAG-1 Triple negative S

GBG 41 II Metastaticb Everolimus Negative S

JO19901 II Metastatica Paclitaxel + bevacizumab Negative S

A6181068 II Metastaticb Sunitinib Not specified S

UNC-LCCC-0418 II Locally recurrent/metastaticb Multiepitope autologous dendritic cell

vaccine + trastuzumab + vinorelbine

Positive S

UPCC 02106 II Metastaticb Bevacizumab + Nab paclitaxel Triple negative S

NU-07B1 II Inoperable locally

recurrent/metastaticb

Paclitaxel vs paclitaxel + sorafenib Negative S

DCRO_BR_2006_01 II Metastatica or first-line

chemotherapy

Bevacizumab + Nab paclitaxel + carboplatin Triple negative S

9597-07-4R0 II Metastatic with brain disease Bevacizumab + chemotherapy Not specified S

20050225 II Locally recurrent/metastatica Paclitaxel + motesanib vs paclitaxel +
bevacizumab

Negative Not defined

PMH-PHL-057 II Locally recurrent/metastaticb Pazopanib Positive or negative S

SCCC-2006081 II Metastatica Nab paclitaxel + bevacizumab + gemcitabine Negative S

20060341 II Inoperable locally

recurrent/metastaticb

Paclitaxel + motesanib – bevacizumab Negative R

2006-0873 II Metastaticc Allogeneic hematopoietic stem cell

transplantation + bevacizumab

Not specified S

MAYO-RC0731 II Metastaticb Anastrozole/letrozole/exemestane + sorafenib Negative S

07-BRE-43-NP II Metastatica Everolimus + fulvestrant Not specified S

SCCC-112007-035 II Metastaticb Paclitaxel + sorafenib Negative S

IOSI-RO0402 II Metastaticc with brain disease RT – indinavir + ritonavir Not specified R
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Table I. Contd

Protocol identification Phase Cancer stage Agent(s) being evaluated HER2/neu status Single arm (S)/
randomized (R)

I06-025 II Locally recurrent/metastatica Nab paclitaxel + sorafenib Negative S

BRE06-109 II Metastaticb Bevacizumab + sorafenib Positive or negative S

LUMC-LU200027 II Locally recurrent/metastaticb Nab paclitaxel + carboplatin + bevacizumab Positive or negative S

NCCTG-N0735 II Metastatica Nab paclitaxel + gemcitabine + bevacizumab Positive or negative S

CRUK-CR0207-22 II Metastatic Exemestane – ATN224 Negative S

07-214 II Metastatica,b Trastuzumab + vinorelbine + bevacizumab Positive S

SNDX-275-0301 II Metastatic Exemestane – entinostat (SNDX-275) Not specified S

CT/08.03 II Metastaticb Vinorelbine (oral) + bevacizumab Not specified S

OHSU-4318 II Locally recurrent/metastatica Sorafenib + fulvestrant Negative S

FHCRC-6628 II Metastatica Nab paclitaxel + bevacizumab followed by

bevacizumab + erlotinib

Triple negative S

NCI-05-C-0022 I Metastaticc Sorafenib + bevacizumab Not specified S

A6181113 I Locally recurrent/metastatica Docetaxel + trastuzumab + sunitinib Positive S

CRAD001J2102 I Metastaticb Everolimus + vinorelbine + trastuzumab Positive S

CRAD001J2101 I Metastaticb Everolimus + paclitaxel + trastuzumab Positive S

BRSMTS0010 I Metastaticb Everolimus + capecitabine Not specified S

20050200 Ib Locally recurrent/metastaticb Motesanib + paclitaxel or docetaxel Not specified S

06-402 I Metastaticb Vandetanib + cyclophosphamide + methotrexate Not specified S

PTC299-ONC-003-

BRC

I Metastaticb PTC299 Not specified S

UMN-2006LS040 I Metastaticc Bortezomib + gemcitabine Not specified S

UMN-2007LS086 I Metastaticc Sorafenib + pemetrexed + cisplatin Not specified S

07-149 Not specified Metastaticb bevacizumab + paclitaxel or vinorelbine Not specified S

V0801 Not specified Early breast cancer Aspirin Not specified S

a First-line chemotherapy for metastatic disease.

b Second- or subsequent-line chemotherapy for metastatic disease.

c Advanced malignancy.

d First-line endocrine therapy for metastatic disease.

e Prior trastuzumab therapy.

f Patients previously in A6181107, A6181108, A6181110, A6181111, A6181112.

