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Abstract: Breast cancer therapy involves a multidisciplinary approach comprising
surgery, radiotherapy, neoadjuvant and adjuvant therapy. Effective therapy of
breast cancer requires maximum therapeutic efficacy, with minimal undesirable ef-
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fects to ensure a good quality of life for patients. The carefully selected combina-
tion of therapeutic interventions provides patients with the opportunity to derive
maximum benefit from therapy while minimizing or eliminating recurrence, re-
sistance and toxic effects, as well as ensuring that patients have a good quality of
life. This review discusses therapeutic options for breast cancer treatments and
various combinations that had been previously exploited. The review will also give
an insight into the potential application of the nanotechnology platform for co-
delivery of therapeutics in breast cancer therapy.
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1. INTRODUCTION

Breast cancer (BC) is the most commonly oc-
curring cancer in women and represents the lead-
ing cause of death associated with cancer among
females globally [1, 2]. Like most cancers, BC is a
heterogeneous disease with different molecular
subtypes. The major subclasses identified by ge-
netic profiling are: Basal-like, Luminal-A, Lu-
minal-B, human epidermal growth factor 2 (HER2)-
positive/HER2-enriched/HER2-overexpressing BC
and normal-like tumors [3-7] (Fig. 1). However,
there would be subpopulations of tumors within
the main subtypes expressing molecular features
of another subtype. This molecular classification
of BC closely resembles the clinical classifications
of BC which are based on proliferation markers,
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Fig. (1). Classification of breast cancer according to
molecular subclasses.

Key: BL = Basal-like; LA = Luminal-A; LB = Lu-
minal-B; HER2+ = Human epidermal growth factor 2
(HER2)-positive/HER2-enriched/HER2-overexpressing
BC; NL = Normal-like tumors.

histological grade, estrogen and progesterone re-
ceptors expression (ER and PgR respectively), as
well as the overexpression of HER2 [8]. The Lu-
minal (A and B) subtypes are typically hormone
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receptor positive and form the majority (90-95%)
of hormone receptor (HR) positive (ER or PgR
receptor positive), HER2-negative tumors [4, 7].
Molecular subtype of BC may impact prognosis
and may influence decision making in the thera-
peutic management of BC [4, 9, 10]. The prognos-
tic importance of the intrinsic subtypes was evalu-
ated in a large group (1730) of patients from the
UK and Canada who had received different adju-
vant treatments except for trastuzumab.

The results obtained showed that intrinsic sub-
type of BC is an independent prognostic variable,
irrespective of tumor size and nodal status. More-
over, HER2-positive/Luminal A tumors showed a
similar outcome to HER2-negative/Luminal A tu-
mors [11]. Amongst the molecular subtypes of BC,
HER2-positive and basal-like subtypes are associ-
ated with aggressive disease and poor outcomes
[6, 7, 12] and Luminal B tumors show remarkably
worse prognosis than Luminal A tumors, which
have frequently shown better outcomes than the
other subtypes [4, 6]. Also, in spite of Basal-like
disease showing worse outcome than Luminal B
tumors at S5-year follow-up, 10-year follow-up
does not reflect this, as survival curves for Basal-
like disease and Luminal B disease cross at 10-
year follow-up [4]. Regarding therapeutic deci-
sions, the molecular subtype of BC would influ-
ence decisions such as the choice of adjuvant ther-
apy to be employed. Thus, patients with HR-
positive BC would be expected to derive the most
benefit from adjuvant endocrine therapy. Moreo-
ver, endocrine therapy reduced the risk of death in
patients with HR-positive BC in contrast to pa-
tients with ER or PgR receptor negative BC [13].
Similarly, the advent of immunotherapy with bio-
therapeutic agents such as the monoclonal anti-
body, trastuzumab, has resulted in profoundly in-
creased survival with HER2-positive BC, which is
otherwise associated with poor prognosis [14]. Ba-
sal-like BC on the other hand, which is negative
for the HRs (ER or PgR receptors) and HER2 does
not present a therapeutic target and so would not
be expected to derive benefit from endocrine or
molecularly targeted therapy [6, 7].

This review will discuss the use of combination
therapy in the clinical management of breast can-
cer and give an insight into the potential applica-
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tion of the nanotechnology platform for co-
delivery of therapeutics in breast cancer therapy.
However, it is not intended to be an exhaustive
review on the subject.

2. BREAST CANCER THERAPY

Therapy of breast cancer involves a multimodal
strategy with a combination of neoadjuvant chem-
otherapy, surgery of operable tumors, radiotherapy
and adjuvant chemotherapy and/ or endocrine
therapy [15, 16] (Fig. 2). In locally advanced and
inoperable BC, the conventional therapeutic ap-
proach is the use of neoadjuvant therapy. Systemic
neoadjuvant therapy may help in shrinking tumors
and make otherwise inoperable tumors operable
[17,18].
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Fig. (2). Schematic representation of treatment strate-
gies for breast cancer.

Currently, neoadjuvant chemotherapy is exten-
sively used in early-stage breast cancer (EBC) and
locally advanced BC as it helps to provide greater
chances for breast-conserving surgery (BCS) by
downstaging the disease and to determine tumor
response to therapy [19, 20]. BC surgery is
achieved primarily by lumpectomy followed by
whole-breast irradiation or mastectomy [15]. Ad-
juvant therapy for BC may involve local irradia-
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tion, systemic therapy with cytotoxic agents, mo-
lecular targeted agents or any combination of these
[15, 16, 21, 22].

In EBC where the disease is detectable only in
the breast and local lymph nodes (in women with
lymph node-positive disease), cancer can be re-
moved by surgery [23, 24]. The disease is poten-
tially curable in such cases and when it is only lo-
cally advanced, with no detectable distant metasta-
sis [1].

BCS is recognized as a suitable treatment op-
tion for many women with EBC and can eliminate
all detected macroscopic disease. BCS compares
favorably to total mastectomy regarding overall
survival and local recurrence rates, while allowing
patients to keep their breasts without excessive
disfiguration [25, 26]. BCS is usually followed by
whole breast irradiation which may or may not in-
volve further (boost) treatment to the tumor bed
[27]. Data from a meta-analysis of individual pa-
tient data (over 10,000 women) in 17 randomized
trials carried out by the Early Breast Cancer Trial-
ists’ Collaborative Group (EBCTG) have shown
that the addition of radiotherapy to BCS improved
both long term overall survival and local regional
control, reducing local recurrence [23, 26]. Alt-
hough whole breast irradiation is considered to be
relatively well tolerated [27-29], it has been linked
to some inevitable acute and delayed toxic effects
[28, 29]. Accelerated partial breast irradiation
(APBI) has been introduced as an alternative to
whole breast irradiation in certain patients with
favorable EBC [27]. APBI could reduce treatment
duration and exposure of normal tissues by deliv-
ering hypofractionated doses of radiation to re-
stricted areas.

Moreover, experimental data have shown that
most recurrences are located near the lumpectomy
bed [30]. However, a sizeable proportion of EBC
cases would eventually relapse [15] as undetected
deposits of disease may remain which over time
may result into the development of clinically fatal
disease [15, 23, 31]. Thus, the understanding of
EBC as a systemic disease has constituted a major
milestone in the advancement of breast cancer re-
search, while also playing a major role in current
therapy decision making. Therefore, adjuvant sys-
temic chemotherapy is now a mainstay in the
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treatment of EBC. Systemic adjuvant treatment is
directed mainly at controlling any remaining de-
posits of disease, reducing recurrence rates, and
improving long term survival in BC patients [31].
Advances in chemotherapy involve the introduc-
tion and use of new cytotoxic agents, novel treat-
ment strategies and neoadjuvant therapy which
have been shown to improve overall treatment
outcomes such as overall survival and disease-free
survival [26, 32].

