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ABSTRACT

Newer treatments have improved survival for patients
with metastatic breast cancer over the last two decades,
and a battery of new cytotoxic and targeted therapies is
continuing to enhance this trend. This review outlines
recent data and ongoing research in this area, by high-
lighting new developments (regarding approved but rel-
atively new classes of cytotoxic and targeted agents) and
also new classes of targeted therapy that are undergoing
clinical evaluation. Mechanisms for synergy between
agents are discussed where data are available, as is in-
formation on the rationale behind the development of
agents that inhibit angiogenesis, DNA repair, histone

deacetylases, heat shock proteins, or various signaling
pathways in tumor proliferation. The abundance of
clinical research surrounding anticancer agents, to-
gether with ongoing cancer biology research, is ex-
pected to further increase the available pool of
therapeutic options for metastatic breast cancer. Con-
comitantly, in the absence of an effective targeted mono-
therapy, a better understanding of the interplay
between biologic and cytotoxic anticancer agents will
improve our ability to rationally design combination
regimens with better efficacy and tolerability. The On-
cologist 2011;16:760–771

INTRODUCTION

Among women, breast cancer is the most commonly diag-
nosed cancer and the second leading cause of cancer deaths,
claiming about 40,000 lives in North America during 2009
[1]. Recent advancements in targeted therapy and improve-
ments in treatment have heralded a significant improve-
ment in survival [2], but metastatic breast cancer (MBC)

remains essentially incurable, with a median 5-year sur-
vival rate from diagnosis of only about 23% [3]. As such,
the medical community continues its search for novel cyto-
toxic and biologic approaches to treatment.

Recent advances in our understanding of the molecular
pathways underlying oncogenesis and tumor survival have
not only enhanced our use of existing agents but also have
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yielded a collection of novel biologic and cytotoxic agents
that are currently under investigation in the treatment of
breast cancer. Although we recognize the significance of
endocrine manipulation in the MBC treatment setting, this
review instead highlights the treatment of human epidermal
growth factor receptor (HER-2)� and triple-negative MBC
with investigational combinations of cytotoxic and targeted
agents. For a comprehensive discussion of the treatment
setting for patients with hormone receptor–positive breast
cancer, the reader is advised to review the topic as previ-
ously published [4–6].

NOVEL CYTOTOXIC CHEMOTHERAPY

Several biologic agents have been shown to substantially
improve the clinical benefit of standard cytotoxic agents,
and these regimens have become the standard of care in
both the metastatic and adjuvant settings [6]. To date, how-
ever, few targeted biologic therapies have demonstrated ef-
ficacy as monotherapies in lieu of cytotoxic chemotherapy
[7], making chemotherapy the backbone of MBC treatment.
Moreover, alternative cytotoxic strategies are necessary be-
cause of greater exposure to standard chemotherapy agents
(such as anthracyclines and taxanes) in the adjuvant setting,
resulting in less efficacy in the treatment of MBC [8].

Intrinsic or acquired resistance to one or more antican-
cer agents has been linked to multiple proposed mecha-
nisms, including increased drug efflux (e.g., through
overexpression of P-glycoprotein or the multidrug resis-
tance gene), drug inactivation, alterations in the extracellu-
lar or intracellular drug target, processing of drug-induced
damage, and evasion of apoptosis [9, 10]. In some cases,
drug resistance may be a manifestation of tumor survival
responses mediated through various cellular mechanisms
[11]. Preclinical evidence suggests that hypoxia, glucose
deprivation, or possibly other cellular stress stimuli in the
tumor microenvironment may boost expression of the class
III isoform of tubulin �-3 chain (TUBB3) and decrease ex-
pression of other �-tubulin isoforms to which taxanes can
bind [11, 12]. Additionally, potential involvement of mul-
tiple cell survival pathways and differences in intratumoral
drug delivery and concentration are some of the possible
reasons behind an observed clinical trend: patients who had
previous success with an agent in one class may have an in-
consistent response rate to newer agents in the same class
(e.g., nanoparticle albumin-bound [nab]-paclitaxel, pacli-
taxel poliglumex, and larotaxel in the taxane class [13] and
vinflunine [14] in the vinca alkaloid class).

The cytotoxic treatments most commonly used after an-
thracycline and/or taxane failure are often those with dispa-
rate mechanisms of action, such as capecitabine or
gemcitabine [6]. However, in the case of taxanes, newer

generations of microtubulin-targeting agents (i.e., epothi-
lones and halichondrins) have provided other options for
treatment. Epothilones have a mechanism of action similar
to that of taxanes but are less susceptible than taxanes to P-
glycoprotein–mediated efflux, tubulin mutation, and over-
expression of TUBB3 [15]. Halichondrins bind and
sequester �-tubulin into nonfunctional aggregates [16]. In
the subsequent section, we discuss members of these two
newer classes of tubulin-targeting agents: epothilones (ixa-
bepilone, patupilone, and sagopilone) and halichondrins
(eribulin) for the treatment of taxane-resistant MBC.