CR = complete remission; HER = human epidermal growth factor receptor; Nab = nanoparticle albumin-bound; RT = radiation therapy; TAG = cationic liposome-encapsulated

preparation of paclitaxel.
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stable disease at the final protocol-determined
efficacy evaluation at 22 weeks. Clinical benefit
was seen at all dose levels, with amedian response
duration of 5.5 months. Fifteen serious adverse
events occurred with 11 episodes (73%) being
attributed to bevacizumab. These included
hypertension (five patients), venous thrombo-
embolism (two), proteinuria (two) and severe
headache (two), the latter occurring at the highest
dose level, which was considered as a dose-
limiting toxicity. The incidence of other adverse
events is shown in table II.

Bevacizumab in combination with capecita-
bine was compared with capecitabine alone in
462 patients with metastatic breast cancer.[31]

Approximately 85% of patients had received
prior chemotherapy in the metastatic setting,
with nearly 40% having received two or more
lines of prior cytotoxic therapy. Despite a near
doubling in objective response rate (19.1% vs
9.8%), there was no difference in PFS or OS.
Safety data did not demonstrate any significant
increase in capecitabine-related toxicities in the
combination arm. Adverse effects associated
with bevacizumab of grade 3 or 4 severity were
seen in the following proportion of patients:

hypertension (17.9%); bleeding (0.9%); protei-
nuria (0.9%); and vascular thromboembolic event
(6.9%) [table II]. Quality of life was assessed in
80% of patients at baseline and at least one sub-
sequent timepoint, with no apparent difference in
the time to deterioration in either group. One
possible explanation for the lack of survival
benefit in this trial was that other proangiogenic
mechanisms may exist during the natural history
of tumour progression, such that targeting one
angiogenic factor is unlikely to result in pro-
longed disease control. Another explanation for
the short duration of response is that despite
using an agent that targets one specific angio-
genic factor critical in the growth of the tumour,
there was an inability to select patients based on
their underlying tumour molecular phenotype for
those who would be most likely to respond to
such therapy.

The first efficacy and safety results from a
phase II study evaluating the same combination
of bevacizumab and capecitabine in previously
untreated patients with metastatic breast cancer
has been presented.[32] In the intention-to-treat
population of 106 patients, an overall response
rate of 38% was seen, with a median time to

Table II. Percentage of grade 3 or 4 adverse events in bevacizumab (BEV) trials

Adverse event Cobleigh

et al.[30]

Miller et al.[31] Sledge et al.[32] Miller et al.[33] Miles et al.[34]

BEV CAP CAP + BEV CAP + BEV PAC PAC + BEV p-value DOC + PL DOC + BEVa DOC + BEVb

Asthenia 9 6.6 7.4 NR 4.9 9.1 0.04 5.2 8.4 6.5

Infection 0 0.5 0.9 NR 2.9 9.3 <0.001 0.3 0.8 0.4

Headache 7 0.5 1.7 NR 0.0 2.2 0.008 NR NR NR

Hypertension 19 0.5 17.9 5.0 0.0 14.8 <0.001 1.3 0.4 3.2

Nausea 0 0.9 2.6 NR 2.0 3.3 NR NR NR NR

Diarrhoea 1 10.7 11.8 7.5 NR NR NR 3.4 6.8 6.9

Bleeding 0 0.5 0.4 NR 0.0 0.5 NR 0.9 1.2 1.2

Proteinuria 0 0.0 0.9 0 0.0 3.5 <0.001 0.0 0.0 0.4

Sensory

neuropathy

0 NR NR NR 17.7 23.5 0.05 1.7 3.2 4.5

Stomatitis NR 0.5 1.7 1.0 0.6 1.1 NR 0.4 2.8 3.2

Thromboembolic NR 5.1 6.9 6.0 1.5 2.1 NR 3.8 1.2 1.2

GIT perforation NR NR NR NR 1.2 2.1 NR 0.9 0.4 0.4

a 7.5 mg/kg.

b 15 mg/kg.