In metastatic breast cancer (MBC), the role of
surgery for removal of primary tumor is tradition-
ally seen as that of palliation rather than for sur-
vival benefits [33]. Systemic chemotherapy with
cytotoxic agents or endocrine therapy had been the
core treatment strategy for metastatic breast cancer
for several decades [34] and it remains a crucial
component of treatment regimens [35]. Chemo-
therapeutic agents are appropriate for most pa-
tients with MBC including those with hormone
receptor-positive (HR+) disease with extensive
visceral involvement, HR+ disease after failure of
hormone-directed therapy, HER2-positive disease
(systemic chemotherapeutic agents used in combi-
nation with HER2-directed therapy [trastuzumab +
pertuzumab]), and HR-negative (HR-)/HER2-
negative disease (triple-negative disease) [35].
Nevertheless, there is no generally accepted first-
line chemotherapy protocol or approach for the
treatment of MBC [36]. Unlike EBC, metastatic
breast cancer is considered largely incurable with
currently available therapies [1, 37], although
there are a few long-term survivors who continue
in complete remission after initial treatment [38,
39].

3. THERAPEUTIC COMBINATIONS IN
BREAST CANCER

The practice of combining therapeutics dates
back to many centuries [40, 41] with traditional
Chinese medicine practice of using a combination
of herbs in their formulations [40, 42]. Combina-
tion chemotherapy (or polychemotherapy) for BC
treatment traditionally involved a combination of
an alkylating agent (cyclophosphamide) and anti-
metabolites (methotrexate and 5-fluorouracil)
which significantly reduced the risk of recurrence
[43]. It is generally accepted that polychemothera-
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py results in higher response rates than single-
agent chemotherapy, although the impact on over-
all survival is less well documented [44].

The use of combination chemotherapy poten-
tially provides advantages such as chances for bet-
ter efficacy and dose reduction while increasing or
maintaining efficacy, decreased toxicity and re-
duced or delayed development of drug resistance
[40, 41]. Due to these advantages, combination
chemotherapy has now become the conventionally
applied strategy in clinical practice [45]. More re-
cently, advances in the areas of isolation technolo-
gy and chemical synthetic capability, as well as
omics and cell biology, have also played an im-
portant role in increasing the application of drug
combinations in modern medical practice [40, 46].

Chemotherapy in BC may involve the use of in-
itial neoadjuvant chemotherapy [47-49] before the
initiation of adjuvant chemotherapy subsequent to
appropriate surgical therapy and/or radiotherapy
[50].

Neoadjuvant chemotherapy can be applied us-
ing a combination modality. In phase II neoadju-
vant trial, a combination of docetaxel and epirubi-
cin was evaluated for activity and toxicity in
women with large, operable or locally advanced
(Stage III) breast carcinoma, as well as patients
with inflammatory breast carcinoma. The results
of the trial showed an observed response rate of
76.7%. More than 25% of the patients experienced
clinically significant diarrhoea and 80% experi-
enced grade 4 neutropenia with one-third experi-
encing febrile neutropenia. The subsequent use of
prophylactic hemopoietic growth factor support
allowed patients to complete the planned treat-
ment. The investigators concluded that neoadju-
vant epirubicin plus docetaxel was active and fea-
sible for patients with breast carcinoma including
patients with unfavorable disease presentations
such as locally advanced breast carcinoma and in-
flammatory breast carcinoma [16].

The effects of adding sequential preoperative
docetaxel to preoperative doxorubicin and cyclo-
phosphamide were reported in the National Surgi-
cal Adjuvant Breast and Bowel Project Protocol B-
27. The study reported that the addition of four
cycles of preoperative docetaxel after four cycles
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of preoperative doxorubicin and cyclophospha-
mide resulted in a significant increase in clinical
and pathologic response rates for operable breast
cancer [51]. Also, Earl and co-investigators in the
Neo-tAnGo (Phase 3 neoadjuvant trial) study as-
sessed the advantage of adding gemcitabine to ac-
celerated paclitaxel with epirubicin and cyclo-
phosphamide. They also evaluated the effect of
sequencing the blocks of epirubicin and cyclo-
phosphamide and paclitaxel (with or without gem-
citabine). Their findings showed that the addition
of gemcitabine to paclitaxel and epirubicin and
cyclophosphamide chemotherapy does not im-
prove pathological complete response (pCR).
However, sequencing chemotherapy such that tax-
anes are received prior to anthracyclines could im-
prove pCR in standard BC neoadjuvant chemo-
therapy [52].

Furthermore, the German Breast Group investi-
gated (according to selected subtypes), the defini-
tion and effect of pCR in over 6,000 patients with
primary breast cancer who received anthracycline
and taxanes based neoadjuvant chemotherapy in
seven randomized trials [53].

Buzdar and colleagues (ACOSOG Z1041 trial)
showed that the value of a taxane-first sequence
was not shown in patients with HER2-positive dis-
ease in the neoadjuvant setting. pCR rates obtained
in breast or nodes did not differ between the two
regimens in the analysis of anthracyclines fol-
lowed by taxane plus trastuzumab compared with
taxanes plus trastuzumab followed by anthracy-
clines plus trastuzumab [54]. In another phase II
neoadjuvant trial involving 57 patients (9 with tri-
ple negative BC), the efficacy and toxicity of
docetaxel and carboplatin combination as neoad-
juvant therapy for stage II or III breast cancer (BC)
were assessed. In the multicentre trial, patients re-
ceived docetaxel (75 mg/m?) and carboplatin (area
under the curve (AUC) of 6) intravenously on day
1 and pegfilgrastim (6mg) subcutaneously on day
2. Treatment cycles were repeated every 14 days
for a total of 4 cycles (unless there was progres-
sion at any time), prior to definitive breast surgery.
A high rate of clinical responses was reported for
the regimen. The results showed that 9 of the 57
patients (16%) had pCR, and 4 of the 9 (44%) pa-
tients with triple negative BC (TNBC) achieved
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pCR. The toxicity profile was also similar to other
anthracycline-regimens with thrombocytopenia
being the only grade 4 toxicity reported in 5% of
the subjects. The study concluded that 4 cycles of
2-weekly neoadjuvant carboplatin and docetaxel
followed by pegfilgrastim is an active regimen for
BC resulting in pCR rates similar to other an-
thracycline-containing regimens, with an accepta-
ble toxicity profile [24].

Therapeutic combinations in adjuvant therapy
of BC (Fig. 3) may take the form of combinations
comprising only chemotherapeutic agents (that is
at least two chemotherapeutic agents) or combina-
tions of chemotherapeutic agents with hormonal
therapy or immunotherapy.

Reports from the Istituto Nazionale Tumori in
Milan, Italy, showed improved outcomes (signifi-
cant reduction in risk of recurrence) with the
addition of an alkylating agent (cyclophospha-
mide) and antimetabolites (methotrexate and 5-
fluorouracil) to BC therapy [43]. Subsequently, a
National Institute of Health consensus panel in the
US in 2001 recommended the use of multiple
agents rather than single agents in most women
with local breast cancer, irrespective of lymph
node, menopausal, or hormone receptor status.
This recommendation was made based on the ex-
istence of sufficient evidence in favor of poly-
chemotherapy [55].

The first combination adjuvant chemotherapy
regimen tested in a prospective clinical trial com-
prised cyclophosphamide, methotrexate and 5-
fuorouracil (5-FU) (CMF regimen). The trial was
initiated by the Istituto Nazionale Tumori in Mi-
lan, Italy, in 1973. The trial randomized node-
positive patients after radical mastectomy to 12
cycles of CMF (cyclophosphamide: 100 mg/m’
orally on days 1-14; methotrexate: 40 mg/m*® IV
on days 1 and 8; and 5-fluorouracil: 600 mg/m* IV
on days 1 and 8) administered every 28 days ver-
sus no additional treatment. The 342-month fol-
low-up updated report showed an improved dis-
ease-free survival (DFS; hazard ratio (HR), 0.71; P
= 0.005) and overall survival (OS; HR, 0.79; P =
0.04) for CMF compared with the control (no ad-
ditional treatment) population [43].