Ixabepilone and eribulin each have demonstrated effi-
cacy in patients with MBC who have been previously
treated with anthracyclines and taxanes. Ixabepilone is ap-
proved (in combination with capecitabine) by the U.S. Food
and Drug Administration (FDA) for the treatment of pa-
tients with MBC. In a phase III registration trial, this com-
bination offered greater clinical efficacy than capecitabine
alone for the primary endpoint of progression-free survival
(PFS) (hazard ratio [HR], 0.75; 95% confidence interval
[CI], 0.64–0.88; p � .0003). Furthermore, the median PFS
interval was longer, at 5.8 months (95% CI, 5.45– 6.97
months) for the combination, compared with 4.2 months
(95% CI, 3.81–4.50 months) for capecitabine alone [17].
Based on phase II data, ixabepilone is also approved as
monotherapy in patients with MBC resistant to taxanes, an-
thracyclines, and capecitabine [18], and additional studies
are ongoing. Novel cytotoxic agents, including ixabepi-
lone, are currently being investigated in combination with a
variety of established and investigational biologic agents
(including monoclonal antibodies, small molecule kinase
inhibitors, and histone deacetylase [HDAC] inhibitors).

In the phase III Eisai Metastatic Breast Cancer Study
Assessing Physician’s Choice Versus Eribulin E7389
(EMBRACE) in patients with MBC previously treated with
an anthracycline and a taxane, eribulin led to a significantly
longer overall survival (OS) time than with the physician’s
choice as salvage therapy (13.1 months versus 10.7 months;
HR, 0.81; 95% CI, 0.66–0.99; p � .041) [19]. A higher
overall response rate (ORR) was demonstrated in patients
treated with eribulin than in those treated with the physi-
cian’s choice, confirmed by both independent review
(12.2% versus 4.7%; p � .002) and investigator assessment
(13.2% versus 7.5%; p � .028). However, a longer PFS du-
ration was shown (median, 3.6 months versus 2.2 months;
HR, 0.76; 95% CI, 0.64–0.90; p � .002), but this was found
to be not statistically significant by the independent review-
ers (median, 3.7 months versus 2.2 months; HR, 0.87; 95%
CI, 0.71–1.05; p � .14). Notably, the EMBRACE trial is the
first phase III, single-agent trial in heavily pretreated pa-
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tients with MBC to show a significant improvement in OS,
thus leading to FDA approval of this drug in late 2010.

TARGETED THERAPIES

Anti–HER-2 Therapy

Synergy of Trastuzumab and Cytotoxic Combinations
HER-2 is amplified and/or overexpressed in up to 30% of
human breast tumors and is associated with a poorer prog-
nosis [20, 21]. A new generation of HER-2–targeting
agents has been developed and alternative cytotoxic com-
bination strategies are currently being explored. One such
HER-2–targeting agent, trastuzumab, has demonstrated
synergistic activity against breast cancer cells overexpress-
ing HER-2 when used in combination with cisplatin,
carboplatin, vinorelbine, gemcitabine, ixabepilone, and do-
cetaxel in the preclinical setting (Table 1). Further to these
findings, a pivotal phase III study of women whose cancers
overexpressed HER-2 and were chemotherapy naive in the
metastatic setting demonstrated that the combination of
trastuzumab and first-line chemotherapy was associated
with a significantly longer time to progression (TTP) (me-
dian, 7.4 months versus 4.6 months; p � .001), a higher
ORR (50% versus 32%; p � .001), a longer duration of re-
sponse (DoR) (median, 9.1 months versus 6.1 months; p �
.001), and a longer OS time (median, 25.1 months versus
20.3 months; p � .046) [22].

In clinical practice, trastuzumab is routinely used with
combination chemotherapy in the treatment of breast can-
cer patients in both the adjuvant and metastatic settings [6].
In the first-line MBC setting, when compared with do-
cetaxel alone, trastuzumab in combination with docetaxel
resulted in a significantly greater ORR (61% versus 34%;
p � .0002), longer OS time (median, 31.2 months versus
22.7 months; p � .0325), longer TTP (median, 11.7 months
versus 6.1 months; p � .0001), longer time to treatment
failure (median, 9.8 months versus 5.3 months; p � .0001),
and longer DoR (median, 11.7 months versus 5.7 months;
p � .009) [23]. In an effort to further the clinical benefit of
combinatorial trastuzumab and nonanthracycline agents, a
phase III trial evaluated the efficacy and safety of trastu-
zumab in combination with paclitaxel with or without car-
boplatin as first-line therapy for women with HER-2–
overexpressing MBC. In that study, the addition of
carboplatin to paclitaxel and trastuzumab resulted in signif-
icantly better clinical outcomes, with an ORR of 57% (95%
CI, 45%–70%), versus 36% (95% CI, 25%–48%; p � .03),
and a median PFS interval of 13.8 months, versus 7.6
months (p � .05) for the combination, with or without car-
boplatin (HR, 0.55; 95% CI, 0.46–0.64) [24]. However, in

the randomized phase III Breast Cancer International Re-
search Group 007 trial, a study that investigated the efficacy
and safety of trastuzumab in combination with docetaxel
with or without carboplatin as first-line therapy for women
with HER-2–overexpressing MBC, there were no signifi-
cant differences observed between treatment arms with re-
spect to the TTP (median, 10.4 months and 11.1 months;
HR, 0.914; 95% CI, 0.694–1.203; p �.57), response rate
(72% for both arms), or OS time (median, 37.4 months ver-
sus 37.1 months; p � .99) [25]. Together, these studies sug-
gest some level of ambiguity surrounding the efficacy of
trastuzumab in combination with a taxane and carboplatin
as first-line treatment for HER-2–overexpressing MBC.