CAP = capecitabine; DOC = docetaxel; GIT = gastrointestinal tract; NR = not reported; PAC = paclitaxel; PL = placebo.
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progression (TTP) of 5.7 months (95% CI 4.9,
8.4). Interestingly, the TTP for estrogen receptor
(ER)-positive patients (n = 57) was significantly
better than ER-negative patients (n = 49) [8.9 vs
4.0 months; p< 0.0001]. Biomarkers were as-
sessed as a secondary endpoint and these results
are awaited with interest to explain the marked
difference in efficacy in the hormone-responsive
patients.

The use of bevacizumab in the first-line meta-
static breast cancer setting has been reported.[33]

In the first study conducted by the Eastern Co-
operative Oncology Group, patients who had not
previously received chemotherapy for metastatic
disease were randomized to weekly paclitaxel
90mg/m2 for 3 in every 4 weeks and bevacizumab
10mg/kg every 2 weeks, or paclitaxel alone. Over
a 26-month period, 722 patients were recruited to
the study with the intention-to-treat population
including 673 patients. The primary endpoint of
PFS was met, with patients in the combination
arm having a significantly longer median PFS
of 11.8 versus 5.9 months (p < 0.001). Objective
response rate was similarly higher in the combi-
nation arm than paclitaxel monotherapy (36.9%
vs 21.2%; p < 0.001), while OS was not signifi-
cantly different between the two groups (26.7 vs
25.2 months, respectively) at approximately
40 months median follow-up. Grade 3 or 4 adverse
events that occurred more frequently in the
combination arm included hypertension, protei-
nuria, infection, fatigue, cerebral ischaemia and
sensory neuropathy. The latter finding may
relate to the longer duration of paclitaxel ad-
ministration when used in combination with
bevacizumab (7.1 vs 5.1 months), rather than any
intrinsic neuropathic toxicity from the addition
of bevacizumab.

More recently, the first results of a rando-
mized, double-blind, placebo-controlled trial of
bevacizumab in combination with docetaxel was
reported.[34] This trial randomized 736 patients
with HER2/neu-negative metastatic breast can-
cer in the first-line setting to docetaxel 100mg/m2

plus placebo or bevacizumab 7.5mg/kg or
15mg/kg; all drugs were administered once every
3 weeks. Patients were permitted to receive up to
nine cycles of docetaxel and continued placebo or

bevacizumab until progression or intolerable
toxicities. At a median follow-up time of ap-
proximately 11 months, the improvement in
the primary endpoint PFS was significantly im-
proved for patients receiving bevacizumab at
both the 7.5mg/kg and 15mg/kg doses (hazard
ratio 0.79 [p = 0.032] and 0.72 [p = 0.009], respec-
tively). Similar benefits were seen irrespective of
any prior adjuvant chemotherapy (non-taxane or
taxane-based) or hormone receptor status.
Overall, any adverse event of grade 3, 4 or 5
occurred in 67%, 74.8% and 74.1% of the doce-
taxel plus placebo, low and high dose bev-
acizumab groups, respectively. In regard to
grade 3 or 4 adverse events that are most likely
to be related to bevacizumab, hypertension
and proteinuria were more frequent in the higher
dose bevacizumab arm, bleeding was more fre-
quent in both bevacizumab-containing groups,
and gastrointestinal perforation or thrombo-
embolic events were more frequent in the placebo
arm (table II).