In an overview of randomized trials of adjuvant
polychemotherapy among women with EBC pub-
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lished by the EBCTCG in 1998, their analysis
showed that the CMF regimen with or without
other drugs had been evaluated in as many as 28
trials [56]. Also, the National Surgical Adjuvant
Breast and Bowel Project (NSABP) B-20 trial
found that the addition of the CMF combination to
tamoxifen improved 5-year DFS (HR, 0.65; P =
0.001) and OS (HR, 0.64; P = 0.03) for patients
with ER-positive, lymph node-negative disease at
lower risk for recurrence [57].

Doxorubicin containing chemotherapy combi-
nations have also been tested in clinical trials. An
example of the initial trials to assess doxorubicin
was the NSABP B-11 trial which evaluated mel-
phalan and 5-fluorouracil with or without doxoru-
bicin in 697 (non-tamoxifen responsive) patients,
and found an improved 5-year DFS (HR, 0.65; P =
0.007) as well as a trend for improved OS (HR,
0.74; P = 0.08) for patients that received doxorubi-
cin [58].

Early chemotherapy combinations also included
cyclophosphamide. For instance, in the NSABP B-
15 trial, patients (2,194) with node-positive dis-
ease were randomized to doxorubicin (60 mg/m?)
and cyclophosphamide (600 mg/m?) (AC; every 3
weeks for four cycles) given over 12 weeks versus
the conventional CMF regimen for six cycles over
24 weeks [59]. Other drug combinations that were
employed in the earlier chemotherapy combina-
tions include: 5-FU, adriamycin (doxorubicin) and
cyclophosphamide (FAC) [60]; 5-FU 500 mg/m?,
epirubicin 50 mg/m’, cyclophosphamide 500
mg/m* (FEC50) [61]; 5-FU 500 mg/m’, epirubicin
100 mg/m® cyclophosphamide 500 mg/m’
(FEC100) [62]. Combination regimens involving
the use of platinum-based drugs such as cisplatin
were also evaluated. Cisplatin has been evaluated
in combination with Adriamycin (doxorubicin)
and cyclophosphamide [63], 5-FU and etoposide
[64], and other agents such as vinblastine [65],
epirubicin [66], methotrexate, cyclophosphamide,
mitomycin C and vincristine [67].

The taxanes form an important class of cytotox-
ic agents commonly used in chemotherapy combi-
nations for the treatment of BC. They have
emerged as some of the most active chemothera-
peutic agents introduced in the treatment of breast
cancer in the 1990s [68].
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The first of the class to be introduced was
paclitaxel which entered clinical trials in the early
1980s [69]. Another member of the class, docet-
axel was later developed and introduced due to
initial scarcity and difficulty in paclitaxel produc-
tion [45]. Evaluation of paclitaxel in combination
with other cytotoxic agents for MBC treatments
began with phase I clinical trials of paclitax-
el/doxorubicin combinations with The University
of Texas M. D. Anderson Cancer Center and the
Medicine Branch of the National Cancer Institute
(USA) simultaneously initiating phase trials of this
combination [70]. The combination was also as-
sessed in Italy by researchers at the Istituto Na-
zionale Tumori in Milan, Italy. Their combination
was based on a bolus dose of doxorubicin with an
infusion of paclitaxel over 3 hours. In the trial,
doses up to 200 mg/m? of doxorubicin and 60
mg/m? of paclitaxel could be given [71].

Combinations of paclitaxel with cisplatin, an
agent with less myelosuppressive effects than
many other cytotoxic agents used for the treatment
of MBC had been employed in clinical practice. A
preliminary study showed an overall response rate
of 85% with an 11% complete response rate and
there was an acceptable tolerance of the therapy
[70]. The paclitaxel/cisplatin combination has also
been assessed by other investigators at different
dose combinations [72, 73]. Combinations of
paclitaxel with other agents such as cyclophos-
phamide, 5-FU and mitoxantrone have also been
used in the treatment of MBC [70].

Docetaxel has been used in combination with
agents like doxorubicin and this combination is
considered to be very effective in the treatment of
locally advanced and MBC [74]. In phase III mul-
ticentre study, the docetaxel and doxorubicin com-
bination (AT) was compared with a combination
of doxorubicin and cyclophosphamide (AC) as
first-line chemotherapy for MBC. The study in-
volved 429 patients randomly assigned to receive
one of either the AT or AC regimen. 214 patients
received doxorubicin (50 mg/m?) plus docetaxel
(75 mg/m”) while 215 patients received doxorubi-
cin (60 mg/m”) plus cyclophosphamide (600
mg/m?) on day 1, every 3 weeks for up to eight
cycles. The results showed that although there was
no difference in overall survival, the overall re-
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sponse rate (59%, with 10% complete response,
49% partial response) in patients that received AT
was significantly greater (P = 0.009) than for those
that received AC (47%, with 7% complete re-
sponse, 39% partial response). The toxicity profile
was similar in both groups as Grade 3/4 neutro-
penia was frequent in both groups. However, fe-
brile neutropenia and infections were more fre-
quent for patients that received AT than for those
that received AC (33% v 10%, P < 0.001; 8% v
2%, P = 0.01 respectively). Time to progression
(TTP; primary endpoint of the study) and time to
treatment failure were found to be significantly
longer with AT than AC (median TTP, 37.3 v 31.9
weeks; log-rank P = 0.014; median TTF, 25.6 v
23.7 weeks; log-rank P = 0.048). The investigators
concluded from the results that AT significantly
improves time to progression and overall response
rate compared with AC in patients with MBC.
However, there was no difference in OS. Thus, AT
represents a valid option for the treatment of MBC
[75]. A phase II trial of this combination was con-
ducted by the NSABP (NSABP B - 57 trial) at 12
institutions (89 patients) using doxorubicin (60
mg/m?) plus docetaxel (60 mg/m?), given every 21
days. The result of the trial showed that amongst
the evaluable patients, there was an overall re-
sponse rate of 65.7% with 20.9% complete remis-
sion, 44.8% partial response and median response
duration of 25.9 months. The investigators inferred
that AT is an active combination and the admin-
istration is feasible with primary ciprofloxacin and
secondary colony-stimulating factor prophylaxis
[76].

Also, a combination of docetaxel with epirubi-
cin was assessed in phase I/II program by the In-
ternational Breast Cancer Study Group. In the pro-
gram, 70 patients with advanced breast cancer re-
ceived up to eight courses of docetaxel (75 mg/m?)
in combination with epirubicin (90 mg/m?) every 3
weeks. From their study, they did not find it neces-
sary to administer G-CSF to patients routinely,
although individual patients may require the sup-
port. They also pointed out the need for weekly
monitoring of patients and dose modification when
necessary, to avoid complications [77]. Another
phase I/Il nonrandomized trial of epirubicin and
docetaxel in locally advanced breast cancer evalu-
ated the combination in 2-weekly or 3-weekly
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schedules (National Cancer Institute of Canada
(NCIC) Clinical Trials Group (CTG) - NCIC CTG
MA.22). This trial was conducted to determine
optimal dosing regimens for docetaxel/epirubicin
combination chemotherapy in women with locally
advanced breast cancer. In the study, escalating
doses of epirubicin and docetaxel were adminis-
tered to patients in either a standard 3-weekly
(Schedule A - docetaxel: 75 mg/m® IV and epiru-
bicin: 75, 90, 105, or 120 mg/m® IV; with pegfil-
grastim 6 mg primary prophylaxis subcutaneously
per cycle on day 2) or dose-dense 2-weekly
(Schedule B - docetaxel and epirubicin both ad-
ministered at doses of 50, 60, and 70 mg/m2 Iv;
with pegfilgrastim support) regimen. Phase I was
used for dose finding for phase II for each dosing
schedule. The investigators concluded from their
findings that the epirubicin/docetaxel combination
chemotherapy can be administered in locally ad-
vanced BC patients with acceptable toxicity. Also,
the regimen can induce strong reductions in tumor
RNA integrity in some patients and these are asso-
ciated with posttreatment pCRs [78].