Today, trastuzumab continues to undergo clinical de-
velopment in combination with several newer cytotoxic
agents, including nab-paclitaxel and ixabepilone. A trial of
first-line nab-paclitaxel, trastuzumab, and carboplatin dem-

Table 1. In vitro interactions between trastuzumab and
other cytotoxic agents in HER-2–overexpressing breast
cancer cell lines [72–74]
Drug Synergistic Additive Antagonistic

Platinum analog

Cisplatin X

Carboplatin X

Alkylating agent

4-hydroxycyclophosphamide X

Thiotepa X

Topoisomerase inhibitor

Etoposide X

Vinca alkaloid

Vinorelbine X

Vinblastine X

Antimetabolite

Methotrexate X

5-fluorouracil X

Capecitabinea ? X

Gemcitabineb X X X

Anthracycline

Epirubicin X

Doxorubicin X

Taxane

Docetaxel X

Paclitaxel X

Epothilone

Ixabepilone X

aTested in a HER-2– overexpressing human breast
tumor xenograft model [75]. The interaction was at
least additive.
bThe interaction was synergistic, additive, or antagonistic
depending on the concentration.
Abbreviation: HER, human epidermal growth factor
receptor.
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onstrated a 46% ORR and a median TTP of 16 months [26].
Similarly, a trial of ixabepilone, trastuzumab, and carbopla-
tin as first-line treatment showed an ORR of 41% and me-
dian PFS interval of 8 months [27]; a second trial with
ixabepilone and trastuzumab showed an ORR of 51% [28].

Notably, if patients fail first-line treatment with com-
bination trastuzumab and chemotherapy, replacing the
chemotherapeutic agent with another can facilitate con-
tinuation of trastuzumab and better outcomes. As demon-
strated in the phase III German Breast Group 26/Breast
International Group 03–05 trial, the continuation of trastu-
zumab in combination with second-line chemotherapy
(capecitabine) resulted in a higher ORR (48.1% versus
27.0%; p � .0115) and longer median TTP (8.2 months ver-
sus 5.6 months) (HR, 0.69; 95% CI, 0.48–0.97; p � .0338)
when compared with capecitabine alone [29]. Alterna-
tively, patients may be treated with lapatinib—a small-
molecule inhibitor of both the HER-2 and epidermal growth
factor receptor (EGFR) pathways (as discussed below). In
combination with capecitabine, lapatinib is the standard ap-
proved therapy for the treatment of patients with advanced
breast cancer or MBC whose tumors overexpress HER-2
and who have received prior therapy including an anthra-
cycline, a taxane, and trastuzumab [30].

The Newer Generation of HER-2–Targeting
Monoclonal Antibodies

Trastuzumab-MCC-DM1. The additive or synergistic
potential of trastuzumab, in combination with microtubule-
targeting agents, has resulted in trastuzumab-MCC-DM1
(T-DM1)—a novel antibody–drug conjugate that uses tras-
tuzumab to specifically deliver the cytotoxic maytansinoid
antimicrotubule to HER-2� cells. Mechanistically, DM1
binds to microtubules in a manner similar to that of vinca
alkaloids [31].

The first-in-human phase I, multicenter, open-label,
dose-escalation study of single-agent T-DM1 in patients
with HER-2� MBC (who had previously received a trastu-
zumab-containing chemotherapy regimen) demonstrated
that, at the maximum-tolerated dose (MTD) of 3.6 mg/kg
every 3 weeks, T-DM1 was safe and had considerable clin-
ical activity. The clinical benefit rate (CBR [ORR plus sta-
ble disease (SD) at 6 months]) among 15 patients treated at
the MTD was 73%, including five objective responses. Fur-
thermore, the confirmed response rate in patients with mea-
surable disease at the MTD (n � 9) was 44% [31]. Phase II
studies of T-DM1 in patients with HER-2� MBC who pro-
gressed while receiving HER-2–directed therapy, or who
were previously treated with an anthracycline, a taxane,
capecitabine, lapatinib, and trastuzumab, have demon-

strated robust activity, with ORRs in the range of 23.9%–
39.5%, as determined by an independent-review facility
[32, 33]. An open-label, phase III trial (EMILIA) will com-
pare the safety and efficacy of T-DM1 with that of capecit-
abine in combination with lapatinib in patients with
HER-2� MBC previously treated with a trastuzumab-based
therapy [34]. Currently, T-DM1 is in clinical development
for the treatment of MBC as both a monotherapy and in
combination with other agents such as docetaxel or pertu-
zumab plus paclitaxel.

Pertuzumab. Pertuzumab is a novel recombinant human-
ized monoclonal antibody directed against the highly con-
served dimerization domain of HER-2, and as such, it
inhibits HER-2 homo- and heterodimerization. Pertu-
zumab-mediated blockage of HER-2 dimerization inhibits
HER family downstream signaling (i.e., the Akt cell sur-
vival pathway and the mitogen-activated protein kinase
pathway). Preclinical models have demonstrated that, un-
like trastuzumab, pertuzumab is able to inhibit tumor
growth of cancer cells expressing both low/normal and high
levels of HER-2. However, in a phase II randomized trial
investigating the efficacy and safety of pertuzumab in pa-
tients with HER-2� MBC, the only measurable therapeutic
benefit that Gianni and colleagues observed was with SD of
a relatively short duration. These data suggest that patients
with HER-2� MBC would be more likely to experience a
clinically meaningful response from treatment with pertu-
zumab [35]. The idea that the combination of pertuzumab
and T-DM1 might be a clinically meaningful therapy in
MBC came from the single-arm, phase II trial of trastu-
zumab plus pertuzumab, which demonstrated that the com-
bination was well tolerated and active in patients with
HER-2� MBC who had progressed during trastuzumab
therapy [36]. Ongoing clinical trials continue to investigate
pertuzumab for the treatment of MBC in combination with
trastuzumab, T-DM1, docetaxel, and paclitaxel. Because
preclinical evidence suggests resistance may, in many
cases, arise from aberrant signaling downstream of HER-2
(e.g., constitutive phosphoinositide 3-kinase [PI3K] signal-
ing), it is not yet clear whether pertuzumab will be effective
in trastuzumab-resistant tumors [37].