2.1.1 Combination Therapy: Bevacizumab and
Trastuzumab

VEGF and HER2/neu levels were analyzed in
breast cancer tissue from 611 women treated in
one institution with a median follow-up of
50 months. A positive association was found be-
tween HER2/neu overexpression and VEGF
overexpression. In univariate analysis, two iso-
forms of VEGF had a significant prognostic im-
pact on OS, while in node-positive patients,
VEGF expression was an independent prognostic
factor.[35]

An open-label phase I study has been reported
using weekly trastuzumab and bevacizumab
3–10mg/kg every 2 weeks in HER2/neu over-
expressing metastatic breast cancer patients.
Pharmacokinetic analysis did not demon-
strate any alteration to either agent when they
were coadministered. Preliminary efficacy data
showed an objective response in six of nine pa-
tients, with two further patients achieving stable
disease.[36] This combination is being evaluated in
an ongoing randomized adjuvant trial (CIRG
011/NSABP B-44).[37]
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2.2 Sunitinib

Sunitinib is a small molecule, multi-targeted
kinase inhibitor, which acts as an adenosine tri-
phosphate-competitive inhibitor of VEGFR-1, -2
and -3, PDGFR-a and -b, c-KIT, FLT-3 and
RET.[38] Subsequent inhibition of the down-
stream signal transduction then impacts
on tumour growth, progression, metastases and
angiogenesis. Preclinical studies demonstrate the
effectiveness of this drug as a single agent in
tumour regression of several cell lines. Further-
more, combination studies with cytotoxic agents,
such as doxorubicin, fluorouracil and docetaxel,
show additive or synergistic effects in breast
cancer.[39]

A phase II study of sunitinib was conducted in
previously treated patients with metastatic breast
cancer with objective response as the primary
endpoint.[40] Patients were required to have re-
ceived anthracyclines and taxanes, and were per-
mitted to have up to four previous chemotherapy
regimens. Of the 64 patients enrolled, 31% had
triple negative tumours, 19% were HER2/neu
positive and patients had received a median of
3.5 previous chemotherapy regimens. Patients
received sunitinib 50mg/day for 4 weeks followed
by a 2-week rest. Partial response was seen in se-
ven patients (11%) and three had stable disease
for ‡6 months, with an overall clinical benefit
of 16%. Response was seen irrespective of
HER2/neu or ER status. The median duration of
treatment was two cycles (i.e. 12 weeks). Median
duration of response was 19 weeks (85% CI 18,
20) and the median TTP was 10 weeks (95% CI
10, 11). Uncomplicated grade 4 neutropenia oc-
curred in one patient. Fatigue (14%), nausea (8%)
and diarrhoea (6%) were the most frequent grade
3 nonhaematological adverse events. There were
no treatment-related deaths. Serum biomarkers
were evaluated with a cyclical rise in VEGF and
decline in soluble (s)VEGFR and sKIT relative to
sunitinib administration, with all plasma levels
returning to near-normal levels by the end of the
2-week rest period. There was a trend for improved
OS in patients who had decreases in sVEGFR
and sKIT of greater than 20% and 50%, respec-
tively, at the end of the treatment cycle. There are

now several phase III trials evaluating sunitinib
in first- and second-line metastatic breast cancer
patients (table I).

2.3 Sorafenib

Preclinical studies have demonstrated that
sorafenib inhibits phosphorylation of the MAP
kinase pathway in several solid tumour cell lines,
including breast cancer, whether or not mutant
K-Ras, mutant B-Raf, or wild-type Ras or Raf
are present. Furthermore, cell-based assays show
that this agent can inhibit several proangiogenic
tyrosine kinase receptors such as VEGFR-2,
VEGFR-3, PDGFR-b, c-KIT, FLT-3 and
FGFR-1. Pharmacokinetic studies confirm that
the drug is metabolized via the cytochrome P450
(CYP) 3A4 system with a high degree of drug
binding to plasma proteins. Sorafenib distributes
evenly throughout peripheral tissues and there
is some penetration across the blood-brain
barrier.[41]