Furthermore, the combination of docetaxel with
cisplatin was reported to be effective in patients
with anthracycline-resistant MBC. This combina-
tion was assessed in a phase II trial in 39 patients
with MBC resistant to previous anthracycline
treatment. Patients received docetaxel (75 mg/m?)
followed by cisplatin (60 mg/m®) every 3 weeks
for a maximum of 6 cycles or until disease pro-
gression. The investigators reported that all 39 pa-
tients in the trial were evaluable for safety while
36 were evaluable for efficacy. They found an ob-
jective response rate of 31% with 3 complete re-
sponses, the median time to disease progression
was 7 months, and the median overall survival was
23 months (median follow-up of 41 months). The
most frequently observed severe hematologic tox-
icity during the study was neutropenia which oc-
curred in 39% of the patients. The most common
nonhematologic toxicities were asthenia and nau-
sea and no treatment-related death was observed.
In this study, the docetaxel and cisplatin combina-
tion was found to be active and safe in patients
with MBC resistant to anthracyclines [79]. A
phase II multicentre randomized study involving
142 patients with at least one measurable lesion
compared the efficacy and safety of docetaxel plus
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epirubicin (ET) with 5-fluorouracil plus epirubicin
and cyclophosphamide (FEC) as first-line chemo-
therapy for metastatic breast cancer. The patients
were randomized to receive either docetaxel (75
mg/m”) plus epirubicin (75 mg/m*) or 5-FU (500
mg/m”) plus epirubicin (75 mg/m?) and cyclo-
phosphamide (500 mg/m®) intravenously once eve-
ry 3 weeks for up to eight cycles. Granulocyte-
colony-stimulating factor (G-CSF) was given
prophylactically after the first cycle when required
and dose reduction, delay and withdrawal were
applied when necessary. The intent-to-treat popu-
lation (n = 142) showed an overall response rate of
59% (95% Cl, 47-70%) for ET and 32% (95% CI,
21-43%) for FEC after a median seven and six cy-
cles, respectively. Also, per-protocol analysis (n =
132) revealed an overall response rate of 63.1%
(95% CI = 50-78%) and 34.3% (95% CI = 23-
47%) for ET and FEC after a median seven and six
cycles, respectively. The median time to progres-
sion (ITT) was 7.8 months (95% CI, 5.8-9.6
months) for ET and 5.9 months (95% CI, 4.6-7.8
months) for FEC. Median survival (ITT) for ET
and FEC were 34 and 28 months respectively, af-
ter a median follow-up of 23.8 months. Hemato-
logic toxicity was more common with ET and fe-
brile neutropenia (13 patients; 18.6%) as well as
two (possibly study treatment-related) deaths were
reported in the ET group. On the other hand, non-
hematologic grade 3-4 toxicities were infrequent
in both arms. The investigators concluded that
both ET and FEC were associated with acceptable
toxicity and ET is a highly active first-line therapy
for MBC [68].

Mitomycin combinations have also been used
in the treatment of BC. Mitomycins have been in
clinical use since the 1960s and have demonstrated
potency against a broad range of cancers [80]. A
study reported the efficacy of low-dose mitomycin
and low-dose weekly doxorubicin in MBC patients
previously treated with CMF. Forty-six biopsy-
proven BC patients previously treated with CMF
were entered in the study. Patients received a
chemotherapy regimen consisting of doxorubicin
(20 mg/m* IV weekly starting on day 1) and mi-
tomycin (10 mg/m” IV on day 1). Treatment cycles
were repeated every 28 days or later, pending re-
covery of the neutrophil count (> 1500/ul) and the
platelet count (> 100,000/ul) and the doses of sub-
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sequent cycles were determined by the degree of
myelosuppression. Forty-four of the 46 patients
entered in the study were evaluable. The results
revealed an overall response rate of 43% (11%
complete remission and 32% partial response),
11.5 months median duration of survival and me-
dian duration of response of 8 months for respond-
ers (complete response and partial response). Also,
toxicity of the regimen was moderate, comprising
neutropenia  (74%), thrombocytopenia (25%),
pneumonitis (11%), and cardiomyopathy (2%).
Thus, the low-dose mitomycin and low-dose
weekly doxorubicin combination chemotherapy
were considered effective for treating patients pre-
viously treated with CMF [81]. Another study
published in 1990 reported the efficacy and re-
duced toxicity of a combination of mitomycin C
and mitoxantrone in chemotherapy-naive ad-
vanced BC patients. The study involved 33 pa-
tients with predominantly visceral disease. The
patients received a median of two cycles of chem-
otherapy with a combination of mitomycin C (10
mg/m’) every 6 weeks and mitoxantrone (6
mg/m?) every 3 weeks. Thirty-two of the patients
were evaluable and 47% (15 patients) achieved a
partial response for a median duration of 7 months.
It was noted that the response rate and duration of
response for the mitomycin C and mitoxantrone
combination might be inferior to those reported for
CMF or CAF combination chemotherapy to some
extent. However, the combination regimen pro-
duced minimal gastrointestinal toxicity and hair
loss with acceptable hematological toxicity [82].
Another study reported that a combination of mi-
tomycin C and vinblastine is active and well toler-
ated in heavily pre-treated BC patients. In the
study, 40 previously treated (median of 3 prior
regimens) women with measurable disease re-
ceived mitomycin C (10mg/m? IV on day 1) and
vinblastine (6mg/m? IV on days 1 and 21) in a 42-
day cycle. The combination chemotherapy regi-
men resulted in 35% partial response (14 patients)
with additional 10 patients (25%) having stable
disease lasting for 4 months or longer, giving a
total clinical benefit of 60%. The median TTP and
overall survival durations were 4 months (range:
1.5-23) and 11 months (range, 9-13) respectively,
for a median follow-up period of 11 months
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(range: 2.5-49 months). Also, 1- and 2-year overall
survival rates were 39.4% and 15.7% respectively.

The treatment was reportedly well tolerated
with an acceptable toxicity profile. Grade 3-4 he-
matologic and non-hematologic toxicity was re-
ported in 8 (20%) and 3 (7.5%) patients, respec-
tively. In addition, two cases of fatalities (5%) oc-
curred with pulmonary toxicity in women heavily
exposed to mitomycin-C (cumulative doses of >
40 mg/m?) and soon after red blood cell transfu-
sion. Thus, the need to take the precaution of
avoiding blood transfusion alone with mitomycin-
C therapy was pointed out. The investigators con-
cluded that chemotherapy with mitomycin-C and
vinblastine is active and well-tolerated in heavily
pre-treated BC patients [83].