Agents Targeting EGFR Pathways
Resistance to trastuzumab has necessitated a search for
other agents that use the EGFR signaling pathways. Al-
though oncologists and researchers continue to debate the
relative merits of monoclonal antibodies and small-mole-
cule inhibitors [38], an understanding of how each works in
various patient populations may help maximize optimal
clinical outcomes; both types of targeted therapy have dem-
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onstrated efficacy in clinical trials and are undergoing fur-
ther evaluation in MBC [38].

Cetuximab
EGFR is often overexpressed in breast cancer, particularly
in triple-negative breast cancer. In the phase II TBCRC
(Translational Breast Cancer Research Consortium) 001
trial, the EGFR inhibitor cetuximab was shown to have lim-
ited activity as monotherapy in a triple-negative MBC pop-
ulation treated with three or fewer prior chemotherapies
(two of 31 [6%] patients achieved partial responses, with a
CBR of 10%). However, when used in combination with
carboplatin, an ORR of 18% (13 of 17 patients) was ob-
served, with a higher CBR of 27% [39]. Although cetux-
imab monotherapy was well tolerated, it appears to have
low activity in the triple-negative MBC population and
thus, as a monotherapy, would not be recommended for
treating this tumor subtype. Several phase II studies in
patients with triple-negative MBC are investigating combi-
nations of cetuximab with platinum agents. Data from the
ongoing phase II trial of cetuximab with and without cis-
platin for the treatment of triple-negative MBC (BALI-1
[Basal like]) presented at the 2010 European Society for
Medical Oncology (ESMO) Congress showed that the com-
bination was effective in women with triple-negative dis-
ease, with a significantly lower risk for progression than
with cisplatin alone (HR, 0.675; p � .032) [40]. Notably,
the median PFS time was more than double. Although there
was a trend toward a higher tumor response rate with cetux-
imab plus cisplatin (20.0% versus 10.3%; p � .11), the pri-
mary endpoint (response rate) was not met. Cetuximab in
combination with ixabepilone is also under investigation as
a therapeutic option for the first-line treatment of patients
with triple-negative MBC.

Small-Molecule Inhibitors of the HER-2 and
EGFR Pathways

Lapatinib
Lapatinib inhibits intracellular receptor phosphorylation of
HER-2 and EGFR [41, 42], whereas trastuzumab targets the
extracellular domains of HER-2. These distinct mecha-
nisms of action may account for the lack of crossresistance
between trastuzumab and lapatinib and for their in vitro
synergy [42]. In a phase III trial of lapatinib in combination
with trastuzumab compared with lapatinib alone in 296
heavily pretreated patients with HER-2� MBC who had ex-
perienced progression on a median of three prior trastu-
zumab-based therapies (the EGF104900 trial), the PFS
interval was significantly longer with the combination than
with lapatinib alone (median, 3.0 months versus 2.0.

months; HR, 0.77; 95% CI, 0.6–1.0; p � .029). However,
there was no significant difference in the ORR (10.3% ver-
sus 6.9%; p � .46), and although there was a trend toward a
longer OS duration for patients in the combination arm, this
difference was also not significant (12.9 months versus 9.8
months; HR, 0.75; 95% CI, 0.5–1.1; p � .106) [43]. Nota-
bly, these mature OS data are not in agreement with what
was previously reported at the 2009 San Antonio Breast
Cancer Symposium (SABCS), where Blackwell and col-
leagues observed a significantly longer OS time in patients
treated with combination therapy than in those treated with
lapatinib monotherapy (HR, 0.74; 95% CI, 0.57–0.97; p �
.026) [44].

Thus far, discussion of lapatinib in the treatment of
HER-2� breast cancer has been limited to the metastatic
setting. However, the clinical benefit of neoadjuvant lapa-
tinib is also being investigated. Results from the phase
III trial of neoadjuvant lapatinib with or without trastu-
zumab treatment optimization (NeoALTTO [companion
trial to the larger ALTTO study]) were presented at the
2010 SABCS [45]. NeoALTTO enrolled 455 patients who
were randomized to lapatinib (1,500 mg/day), trastuzumab
(4 mg/kg i.v. loading dose followed by 2 mg/kg i.v.
weekly), or lapatinib (1,000 mg/day) in combination with
the same dose of trastuzumab for 6 weeks. Paclitaxel was
added to all three arms at week 6, for a total of 12 weeks of
neoadjuvant therapy. The primary endpoint of the Neo-
ALTTO trial was pathologic complete response (pCR). In
the combination arm, 51.3% of patients experienced a pCR,
compared with 24.7% of patients in the trastuzumab arm
and 19.5% of patients in the lapatinib arm (p � .0001 for the
difference between the combination arm and the trastu-
zumab arm; the difference between the lapatinib and tras-
tuzumab groups was not statistically significant). The
benefit of the combination of lapatinib and trastuzumab was
more pronounced in hormone receptor–negative patients
than in hormone receptor–positive patients (61.3% versus
41.6%, respectively). The difference in pCR rates between
the combination arm and the trastuzumab arm was signifi-
cant in both groups, based on hormone receptor status: p �
.005 in the hormone receptor–negative group and p � .03 in
the hormone receptor–positive group. These preliminary
data from the NeoALTTO trial demonstrate the synergistic
potential of lapatinib and trastuzumab combination ther-
apy. Although there was more toxicity associated with lapa-
tinib, it was found to be manageable.