A review of four phase I studies evaluating
sorafenib included a total of 24 patients with
breast cancer (from a total of 173 patients with
solid tumours, with evaluable disease present in
137 patients). The optimal dose scheduling was
determined to be 400mg twice daily without a
break, with the dose-limiting toxicities including
rash, hypertension, diarrhoea, fatigue, nausea,
vomiting and pain. Only 2 of 137 evaluable pa-
tients achieved a partial response with 28% of
patients across the trials having disease stabili-
zation. There was evidence of decreased nuclear
levels of protein extracellular signal-regulated
kinase and this has been suggested to be a possi-
ble mechanism by which sorafenib exerts its anti-
tumour activity.[42]

2.4 Pazopanib

Pazopanib is an oral small molecule TKI,
which inhibits phosphorylation of VEGFR-1, -2
and -3, PDGFR-a and -b, and c-KIT. The sub-
sequent downregulation of several proapoptotic
molecules leads to reduced cellular proliferation,
and an in vitro anti-tumour effect has been
demonstrated in human tumour xenografts,
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including breast, colon, prostate, lung, melano-
ma, head and neck, and kidney.[43] A phase I
study evaluating this agent in 43 patients with
solid tumours demonstrated good tolerability.
Doses of up to 2000mg/day were tolerated, with
mainly grade 1 and 2 toxicities occurring, which
included nausea, diarrhoea, fatigue, hyperten-
sion, anorexia, vomiting and hair depigmenta-
tion. Objective tumour size reduction and stable
disease for >6 months was observed in three and
six patients, respectively.[44]

There are two ongoing trials evaluating pazo-
panib in breast cancer. VEG20007 is a random-
ized phase II study of pazopanib and lapatinib
versus lapatinib alone in metastatic breast cancer
patients with HER2/neu-positive disease who
have not previously received chemotherapy or
trastuzumab in the metastatic setting.[45] The
primary endpoint in this trial of 141 patients with
measurable disease is the rate of progressive dis-
ease at 12 weeks of therapy. Preliminary results
demonstrated a lower rate of progressive disease
at 12 weeks (38.9% vs 36.2%, respectively) and a
higher response rate up to 12 weeks of treatment
(43.5% vs 23.6%, respectively) in the combination
arm versus lapatinib monotherapy. Common
grade 3 and 4 adverse effects that occurred more
frequently in the pazopanib and lapatinib arm
included diarrhoea, increased alanine transami-
nase levels, hypertension and fatigue. A phase III,
placebo-controlled, randomized trial of pazopa-
nib and lapatinib versus lapatinib alone is on-
going.[46] Inclusion criteria require tumours to be
HER2/neu overexpressed, with an initial diag-
nosis of inflammatory breast cancer, which has
recurred or progressed on treatment with chemo-
therapy with or without trastuzumab. Primary
endpoint is PFS and patients are required to
have measurable disease according to RECIST
(Response Evaluation Criteria in Solid Tumours)
criteria or evaluable cutaneous disease. Enrol-
ment of 320 patients is planned, with the trial
expected to complete accrual by 2010.

2.5 Cediranib

Cediranib (AZD2171), is a potent oral in-
hibitor of VEGFR-2, with additional activity

against VEGFR-1 and -3, c-KIT and PDGFR.
Human lung tumour xenografts showed regres-
sion following treatment with this agent and im-
munohistochemical assessment of the tumours
demonstrated a reduction in microvessel number.
As tyrosine kinase signalling via VEGFR-1 can
be activated by binding from two other VEGF
homologues, PIGF and VEGF-B, the ability of
cediranib to directly inhibit VEGFR-1 may pro-
vide additional benefits when compared with
agents that only inhibit VEGF. Lymphangio-
genesis results through binding of VEGF-C and
-D to VEGFR-3. Thus, inhibition by cediranib at
this site may potentially retard tumour cell dis-
semination. Pharmacokinetic studies have shown
that this agent can be given daily with oral
bioavailability of 60% and a very low unbound
plasma portion.[47]

A phase I study involving 83 patients has been
reported, which included 15 patients with breast
cancer. Treatment-related grade 3 or 4 toxicities
occurred in 24 patients (28%), with hypertension
being the most common (16 patients); other
toxicities included palmar-plantar erythrodys-
esthesia (3), increase in g-glutamyl transpeptidase
levels (3) and diarrhoea (2). The effect on blood
pressure appeared to be dose related, but the use
of standard anti-hypertensive therapy was gen-
erally successful. Overall, there were two partial
responses seen and 22 patients, including two
breast cancer patients, had stable disease. There
was a trend for improved tumour control and
reduced tumour progression as the dose range
increased from 10 to 60mg/day.[15]