Furthermore, a retrospective review of the med-
ical records of 48 patients treated with a combina-
tion of mitomycin C and methotrexate showed that
the combination may be effective in MBC patients
pre-treated with anthracycline and taxanes. The
patients were given mitomycin C (8 mg/m” on day
1) and methotrexate (60 mg/m” on days 1 and 15)
in a treatment cycle repeated every 4 weeks. The
results showed that although there was no com-
plete response, there was 24% (11) partial re-
sponse and a median time to progression of 4.8
months. Grade 3 thrombocytopenia was observed
in five patients (10%) and other toxicity was mild
and manageable [84]. Also, the combination of
mitomycin C and capecitabine was evaluated in a
phase II study involving 30 patients. The patients
were treated with mitomycin C (8 mg/m® IV bolus
on day 1) and capecitabine (1000 mg/m* twice-
daily, orally on days 1-14) in 3-weekly cycles for a
total of 6 cycles or until disease progression. Ther-
apy with capecitabine alone was continued beyond
six cycles until there was disease progression, un-
acceptable toxicity, patient refusal, noncompliance
to the protocol, physician decision to discontinue
treatment or treatment delay >2 weeks (unless
there was perceived benefit to the patient). One
patient discontinued treatment after the first cycle
due to prolonged thrombocytopenia, thus 29 pa-
tients were evaluable for response. The overall re-
sponse rate was 65.5% (95% CI, 48.2-82.8%) and
an additional 31% of patients had stable disease.
The median TTP was 8.5 months (95% CI, 6.1-
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10.9). Analysis of the subgroup of patients with
prior exposure to (neo) adjuvant chemotherapy
(n=18) demonstrated an overall response rate of
61.1% and TTP of 7.3 months. Median follow up
of 18.5 months (range 5.7-47) showed that 14 pa-
tients (46.7%) were still alive and the median
overall survival was 29.8 months (CI 95%, 18.3-
41.3). Thrombocytopenia, pneumonitis and hemo-
lytic uremic syndrome were the main adverse
events in the study. The data suggest that capecita-
bine and mitomycin C combination chemotherapy
has good antitumor activity as first-line treatment
in MBC. However, the regimen is associated with
mitomycin C-specific toxicity [36].

Another retrospective review of the medical
records of 31 patients with HER2-negative MBC
previously treated with anthracycline, taxane,
capecitabine, and vinorelbine showed that a mito-
mycin C and methotrexate chemotherapy combi-
nation demonstrated the effectiveness of this com-
bination in this group of patients. Each treatment
cycle comprised mitomycin C (8 mg/m” on day 1)
and methotrexate (60 mg/m” on day 1 and day 15)
by IV administration every 4 weeks. Mitomycin C
was administered till a cumulative dose of 50
mg/m” was attained, following which only metho-
trexate (60 mg/m” on day 1 and day 15) was re-
peated until progressive disease or adverse events
were noticed.

The study revealed response rate and clinical
benefit rate of 9.7 and 19.4% respectively and me-
dian TTP and times to failure of 3.9 and 3.7
months respectively. Grade 3 and/or 4 adverse
events were observed in 36% patients (grades 3
and 4 thrombocytopenia: 12.9 and 3.2% respec-
tively; grades 3-4 leucopenia and anemia: 12.9 and
9.7% respectively) and 7 patients needed dose re-
ductions due to hematological toxicity. There was
no renal toxicity and all toxicities were managea-
ble. The study indicated that mitomycin C and
methotrexate combination chemotherapy may be
effective and tolerable for heavily pre-treated pa-
tients with good performance status [85]. In addi-
tion, a case study report showed the efficacy of
mitomycin C and methotrexate combination in
MBC which was resistant to eribulin, vinorelbine,
and bevacizumab with paclitaxel. The patient was
started on the treatment with mitomycin C (8
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mg/m” on day 1) and methotrexate (60 mg/m” on
day 1 and day 15) by IV administration every 4
weeks and 3 treatment cycles were completed as
scheduled. During sequential mitomycin C/metho-
trexate treatment, the progressively increasing lev-
els of tumor markers decreased for the first time
after the disease showed resistance to any chemo-
therapy. The combination regimen provided dis-
ease control for 7 months without disease progres-
sion. Grade 1 hematuria was observed after 3
treatment cycles but improved spontaneously
without treatment. Grade 2 interstitial pneumonia
which necessitated skipping treatment occurred in
the fourth course. Grades 3 and 4 hematological
adverse effects were observed after 5 cycles which
necessitated postponement of treatment. Also, the
dose of mitomycin C was reduced by 50% in cy-
cles 7 and 8 because of hematological toxicity.
The cycles were however completed as scheduled.
Thus, this case report suggests that mitomycin
C/methotrexate combination may be an effective
treatment for MBC patients with progressive dis-
ease following aggressive treatment with multiple
regimens [37].

Gemcitabine, capecitabine and vinorelbine con-
taining chemotherapy combinations have also been
used in the therapy of BC. A phase II randomized
trial evaluated lapatinib combination with capecit-
abine, vinorelbine, or gemcitabine in HER2-
positive MBC patients with progression after
treatment with a taxane (Latin American Coopera-
tive Oncology Group (LACOG) 0801 Study). The
trial enrolled a total of 142 women 18 years and
older, with histologically confirmed locally ad-
vanced or metastatic invasive HER2-positive ade-
nocarcinoma of the breast. The primary endpoint
of the trial was an overall response (percentage of
patients experiencing a confirmed complete re-
sponse or partial response) and secondary end-
points included progression-free survival, overall
survival, and duration of response.

The patients were randomized to: LC arm, to
receive every 3-week cycles of lapatinib (1250
mg; orally once daily continuously) plus capecita-
bine (2000 mg/m*/day orally in 2 doses on days 1
to 14); LV arm, to receive lapatinib at the same
dose as LC arm, plus vinorelbine (25 mg/m®/day
IV on days 1 and 8); or LG arm to receive lapatin-
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Fig. (3). Schematic representation of main therapeutic combinations in BC treatment.

Key: Chemo = chemotherapy; Horm = hormononal therapy; Immun = immunotherapy.

ib at the same dose as LC and LG arms, plus gem-
citabine (1000 mg/m* on days 1 and 8). The pa-
tients were stratified by previous treatment with
trastuzumab (yes vs. no), previous taxane therapy
in the neoadjuvant or adjuvant setting (yes vs. no),
and the presence of liver metastases (yes vs. no).
The patients were randomized to study treatment
until disease progression or unacceptable toxicity,
withdrawal of consent, loss to follow-up, or death.
The results showed an overall response rate of
49% (95% CI, 34.8%-63.4%), 56% (95% CI,
40%-70.4%) and 41% (95% CI, 27%-56.8%) in
the LC, LV and LG groups, respectively. The me-
dian progression-free survival was 9 months in the
LC arm and 7 months in the other 2 arms (P =
0.28). The most common grade 3 and 4 adverse
events in the LC arm were hand-foot syndrome
(18%), diarrhea (6%), and increased alanine ami-
notransferase/aspartate  aminotransferase (4%);
while the were neutropenia (36%), diarrhea (9%),
and febrile neutropenia (6%) in the LV arm; and
neutropenia (47%), alanine aminotransferase/
aspartate aminotransferase (13%), and rash (4%)
in the LG arm. Also, no new safety signals were
detected with these combinations. Thus, these
combinations represent potential alternatives to be
further explored in the sequence of regimens for
patients with HER2-positive BC [86].

Another phase II trial assessed the efficacy and
safety of panitumumab in combination with gem-

citabine and carboplatin as a treatment for meta-
static TNBC in 71 women. The primary end point
in the study was progression-free survival while
secondary end points included overall response
rate, clinical benefit rate, and safety. All patients in
the study received IV infusions of gemcitabine
(1500 mg/m?), carboplatin (area under the concen-
tration-time curve = 2.5), and panitumumab (6
mg/kg) on day 1 of each 14-day treatment cycle.
Doses of study drugs could be reduced, withheld,
or delayed as necessary, for patients who experi-
enced toxicities during the study.