Neratinib
Neratinib, which irreversibly inhibits the kinase activity of
HER-2 and EGFR, showed a 32% response rate as a single
agent in trastuzumab-pretreated MBC patients [46]. As
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such, this agent is currently being studied in combination
with capecitabine, paclitaxel, or vinorelbine in phase I/II
trials of patients with HER-2� MBC. Moreover, a large ran-
domized phase II trial designed to evaluate the safety and
efficacy of neratinib in advanced HER-2� breast cancer is
ongoing (ClinicalTrials.gov identifier, NCT00300781).
The estimated enrollment is 136 patients and the primary
endpoint is the 16-week PFS rate.

Antiangiogenic Therapy

Bevacizumab
Bevacizumab is a humanized monoclonal antibody that in-
hibits vascular endothelial growth factor (VEGF), depriv-
ing tumors of a vascular supply and inhibiting endothelial
proliferation [47]. In a prospective, randomized, but not
blinded phase III trial in the first-line treatment of MBC pa-
tients, the combination of bevacizumab and paclitaxel led
to a significantly longer PFS interval than with paclitaxel
alone (median, 11.8 months versus 5.9 months; HR, 0.60;
p � .001) and higher ORR (36.9% versus 21.2%; p � .001)
with minimal toxicity, not unlike safety profiles reported in
previous randomized trials [47]. However, there was no sig-
nificant difference in OS between the groups (median, 26.7
months versus 25.2 months; HR, 0.88; p � .16). Additional
confirmatory trials combining this agent with docetaxel
(AVADO [Avastin and docetaxel]) [48] or with anthracy-
clines and taxanes or capecitabine (RIBBON-1 [Regimens
in Bevacizumab for Breast Oncology]) have demonstrated
enhanced efficacy in the first-line setting [49].

In the AVADO trial, the addition of bevacizumab to do-
cetaxel resulted in a longer PFS time (7.5 mg/kg: HR, 0.69;
95% CI, 0.54–0.89; p � .0035; 15 mg/kg: HR, 0.61; 95%
CI, 0.48–0.78; p � .0001) and greater ORR (7.5 mg/kg:
44.4% versus 55.2%; p � .00295; 15 mg/kg: 44.4% versus
63.1%; p � .0001). Similarly, results from the RIBBON-1
trial demonstrated that the addition of bevacizumab to cape-
citabine or to taxane-/anthracycline-based chemotherapy
led to a longer PFS time (HR, 0.69; 95% CI, 0.56–0.84; p �
.0002; HR, 0.64; 95% CI, 0.52–0.80; p � .0001, respec-
tively) and higher ORR (35.4% versus 23.6%; p � .0097;
51.3% versus 37.9%; p � .0054, respectively). However,
the addition of bevacizumab to chemotherapy did not result
in a longer OS time in either the AVADO or RIBBON-1
trial.

A meta-analysis of OS from the phase III randomized
trial evaluating bevacizumab in combination with pacli-
taxel (E2100) and the AVADO and RIBBON-1 trials (a to-
tal of 2,447 patients) confirmed the significant PFS benefit
for bevacizumab in combination with chemotherapy, com-
pared with chemotherapy alone for the first-line treatment

of MBC patients (median, 9.2 months versus 6.7 months;
HR, 0.64; p � .0001) [50]. Although the OS time was not
significantly different between treatment arms (median,
26.7 months versus 26.4 months; HR, 0.97; 95% CI, 0.86–
1.08; p � .56), the 1-year survival rate was greater for be-
vacizumab in combination with chemotherapy than for
chemotherapy alone (81.6% versus 76.5%; p � .003), sug-
gesting an early benefit at 1 year.

A preliminary efficacy analysis of data from a phase III,
multicenter, randomized, placebo-controlled trial that eval-
uated the efficacy and safety of bevacizumab in combina-
tion with chemotherapy regimens in patients with
previously treated MBC (RIBBON-2) also demonstrated
that the addition of bevacizumab to chemotherapy led to a
longer PFS duration than with chemotherapy plus placebo
(median, 7.2 months versus 5.1 months; HR, 0.78; 95% CI,
0.64–0.93; p � .0072) [51]. Moreover, an ongoing phase
III study is also evaluating bevacizumab in combination
with weekly schedules of ixabepilone, paclitaxel, or albu-
min-bound paclitaxel. Despite the PFS benefit shown in the
E2100, AVADO, RIBBON-1, and RIBBON-2 trials, the
FDA has announced their recommendation to remove
the breast cancer indication from the label for bevacizumab,
stating that the data do not demonstrate longer OS or a suf-
ficient benefit from bevacizumab in slowing disease pro-
gression to outweigh the significant risk to patients with
breast cancer. These risks include severe high blood pres-
sure; bleeding and hemorrhage; perforations in the nose,
stomach, and intestines; and heart attack or heart failure.
Antiangiogenesis in breast cancer remains an active area of
interest with ongoing trials in the neoadjuvant and adjuvant
settings from cooperative groups (Eastern Cooperative On-
cology Group and Cancer and Leukemia Group B). Given
the marginal benefit and toxicity of bevacizumab, the
VEGF target will need to be defined specifically for each
particular subtype of breast cancer to maximize benefits in
treated patients.