An interesting aspect of anti-angiogenesis
treatment that has been evaluated in cediranib
studies has been an attempt to identify potential
changes in perfusion as assessed by imaging
techniques, to serve as a surrogate marker for
measuring activity of the drug. A study has been
reported that implanted MCF-7neo (non-VEGF
expressing) and MCF-7VEGF cells into athymic
mice. Positron emission tomography (PET) ima-
ging was used to assess tumour blood volume
with [11C]carbon monoxide, perfusion with
[18F]fluoromethane and glucose utilization with
[18F]fluorodeoxyglucose. Subsequently, tumour
histology was assessed and correlated with
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physiological imaging. Of the three radiotracers
used, there was an early (24 hours) reduction in
perfusion following initiation of treatment with
cediranib, which further decreased at 72 hours
and correlated with a decrease in tumour micro-
vessel density and proliferation.[48]

In the phase I study of cediranib, dynamic
contrast-enhanced magnetic resonance imaging
(DCE-MRI) was performed to assess for tumour
vascular density and permeability. Following treat-
ment with cediranib, the initial area under the
concentration-time curve (iAUC) over 60 sec-
onds after contrast entry into tissues (iAUC60)
appeared to reflect the effect of the drug on acute
vessel permeability, while the sustained effect on
iAUC60 at 28 and 56 days suggested a drug effect
on tumour blood flow.[15]

2.6 Motesanib

VEGFR-1, -2 and -3, PDGFR and stem cell
factor receptor are selectively inhibited by the
oral, small molecule, anti-angiogenesis agent
motesanib.

A phase I study to establish the maximum
tolerated dose (MTD), identify dose-limiting
toxicities and assess the pharmacokinetic profile
of motesanib was reported in 2007.[49] An ex-
ploratory analysis was also performed to assess
methods by which biomarker level changes and
alteration of DCE-MRI may predict response.
Seventy-one patients including four patients with
breast cancer were recruited. More than two-
thirds of patients had received two or more pre-
vious chemotherapy regimens. The MTD was
determined at a once-daily dose of 125mg, with
the most common grade 3 events being hyper-
tension (20%), diarrhoea (10%) and abdominal
pain (7%). There were two subjects with treatment-
related posterior reversible encephalopathy syn-
drome and three with acute cholecystitis, the
aetiology of the latter event being unclear. Of the
67 assessable patients, 5 patients experienced
a partial response and 35 had stable disease.
A notable finding in this study was the durable
stabilization of disease for >6 months seen in
16 patients (23%), which is likely to translate into
a genuine clinical benefit. Biomarkers were

measured at baseline and at day 50 in 62% of
patients. There appeared to be correlation with
serum levels of PIGF and sVEGFR-2, and the
extent of change in tumour dimensions. DCE-
MRI was performed in 17 patients during the
course of the first cycle of treatment. There did
not appear to be a significant correlation with
tumour response and iAUC.[49]

Preliminary results from an open-label phase I
study of motesanib in combination with either
paclitaxel or docetaxel in metastatic breast cancer
are available.[50] Paclitaxel was given at 90mg/m2

on a weekly schedule for 3 weeks followed by a
1-week rest. Docetaxel was given at two dose levels
(100 and 75mg/m2) every 3 weeks. A starting dose
of motesanib 50mg/day was used, escalating to a
maximum dosage of 125mg/day. At the time of
reporting the study, the MTD for motesanib with
both taxanes had not yet been reached. Pharmaco-
kinetic analysis does not indicate any effect of
either paclitaxel or docetaxel on motesanib levels,
while the AUC for both taxanes was slightly higher
after exposure to motesanib. Recruitment to this
study has now been completed. A phase II study is
currently ongoing, which will evaluate motesanib
with paclitaxel versus bevacizumab and paclitaxel
in chemotherapy-naive patients in the meta-
static breast cancer setting (protocol number
20050225 in table 1).