In this regard, two dose-level reductions of each
study drug were permitted: panitumumab (4.8 and
3.6 mg/kg); gemcitabine (1100 and 800 mg/m?);
and carboplatin (area under the concentration-time
curve = 2 and 1.5). If more than 2 dose reductions
were required, the particular agent was discontin-
ued, and treatment with the remaining study agents
could be continued. The results of the trial showed
that at a median follow-up time of 11 months, the
median progression-free survival was 4.4 months
(95% CI, 3.2-5.5 months). Also, only 9% of pa-
tients remained progression-free at 1 year. Median
overall survival was 11.6 months (95% CI, 8.6-
15.2 months) and 24% of patients remained alive
at 2 years. The investigators noted that currently
available clinical trials results do not encourage
the combination of an EGFR inhibitor with
chemotherapy in the treatment of patients with
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metastatic TNBC [87]. Furthermore, an open-
label, 3-arm, multinational, randomized phase II
(NorCap-CA223) trial involving 152 patients (23
centers in 13 countries), compared the disease con-
trol rate (DCR) of first-line all-oral vinorelbine/
capecitabine, gemcitabine/paclitaxel and gemcita-
bine/docetaxel in HER2-negative MBC. The pri-
mary objective of the trial was to determine the
DCR (total number of patients achieving complete
response, partial response, or stable disease sus-
tained for at least 3 months) and the secondary ob-
jectives were to assess the safety, efficacy, and
quality of life associated with the 3 regimens. The
prespecified efficacy end points were DCR in the
evaluable population, objective response rate, du-
ration of disease control, stable disease, and re-
sponse; PFS; time to treatment failure; and OS.
The patients were randomized to receive 1 of 3
chemotherapy doublets: oral vinorelbine with oral
capecitabine (NORCAP); gemcitabine with
paclitaxel (GEMPAC); or gemcitabine with docet-
axel (GEMDOC), repeated in every 21-day cycle.
In the NORCAP arm, patients received oral vi-
norelbine (60 mg/m” on days 1 and 8 of cycle 1),
the dose was increased (80 mg/m2 on days 1 and
8) from cycle 2 onward in the absence of Grade 3
or 4 toxicity in cycle 1, in combination with cape-
citabine (1000 mg/m” twice daily on days 1 to 14
of each cycle). In the GEMPAC arm, patients re-
ceived intravenous gemcitabine (1250 mg/m’® on
days 1 and 8) in combination with intravenous
paclitaxel (175 mg/m” on day 1). In the GEMDOC
arm, intravenous gemcitabine (1000 mg/m2) was
given in combination with intravenous docetaxel
(75 mg/m® on day 1). Chemotherapy was contin-
ued until disease progression, unacceptable toxici-
ty, or patient refusal. The results showed DCR of
73% (95% CI) in the NORCAP arm (36 of 49 pa-
tients), 78% (95% CI) in the GEMPAC arm (39 of
50 patients), and 80% (95% CI) in the GEMDOC
arm (40 of 50 patients). Objective response rates
were 33% (16 of 49 patients), 24% (12 of 50 pa-
tients), and 50% (25 of 50 patients), for the NOR-
CAP, GEMPAC and GEMDOC regimens respec-
tively. Median progression-free survival for the
regimens were 7.6, 9.0, and 11.4 months respec-
tively. Median overall survival was 30 to 31
months with all regimens. The most common
Grade > 3 adverse event with each regimen was
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neutropenia (24 patients [50%], 23 patients [46%],
and 43 patients [86%], respectively). The most
common nonhematological Grade > 3 adverse
event was fatigue. The occurrence of Grade 2 alo-
pecia was 72% (36 patients) in the GEMPAC arm,
76% (38 patients) in the GEMDOC and 8% (4 pa-
tients) in the NORCAP.

Also, there was no evidence that the NORCAP
regimen had a detrimental effect on quality of life.
Therefore, it was concluded that all-oral NORCAP
is an active first-line chemotherapy regimen which
may be offered as an alternative to first-line tax-
ane-based therapy for HER2-negative MBC, espe-
cially for patients who wish to avoid alopecia or
frequent IV administrations [88]. An open-label,
prospective, randomized, controlled Phase III trial
(Success-A study) assessed the toxicity profile
when gemcitabine is added to adjuvant taxane-
based chemotherapy in high-risk EBC patients.
The trial involved 271 study centers with a total of
3754 women, of which 3690 patients were evalu-
ated according to the National Cancer Institute
(NCI) toxicity criteria (the safety population). BC
patients with all molecular subtypes were eligible
for the study. However, to be eligible to participate
in the study, patients had operable BC with clear
surgical margins, metastases to the axillary nodes
or were node negative with a high-risk profile.
Mastectomy or lumpectomy with sentinel lymph
node biopsy, with or without axillary dissection
was the surgical treatment employed. Radiothera-
py was applied after BCS or at high risk of local
recurrence and chemotherapy was not commenced
earlier than six weeks after surgery. Initially, all
patients received three full cycles of FEC chemo-
therapy [epirubicin (100 mg/m?); fluorouracil (500
mg/m”); cyclophosphamide (500mg/m2)]. This
was followed by either three cycles of full-dose
docetaxel (100mg/m* D) for patients in the
FEC-D arm or 3 cycles of gemcitabine (1000
mg/m® d1, d8) and dose-reduced docetaxel (75
mg/m2, d1) (DG) for patients in the FEC-DG arm.
Upon completion of chemotherapy, the patients
were further randomized to receive either 2 years
of zoledronic acid treatment (4 mg IV every 3
months) or 5 years of zoledronic acid treatment (4
mg IV every 3 months for two years, followed by
4 mg IV every 6 months for the duration of addi-
tional three years). During the zoledronic acid
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treatment period, patients received daily calcium
(500 mg p.o.) and vitamin D (400 IE p.o.). Patients
with positive HR status of the primary tumor re-
ceived tamoxifen treatment (20mg p.o.) per day
for 2 years after chemotherapy was completed. Af-
ter chemotherapy, postmenopausal patients with
positive HR status were treated with anastrozole
Img p.o. for additional 3 years while premenopau-
sal patients continued tamoxifen treatment for an
additional 3 years. The results showed the safety
and toxicity analyses for the 3690 patients (safety
population) who were treated with at least one cy-
cle of FEC chemotherapy. There was no difference
in neutropenia or febrile neutropenia. However,
thrombocytopenia and leukopenia were signifi-
cantly increased with FEC-DG treatment (2.0 vs.
0.5%, p < 0.001) and (64.1 vs. 58.5%, p < 0.001)
respectively. Also, significantly more G-CSF sup-
port in cycles 4 to 6 (FEC-DG: 57.8% vs. FEC-D:
36.3%, p < 0.001) was provided with FEC-DG.
Significantly more frequent dose reductions > 20%
(4 vs. 2.4%) and postponement of treatment cycles
(0.9 vs. 0.4%) were also necessary in the FEC-DG
arm. Eight deaths occurred during treatment in the
FEC-DG arm compared to four in the FEC-D arm.
The investigators concluded that addition of gem-
citabine increased hematological toxicity and was
associated with more dose reductions and post-
ponements of treatment cycles [89].

Another open-label randomized phase 3 trial
(tAnGo trial) studied the effect of gemcitabine
when included in adjuvant anthracycline and
taxanes-containing chemotherapy for EBC. The
phase 3 superiority trial included over 3,000 wom-
en (18 years or older) recruited from 127 hospitals
and clinical centers in UK and Ireland, randomly
assigned (1:1) to one of two treatment regimens.
One group (control group) received epirubicin,
cyclophosphamide, and paclitaxel {four cycles of
epirubicin (90 mg/m?) administered IV and cyclo-
phosphamide (600 mg/m?) administered IV on day
1 every 3 weeks, followed by four cycles of
paclitaxel (175 mg/m?) as a 3 h infusion on day 1
every 3 weeks}, while the other group received
epirubicin, cyclophosphamide and paclitaxel plus
gemcitabine (the same chemotherapy regimen as
the other group, with the addition of gemcitabine
(1250 mg/m?) to the paclitaxel cycles, adminis-
tered IV as a 0.5 h infusion on days 1 and 8 every
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3 weeks). The primary endpoint of the trial was
disease-free survival with the aim of detecting 5%
differences in 5-year disease-free survival between
the treatment groups. The final (10-year follow-
up) intent-to-treat analysis showed that there was
no significant difference in disease-free survival
between the treatment groups (65% in the gem-
citabine group vs. 65% in the control group). Also,
median disease-free survival was not reached (ad-
justed hazard ratio 0.97 [95% CI 0.86-1.10],
p=0.64). Both regimens were found to be safe, de-
liverable, and tolerable based on toxicity profile,
dose intensity and a detailed safety substudy. The
results indicated that addition of gemcitabine to
anthracycline and taxane-based adjuvant chemo-
therapy at the dose and schedule of the trial did not
confer a therapeutic advantage in terms of disease-
free survival in EBC, although it could result in
increased toxicity [90].