Multikinase Inhibitors

Sorafenib
Sorafenib is a small-molecule inhibitor that targets all
VEGF receptor isoforms, platelet-derived growth factor re-
ceptor (PDGFR)-�, several of the Raf family of intracellu-
lar kinases, and several other cell surface kinases (Kit,
Flt-3, and Ret). In a phase II trial of patients randomized to
paclitaxel plus placebo or paclitaxel in combination with
sorafenib, sorafenib failed to lead to a significantly longer
PFS interval than with placebo (median, 6.9 months versus
5.6 months; HR, 0.89; 95% CI, 0.56–1.11; p � .0857) [52].
However, secondary endpoints of the TTP (median, 8.1
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months versus 5.6 months; HR, 0.67; p � .0171) and ORR
(68% versus 54%; p � 0.0234) were significantly better
with sorafenib. Notably, the toxicities associated with com-
bining sorafenib with chemotherapy can be substantial. For
example, a phase II trial of sorafenib in combination with
capecitabine demonstrated that the combination resulted in
a higher incidence of grade 3 hand–foot syndrome than with
capecitabine alone (45% versus 13%) [53]. Phase II trials of
sorafenib in combination with other cytotoxic agents, in-
cluding vinorelbine and ixabepilone, are ongoing.

Sunitinib
Like sorafenib, sunitinib is a small-molecule pan-kinase in-
hibitor that targets multiple intracellular growth and angio-
genic factors. In heavily pretreated MBC patients, sunitinib
demonstrated some level of clinical activity as a mono-
therapy [54] and in combination with docetaxel [55]. Other
sunitinib-based combinations currently in phase II study in-
clude sunitinib plus paclitaxel, sunitinib plus capecitabine,
and, in triple-negative disease, sunitinib plus ixabepilone.
Data from two phase III trials evaluating sunitinib in com-
bination with either docetaxel or capecitabine versus each
agent alone in previously treated advanced breast cancer
patients were presented at the 2010 American Society of
Clinical Oncology Annual Meeting. Although both trials
showed that combining sunitinib with either docetaxel or
capecitabine led to a higher ORR (docetaxel: 55% versus
42%; p � .001; capecitabine: 19% versus 18%), neither
combination resulted in a significantly longer PFS interval
(sunitinib plus docetaxel: median, 8.6 months versus 8.3
months; HR, 0.92; 95% CI, 0.72–1.19; p � .265; sunitinib
plus capecitabine: median, 5.5 months versus 5.9 months;
HR, 1.22; 95% CI, 0.95–1.58; p � .941) or OS time
(sunitinib plus docetaxel: median, 24.8 months versus 25.5
months; HR, 1.21; 95% CI, 0.91–1.60; p � .904; sunitinib
plus capecitabine: median, 16.4 months versus 16.5
months; HR, 0.99; 95% CI, 0.76–1.30; p � .484) than with
single-agent docetaxel or capecitabine [56, 57]. Thus, these
regimens are not recommended for the treatment of patients
with advanced MBC.

Imatinib
Imatinib specifically targets PDGFR-� and PDGFR-�, c-
Kit, and Bcr-Abl. A phase II trial of imatinib plus capecit-
abine failed to show any difference in efficacy compared
with capecitabine alone in patients who had already re-
ceived at least two lines of metastatic treatment [58]. Ima-
tinib is currently undergoing further phase II evaluations
with either vinorelbine, docetaxel, or gemcitabine.

Targeting Novel Molecular Pathways

Poly(ADP Ribose) Polymerase Inhibitors
The clinical efficacy of poly(ADP ribose) polymerase
(PARP) inhibitors is attributed to their ability to take advan-
tage of the impaired mechanism of double-strand break
(DSB) repair used by some tumors. DNA lesions such as
single-strand breaks (SSBs) and DSBs are common by-
products of normal cellular metabolism, and may also result
from exposure to harmful environmental agents. In brief,
four DNA repair mechanisms are responsible for repairing
these lesions: (a) base-excision repair (BER), (b) nucle-
otide-excision repair (NER), (c) mismatch repair (MMR),
and (d) recombinational repair (with homologous recombi-
nation and nonhomologous end joining [NHEJ]) [59].
When SSBs occur, they are repaired using the intact com-
plementary strand as a template by BER, NER, and MMR.
A key component of the BER pathway, PARP1 is the most
important member of the PARP family of enzymes.