2.7 Aflibercept

Aflibercept, coined VEGF-Trap, is constructed
from fusion of the immunoglobulin domain of
VEGFR-1 and VEGFR-2, with the Fc region of
human IgG1. This fusion protein has high affi-
nity to all isoforms of VEGF and may be also
bind ligands that have an affinity for VEGFR-1
and -2, such as PIGF.[17]

An early trial demonstrated marked regression
of implanted human Wilm’s tumour cells in re-
sponse to intraperitoneal injection of aflibercept.
Following 5 weeks of treatment, there was a 79%
reduction in mean tumour weight. Histological
examination of the tumours after treatment
showed almost complete absence of blood ves-
sels. The authors postulated that the impact of a
potent and high-affinity agent to inhibiting even
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low levels of VEGF would more completely
abolish the dependency that well established
tumour endothelial cells have on VEGF. Fur-
thermore, it is postulated that there may be a
co-dependency between the endothelial and
adjacent stromal cells, where aflibercept may
destabilize this association and lead to apoptosis
of both.[51,52] There are over 20 trials currently
registered on the National Cancer Institute web-
site that are evaluating aflibercept in a variety of
malignancies, as well as phase I studies and an
observational pilot study assessing renal and
blood pressure changes in patients receiving afli-
bercept and other anti-angiogenic therapies.

3. Potential Methods of Assessing
Anti-Angiogenic Efficacy

An important aspect of the use of agents
that target angiogenesis is the potential to select
those tumours that can be predicted to have
the greatest response to treatment. Measurement
of protein expression, degree of micovascular
density, tumour cell apoptosis during anti-
angiogenic therapy, presence of pericyte forma-
tion around tumour blood vessels and alteration
in interstitial fluid pressure have all been eval-
uated. There is preclinical evidence that changes
in these factors may reflect normalization of
tumour vasculature.

Investigators have assessed VEGF expression
on tumour cells and stroma, circulating VEGF
levels in the plasma or urinary VEGF levels, and
matrix metalloproteinase as surrogate markers of
response. These have generally been in small
studies with inconsistent results.[53,54] One study
has demonstrated that plasma levels of VEGF
can be utilized to calculate the optimal dosage
needed for an anti-VEGF agent, suggesting that
this may be used as a surrogate pharmaco-
dynamic method in the clinical setting.[55]

Naturally occurring negative regulators of
angiogenesis, such as thrombospondin, have
been measured in patients with colorectal cancer,
with expression levels having a borderline
significance on survival outcome.[56]

Circulating endothelial cells and circulating
endothelial progenitors have also been measured.

In the preclinical setting, the levels following
treatment with a VEGFR2 inhibitor were shown
to correlate with tumour response.[57] In a recent
study of metronomic chemotherapy, higher base-
line levels of circulating endothelial cells prior to
low-dose chemotherapy and bevacizumab was
shown to correlate with response, clinical benefit
and PFS.[58] Studies are needed to evaluate
reproducible methods of measuring these circu-
lating cells and, more importantly, they must
be shown to correlate with clinical outcome in
ongoing trials of anti-angiogenic agents.

Finally, imaging with DCE-MRI, PET, CT
scan, ultrasound and optical technologies have
been used to determine haemodynamic changes
and vessel permeability in various solid tumours.
These non-invasive approaches have the poten-
tial to be used to detect tumours at an earlier
stage, evaluate early signs of tumour response
to a given anti-angiogenic agent or radiation,
or be used to select the optimal dose of a given
anti-angiogenic agent. If well conducted studies
confirm the accuracy of one or more of these
methods, the need to standardize the imaging
protocol, the availability and cost of maintaining
the equipment and the reproducibility of tumour
assessment amongst individual patients and
across institutions, are all issues that will require
further attention.[59]