Heat shock protein 90 (Hsp90) inhibitors have
also been used in combination therapy with other
anticancer drugs such as the taxanes, cisplatin,
etoposide and trastuzumab. A combination of the
Hsp90 inhibitor, 17-allylamino, 17-demethoxygel-
danamycin (17-AAG), a geldanamycin analog
with trastuzumab produced encouraging results in
the treatment of HER2-positive MBC progressing
on trastuzumab [91].

The possibility of safely administering tanespi-
mycin (17-AAG) in combination with trastuzumab
at a dose that inhibits Hsp90 function in vivo in
lymphocytes was investigated in a phase I dose
escalation study. In the study, twenty-five patients,
18 years or older, with histologic documentation
of a nonhematologic malignancy (irrespective of
HER-2 expression), evidence of progression dur-
ing treatment with standard therapy, Karnofsky
performance status of at least 70%, negative preg-
nancy test, 2 weeks’ removal from prior radiation
or chemotherapy (6 weeks for nitrosoureas) and
with acceptable hematologic profile were enrolled
in the study. Patients were assigned to four
tanespimycin dose levels: 225 (n = 4), 300 (n = 3),
375 (n = 8), and 450 mg/m* (n = 10). At the 375
and 450 mg/m” dose levels, dose-limiting toxicity
was seen in one patient in each dose group. In the-
se patients, grade 4 fatigue, as well as grade 2 nau-
sea and anorexia, necessitated a dose delay for
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more than 2 weeks. At the 450 mg/m® dose level,
there was thrombocytopenia which necessitated a
dose delay greater than 2 weeks.

The authors reported that the 17-AAG plus
trastuzumab combination was well tolerated and
demonstrated antitumor activity in patients with
HER-2 BC in which tumors had progressed during
treatment with trastuzumab. The data suggest the
possibility of inhibiting Hsp90 function in vivo to
a degree that would result in inhibition of tumor
growth. Based on the data obtained in this study,
the investigators conducted a phase II trial to study
weekly 17-AAG (450 mg/m?) in combination with
trastuzumab for patients with HER-2 positive
MBC with progressive disease after one line of
trastuzumab-based therapy [92]. In the phase II
trial, thirty-one patients (median age of 53 years
and a median Karnofsky performance status (KPS)
of 90%) were enrolled. All patients received
weekly 17-AAG (450mg/m?) intravenously and
trastuzumab at a conventional dose, with therapy,
continued until disease progression. The primary
endpoint was response rate by Response Evalua-
tion Criteria in Solid Tumors (RECIST) criteria.
The results showed 22% overall response rate,
59% clinical benefit rate [complete response + par-
tial response + stable disease], 6 months median
progression-free survival (95% CI: 4-9) and a me-
dian overall survival of 17 months (95% CI: 16-
28). The most common toxicities recorded were
diarrhea, fatigue, nausea, and headache, mostly of
grade 1 severity. The investigators concluded that
17-AAG plus trastuzumab showed significant an-
ticancer activity in patients with HER2-positive,
MBC previously progressing on trastuzumab [93].

Combination therapy with monoclonal antibod-
ies such as trastuzumab and pertuzumab has also
been reported. A Phase III randomized, double-
blind, placebo-controlled trial demonstrated the
efficacy of first-line therapy with pertuzumab,
trastuzumab, and docetaxel combination therapy in
patients with HER2 positive MBC (The Clinical
Evaluation of Pertuzumab and Trastuzumab CLE-
OPATRA trial). Patients 18 years or older, with
locally recurrent, unresectable, or centrally con-
firmed metastatic HER2-positive BC were en-
rolled in the study. To be eligible for the study,
patients had a left ventricular ejection fraction
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(LVEF) of 50% or more at baseline, an Eastern
Cooperative Oncology Group performance status
of 0 or 1 and had not received more than one hor-
monal treatment for metastatic disease. Also, ad-
juvant or neoadjuvant chemotherapy with or with-
out trastuzumab was permitted. Patients with cen-
tral nervous system metastases, LVEF less than
50% during or after previous trastuzumab therapy,
or who had received other anticancer therapy (ex-
cept for one previous hormonal regimen) or who
had a cumulative exposure of doxorubicin more
than 360 mg/m2 of the body-surface area or its
equivalent were excluded from the study. The
drugs were administered IV in 3-weekly cycles.
Pertuzumab (840 mg) or placebo was given on day
1 of cycle 1, followed by 420 mg on day 1 of each
subsequent cycle; trastuzumab (8 mg/kg body
weight) was administered on day 2 of cycle 1, fol-
lowed by 6 mg per kilogram on day 1 of the re-
maining cycles. Pertuzumab or placebo and
trastuzumab were administered until disease pro-
gression or the manifestation of uncontrollable
toxic effects (dose reductions were not permitted).
Docetaxel (75 mg/m”) was given on day 2 of cycle
1 and on day 1 of the remaining cycles. A mini-
mum of six cycles was recommended, but fewer
cycles were allowed in the event of disease pro-
gression or uncontrollable toxic effects.

Also, more cycles were allowed at the discre-
tion of the investigator or patient. In addition,
docetaxel could be escalated to 100 mg/m2 if un-
controllable toxic effects did not occur and there
could be a 25% reduction in the event of myelo-
suppression, hepatic dysfunction, or other toxic
effects. In this study, primary end point analysis
revealed that patients in the pertuzumab, trastuzu-
mab, and docetaxel group (pertuzumab group) had
a significantly longer median progression-free sur-
vival (based on assessment by independent re-
viewers), compared to those in the placebo,
trastuzumab, and docetaxel (control) group (haz-
ard ratio = 0.62, in favor of the pertuzumab
group). Furthermore, the second interim analysis
of overall survival confirmed the significantly
longer survival demonstrated in the pertuzumab
group (hazard ratio, 0.66), with similar safety pro-
files, including cardiac tolerability, across the two
groups. The final prespecified overall survival re-
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sults with a median follow up of 50 months
showed a median overall survival of 56.5 months
(95% CI, 49.3 to not reached) in the pertuzumab
group, compared to 40.8 months (95% CI, 35.8 to
48.3) in the control group, revealing a difference
of 15.7 months in median survival between the
two groups. Thus, it was concluded that the
addition of pertuzumab to trastuzumab and docet-
axel significantly improved the median overall
survival in patients with HER2-positive MBC [94-
97].