DSBs are primarily repaired by homologous recombi-
nation—almost error free—and NHEJ, which is more sus-
ceptible to error. The tumor suppressor proteins BRCA1
and BRCA2 play a pivotal role in the repair of DSBs by ho-
mologous recombination. However, in BRCA-deficient
cells that have accumulated DSBs, loss of BRCA function
renders the cell incapable of repairing DSBs by homolo-
gous recombination. Instead, the cell defaults to the error-
prone NHEJ pathway, resulting in genomic instability that
ultimately leads to cell death. Thus, patients whose tumors
are BRCA deficient are ideal candidates for treatment with
PARP inhibitors in the clinical setting. Because triple-
negative breast cancer shares pathologic and gene expres-
sion profiles with BRCA-associated breast cancers, both
subtypes are currently being evaluated in clinical trials of
PARP inhibitors—as single agents and in combination with
chemotherapy.

In a phase II trial of heavily pretreated patients with re-
current, measurable, chemotherapy-refractory BRCA muta-
tion–associated breast cancer, the PARP inhibitor olaparib
(400 mg twice daily and subsequently 100 mg twice daily)
demonstrated measurable single-agent efficacy, with an
ORR as high as 41% [60]. Like BRCA-associated breast
cancers, triple-negative breast cancer is sensitive to PARP
inhibition in the presence of platinum-based chemotherapy.

In the first randomized phase II trial of a PARP inhibitor
in triple-negative MBC patients, iniparib (5.6 mg/kg i.v. bi-
weekly) on days 1, 4, 8, and 11 every 3 weeks was com-
bined with chemotherapy (gemcitabine, 1,000 mg/m2, and
carboplatin, area under the curve [AUC] � 2, both given on
days 1 and 8 every 3 weeks) to determine the effect on PFS
and OS. The addition of iniparib to gemcitabine plus carbo-
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platin not only resulted in a longer PFS duration (median,
7.0 months versus 2.9 months; HR, 0.30; 95% CI, 0.15–
0.59; p � .0003) but also resulted in a longer OS time (me-
dian, �8.5 months versus 5.6 months; HR, 0.24; 95% CI,
0.09–0.61; p � .0012) and higher CBR (52% versus 12%;
p � .0012) than with gemcitabine plus carboplatin alone
[61]. Updated results presented at the 2010 ESMO Con-
gress showed that, with extended follow-up, the combina-
tion led to a significantly longer OS time than with
gemcitabine plus carboplatin alone (12.2 months versus 7.7
months; HR, 0.5; 95% CI, 0.30–0.82; p � .005) [59]. A
phase III, randomized, multicenter trial of gemcitabine plus
carboplatin with or without iniparib in patients with triple-
negative breast cancer is now complete and awaits assess-
ment (ClinicalTrials.gov identifier, NCT00938652).
Importantly, on January 28, 2011, a press release from
Sanofi-Aventis and its subsidiary BiPar Sciences stated that
this phase III trial did not meet the prespecified criteria for
significance for the coprimary endpoints of OS and PFS.
However, data from the prespecified analysis in patients
treated in the second- and third-line setting do support the
findings reported in the phase II trial—longer OS and PFS
times. With data to support the efficacy of PARP inhibitors
in the clinical setting, researchers have begun to focus on
tailoring treatment regimens according to specific triple-
negative subtypes.

A translational phase II trial of olaparib in patients with
ovarian cancer (BRCA1 and BRCA2 carriers) and triple-
negative breast cancer (BRCA1 and BRCA2 noncarriers)
demonstrated that, as a single agent, olaparib provided clin-
ical benefit only to patients with ovarian cancer [62]. In that
study, the ORR was approximately 41.2% in 64 women
with ovarian cancer, whereas the ORR was zero in 24 pa-
tients with triple-negative MBC. These data suggest that tri-
ple-negative breast cancer BRCA1 and BRCA2 carriers may
be better candidates for therapy with single-agent PARP in-
hibitors than triple-negative breast cancer BRCA1 and
BRCA2 noncarriers.

Because BRCA1-associated triple-negative tumors are
more likely to have a deficiency in DNA repair than spo-
radic triple-negative tumors, Rodriguez and colleagues [63]
designed a study to define a gene-expression signature that
would facilitate their identification. Such an assay could en-
able the identification of patients with triple-negative breast
cancer who would have a greater response to neoadjuvant
DNA-damaging agents than patients with a different ex-
pression profile.

From their investigations, a defective DNA repair gene-
expression signature of 334 genes was derived, and from
this signature a subset of 69 of the most differentially ex-
pressed genes was confirmed. After testing the association

of this signature with pathologic response in neoadjuvant
trials of 5-fluorouracil, epirubicin, and cyclophosphamide;
doxorubicin plus cyclophosphamide; and taxane-based epi-
rubicin plus docetaxel chemotherapy, the investigators
found that this defective DNA repair microarray gene-
expression pattern was significantly associated with anthra-
cycline response (AUC, 0.61; 95% CI, 0.45– 0.77) and
taxane resistance (AUC, 0.65; 95% CI, 0.46 – 0.85). The
clinical applicability of this defective DNA repair gene-
expression signature and use with PARP1 inhibitors is read-
ily apparent, and it is thus a likely candidate for further
clinical development.