4. Future Considerations

The understanding of the important role of
angiogenesis in tumour growth, progression and
dissemination has led to the exciting development
of targeted agents to this pathway. The pivotal
importance of the VEGF family, its receptors and
other co-regulating growth factors has been the
main focus of therapeutic endeavours to date.
Although results with bevacizumab in heavily
pre-treated breast cancer patients suggest that the
use of this monoclonal antibody is more effective
in earlier stages of disease, there is preclinical
evidence that other anti-angiogenic agents, such
as the soluble, fusion molecule, aflibercept, may
be effective even in later stages of tumour growth
when there is greater tumour volume.
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Research in the following areas is needed to
optimize the use of these agents:
1. To identify the predominant angiogenic pathway
that is responsible in a given patient’s tumour to
allow selection of the optimal anti-angiogenic
agent. This may require biopsy of metastatic
lesions for specific biomarker analysis or perhaps
through measuring circulating protein products,
which reflect the underlying growth pattern of the
tumour. In identifying which pathway predomi-
nates in a given individual, it may then be possible
to re-assess these tumour factors over time as ameans
of predicting tumour response or progression.
2. It has already been shown that despite the
targeted action of these agents, tumour ‘resis-
tance’ develops and once-effective therapy cannot
maintain tumour control. In light of the multitude
of prospective trials currently ongoing or planned,
it is essential that these studies attempt to identify
mechanisms of resistance during the course of
treatment for the patients involved. This is likely
to provide more a accurate understanding of the
factors involved in the development of resistance
than relying on interpretation from pre-clinical
models. Results from these observations in
current studies can then allow hypotheses to be
generated and formally evaluated in the next
generation of trials of targeted agents.
3. Because many of the current trials of anti-
angiogenic agents are evaluating the targeted
treatment in combination with cytotoxic agents,
it is important to establish which partnering of
agents provides the greatest synergism. Further-
more, the frequency and nature of potential
interactive toxicities must be defined.
4. Prospective evaluation of biological markers
and functional imaging that can predict or
confirm the efficacy of these agents. Patient
selection for those most likely to benefit from
this class of agents will enable appropriate access
and avoid unnecessary use of healthcare funding.
5. Importantly, the spectrum of adverse effects
seen with anti-angiogenic agents appears to differ
from those of conventional cytotoxics. Hyperten-
sion, which can occur in up to 19% of patients,
may relate to a direct action of VEGF on blood
vessels causing hypotension or indirectly on the
reduced production of nitric oxide, an endogen-

ous vasodilator, or a direct action of the agent on
blood vessels.[60] These postulated mechanisms
need to be better evaluated, methods to predict
which patients will experience hypertension need
to be established and optimal anti-hypertensive
interventions need to be defined. Although the
thromboembolic adverse effects appear less fre-
quent in breast cancer trials than the incidence
observed in colorectal and lung cancer studies,
they are more frequent than with cytotoxic
agents. There already exists a pro-coagulant
tendency in patients with metastatic disease, and
studies are needed to assess patients prior to and
during anti-angiogenic therapy to minimize the
occurrences of debilitating venous and arterial
thromboembolic events. Close monitoring of the
potential cardiac effects in the metastatic trials are
necessary to define the nature and frequency of
this effect, and to avoid undue toxicities of these
agents when they are evaluated in the early breast
cancer setting. In addition, in trials that combine
anti-angiogenic agents with HER2/neu-targeted
therapy, the possible additive cardiac toxicity
needs to be assessed. The use of the oral tyrosine
kinases introduces a new complexity to patient
care, in that adequate patient education regarding
concomitant medications is necessary to avoid
drug interaction through the induction or inhibi-
tion of the CYP haemoprotein family.

As the understanding of the angiogenic path-
ways responsible for tumour development im-
proves, the use of specific agents directed at one
or more sites of growth signalling may potentially
lead to significant and durable benefits for patients
with metastatic breast cancer. Parallel to the trials
evaluating the efficacy of anti-angiogenic agents
is the need to delineate mechanisms of resistance
and identify the adverse effects for this class of
drugs. Finally, the greatest benefit for this ap-
proach, if proven to be successful, will be the use
of these agents in the earlier stages of the disease.
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