Mammalian Target of Rapamycin Inhibitors
Mammalian target of rapamycin (mTOR) is a serine/threo-
nine kinase responsible for regulating cell proliferation,
survival, and transcription. A study from Nahta and Esteva
suggested that inhibiting mTOR may circumvent trastu-
zumab resistance mediated by aberrant PI3K activity [37].
Everolimus, an oral mTOR inhibitor, has been shown to en-
hance the efficacy of trastuzumab and partially reverse re-
sistance [64]. A multicenter, phase I trial of daily and
weekly everolimus in combination with vinorelbine and
trastuzumab showed promising anticancer activity in pa-
tients with HER-2–overexpressing, trastuzumab-resistant
MBC [65]. This regimen is now in phase III evaluation. In
the same setting, a phase II trial is also investigating defo-
rolimus—another mTOR inhibitor—in combination with
trastuzumab.

HDAC Inhibitors
Epigenetic changes associated with oncogenesis and pro-
gression occur through a variety of mechanisms, including
changes in the degree of association between DNA and hi-
stone proteins. Histone acetyltransferases and HDACs reg-
ulate the dynamic equilibrium between histone acetylation
and deacetylation, which in turn modulates DNA transcrip-
tion [66]. Inhibiting HDACs may enhance the transcription
of genes that mediate cell-cycle arrest, a mechanism that is
at least partially responsible for HDAC inhibitor–mediated
cell death [66, 67].

Vorinostat (suberoylanilide hydroxamic acid) is a
small-molecule inhibitor of both class I and class II HDAC
enzymes [67]. Class I and class II HDAC enzymes differ in
their expression patterns; HDACs of class I are expressed in
most cell types, whereas the expression pattern of class II
HDACs is more restricted [68]. Moreover, localization pat-
terns restrict class I HDACs almost exclusively to the nu-
cleus, whereas class II HDACs are capable of shuttling in
and out of the nucleus in response to specific cellular sig-
nals. As a single agent, vorinostat showed a 29% SD rate in
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a National Cancer Institute–sponsored phase II trial of 14
patients with MBC [69]. Ongoing trials of vorinostat in
combination with paclitaxel and bevacizumab, capecit-
abine, and ixabepilone (BMS CA163–202) will further es-
tablish the efficacy of this treatment strategy in MBC
patients.

Panobinostat (LBH589), a related hydroxamic acid, is
in phase I/II investigation in combination with trastuzumab
and paclitaxel, and with capecitabine and lapatinib for the
treatment of patients with MBC. Early preclinical data sug-
gested possible reversal of or delayed resistance to aroma-
tase inhibition in breast cancer. For example, one study
reported that panobinostat selectively suppressed human
aromatase gene promoters I.3/II, which are preferentially
used in breast cancer tissue [70]. Moreover, in combination
with letrozole—an aromatase inhibitor—panobinostat syn-
ergistically suppressed the in vitro proliferation of hor-
mone-responsive breast cancer cells. As such, this strategy
is currently under active investigation for hormone recep-
tor–positive breast cancers.

Heat Shock Protein Inhibitors
Heat shock proteins (HSPs) are some of the most abundant
proteins in normal cells. These chaperone molecules func-
tion in protein folding and cell signaling, protecting cells
from cellular stress–mediated apoptosis. In particular, pre-
clinical data suggest that expression of HSP90 is upregu-
lated in response to cellular stress factors such as those
found in the tumor microenvironment, providing a rationale
to target HSP90 as an anticancer therapy [71]. To this end,
phase II trials are evaluating the efficacy of an HSP90 in-
hibitor, tanespimycin (17AAG, 17-allylamino-17-deme-
thoxygeldanamycin), as monotherapy in patients with
refractory (disease progression after prior treatment with or
a contraindication to an anthracycline- and a taxane-based
regimen) MBC and with trastuzumab in patients who have
progressed after prior trastuzumab therapy. Retaspimycin
hydrochloride (IPI-504), another small-molecule HSP90
inhibitor, promotes the degradation of oncogenic signaling
proteins, inducing apoptosis. Retaspimycin hydrochloride,
in combination with trastuzumab, is currently under inves-
tigation in a phase II trial of patients with pretreated, locally
advanced or metastatic breast cancer.

CONCLUSION

Recent additions of novel therapeutics to the breast cancer
armamentarium have resulted in the prolongation of sur-
vival for patients with MBC. It is hoped that, in the coming
years, the number of treatment options for MBC patients
will continue to increase. The clinical development of tar-
geted agents as partners with chemotherapy has been sup-
ported by data showing better efficacy in terms of the PFS
interval, ORR, and, less commonly, OS time. With this
strategy, crossresistance remains a concern because tar-
geted and cytotoxic agents may have different but overlap-
ping mechanisms of action. The safety profiles of cytotoxic
and biologic compounds are expected to overlap only in
limited ways. It is worth noting, however, that the target
proteins of biologic agents that are dysregulated in cancer
are commonly essential components of normal cell growth
and development. Thus, it is challenging to completely an-
ticipate any potential toxicities associated with inhibiting
endogenous levels of these proteins and how this inhibition
might exacerbate toxicities associated with chemotherapy
(i.e., bevacizumab plus cytotoxic chemotherapy).

A better understanding of the molecular interactions be-
tween targeted agents and cytotoxic chemotherapy, com-
bined with increasing knowledge of the molecular
mechanisms underlying drug resistance, has enabled the ra-
tional design of effective combination regimens for the
treatment of MBC patients. With these advancements in
breast cancer biology, the natural history of MBC now re-
sembles that of a chronic disease for which longer survival
and preservation of quality of life are the goals of treatment.
The expanding number of possibilities for regimens that
combine new anticancer agents may be expected to trans-
late into better outcomes for patients with MBC.
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