4. NANOPARTICLES FOR COMBINATION
THERAPY IN BC

Nanoparticles offer several advantages in drug
delivery for combination therapy due to their
unique characteristics. Some of these characteris-
tics and advantages include: potential for function-
alization for enhanced drug-carrying capacity [98],
tissue or organ specific transport and delivery [98,
99], reduction in administered dose and toxicity
[100]; the ability to carry and deliver multiple
classes of diagnostics and therapeutic agents load-
ed within a nanoparticle, which would then exert
their various effects in a controlled manner [98,
101] and reduction in the frequency of administra-
tion [100]. The capability of nanoparticles to bear
multiple therapeutic agents is of interest (for this
review) as it would make it easier to administer
drugs in combination without having to increase
the frequency of administration. Thus, therapeutic
agents belonging to different classes can be com-
bined within the same nanoparticle system to
achieve the desired therapeutic goal. Combination
therapy using nanoparticle formulations provides
certain advantages over combining the free drugs
for therapy. The controlled release feature offered
by nanoparticle systems can normalize the phar-
macokinetics, biodistribution, and stability of
drugs that possess very different chemical proper-
ties that would independently have produced con-
trasting pharmacological behaviors. These long-
circulating formulations are capable of continuous
release of drugs at controlled ratios or permit in-
dependent modification of release rates of each
drug in ways that would not be achievable with
conventional formulations of free drug which are
rapidly cleared from the system [102].
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Multidrug loaded nanoparticle formulations
comprising different classes of therapeutic agents
have been developed and studied for BC therapy
in preclinical breast cancer models. For instance,
polymer-lipid hybrid nanoparticles (PLN) of co-
encapsulated doxorubicin and mitomycin C have
demonstrated efficacy in models of human BC,
including multidrug-resistant cells [103-105]. Al-
so, a multidrug loaded nanoparticle micellar for-
mulation was developed for the delivery of three
drugs paclitaxel, rapamycin, and 17-AAG
(Triolimus). This nanoparticle-based formulation
was evaluated in tumor xenografts including
MDA-MB-231 tumor bearing mice. In the study,
Triolimus demonstrated the considerably more su-
perior antitumor effect in treated mice compared to
paclitaxel micelle treated mice. In the paclitaxel
treatment group, all the mice had persistent tumor
regrowth by day 33. In the Triolimus treatment
group on the other hand, only one (1) of the mice
showed persistent tumor regrowth with initial evi-
dence of recurrence by day 45, all other mice in
the group remained tumor-free for more than 1
year after starting the treatment [106]. Combina-
tion therapy with a co-delivered chemotherapeutic
agent and nucleic acid using a nanoparticle system
is also a promising strategy for the effective treat-
ment of BC. The in vitro and in vivo antitumor ef-
ficacy of pH-responsive hyaluronic acid (HA) lig-
and modified paclitaxel and DNA loaded nanopar-
ticles solid lipid nanoparticles has been reported
[107].

Also, the in vitro and in vivo efficacy of trastu-
zumab modified emtansine (DM1) loaded nano-
particles has been demonstrated. The authors con-
cluded that this nanoparticle system holds promise
in the therapy of HER2 positive BC [108]. The
efficacy of docetaxel-loaded, trastuzumab func-
tionalized nanostructured lipid carriers in BC cell
lines has also been reported [109]. There has also
been a report of the co-delivery of gemcitabine
and gadolinium, a magnetic resonance imaging
(MRI) contrast agent, using self-assembled nano-
particles [110]. Other workers have developed
trastuzu-mab and diethylene-triamine-pentaacetic
acid (DPTA) conjugated iron oxide nanoparticles
labelled with thechnetium-99m (99m-Tc) and
galium-68 (Ga-68) for imaging of BC. They tested
the nanoparticles in female Balb/c mice xenografts
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of BT-474 cells. They reported high selectivity of
the nanoparticles for the BT-474 cells tumor xeno-
graft and concluded that the system represents a
promising multi-modal nano-radiopharmaceutical
agent for in vivo BC diagnosis by positron emis-
sion tomography (PET) and single photon emis-
sion computed tomography SPECT imaging [111].

Furthermore, a multicenter, prospective, open-
label, single phase II study evaluated neoadjuvant
anthracycline-based regimens in combination with
nanoparticle albumin-bound paclitaxel (nab-
paclitaxel) and trastuzumab for HER-2 positive
operable BC. Forty-six (46) patients were enrolled
in the study, one of which was excluded from
treatment (existence of another malignant disease).
The patients (stage I to IIIA BC) were treated with
neoadjuvant epirubicin/ cyclophosphamide (EC)
or 5-FU/epirubicin/cyclophosphamide every 3
weeks for 4 cycles, followed by nab-paclitaxel
(260 mg/m?®) plus trastuzumab every 3 weeks for 4
cycles. The pCR rate was the primary endpoint for
the study and the secondary endpoints included
clinical response rate, disease-free survival, patho-
logic response rate (defined as pCR or minimal
residual invasive disease only in the breast), BCS
rate, and safety. Forty-four (44) of the 45 patients
treated in the study were evaluated on nab-
paclitaxel as there was rapid disease progression
on EC therapy in one of the patients. Overall, there
was pCR in 49% of the 45 patients treated in the
study. Hematologic toxicity was the most common
cause of dose delay or reduction, with only one
patient requiring dose reduction for nab-paclitaxel
due to peripheral neuropathy. The investigators
concluded that this combination appears safe and
effective for neoadjuvant therapy [19].

Also, a phase I study evaluated the efficacy and
safety of combination therapy with nab-paclitaxel,
carboplatin and trastuzumab in HER2-overexpre-
ssing locally advanced BC. The study enrolled a
total of 6 patients and was designed to determine
the dose-limiting toxicity (DLT), maximum toler-
ated dose and recommended dose of the combina-
tion treatment in women with HER2-overexpre-
ssing locally advanced BC. Nab-paclitaxel was
administered at a starting dose of 220 mg/m” (level
1), escalated to 260 mg/m2 (level 2). Nab-
paclitaxel was administered with carboplatin

Pharmaceutical Nanotechnology, 2019, Vol. 7, No. 1 17

(AUC, 6 mg/ml/min) and tri-weekly trastuzumab.
No DLT was observed during the first cycle, how-
ever, 4 patients developed grade 4 thrombocytope-
nia, 2 had grade 4 neutropenia and 3 exhibited a
grade 4 decrease in hemoglobin levels. The study
concluded that although no DLTs were observed
in the first cycle of the treatment, hematological
toxicity (anemia) presented difficulties with conti-
nuity [112].

The employment of nanoparticle-based drug de-
livery systems for combination therapy could be
potentially beneficial in breast cancer therapy.
However, the delivery systems need to be properly
designed to maximize the benefits of this platform,
while avoiding undesirable effects. A fairly recent
review also discussed the use of combined drug
delivery approaches in the setting of metastatic
breast cancer [113].

In vivo barriers for both drug combinations and
nanotechnology used in co-delivery of therapeutics
in breast cancer.

Varying biodistribution/pharmacokinetics  of
combination drugs through cocktail administration
has been attributed to their ineffectiveness in the
clinic [114]. The problem is being solved by a
nanotechnology platform for drug delivery. The
unique ability of multifunctional therapeutic nano-
particles to provide site-specific tumor targeting,
improve the solubility of anticancer drugs, syn-
chronize the disposition (pharmacokinetics) of en-
capsulated drugs (drug combination), overcome
drug resistance and enhance anticancer activity of
therapeutic drugs (concurrent chemotherapy with
trastuzumab or pertuzumab is more effective than
sequential use of these agents) represents an im-
portant innovation in drug delivery [115-122].

The reticuloendothelial system (RES), also
termed the mononuclear phagocyte system (MPS),
plays key roles in nanoparticle (NP) clearance.
Upon entry into organs, NPs are susceptible to res-
ident phagocytic cell-mediated clearance and may
inadvertently trigger the secretion of cytokines
such as tumor necrosis factor (TNF), interleukins,
and interferons, resulting in local inflammation
that can cause tissue damage [123, 124]. Modify-
ing the surface chemistry to prevent serum protein
absorption/adsorption onto NPs is critical in min-
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imizing their nonspecific uptake into normal tis-
sues, thus reducing the total dosage required for
achieving the same therapeutic effects of adminis-
tered drugs and prevent side effects of the anti-
cancer drugs. Strategies to minimize nonspecific
absorption/adsorption of proteins include coating
the NP surface using PEGylation to hinder opsoni-
zation [125-127]. The polyethylene glycol (PEG)
subunits form tight associations with water mole-
cules, generating a hydrating layer that blocks pro-
tein absorption/adsorption [128]. In vivo, PEGylat-
ed NPs exhibit increased circulatory half-life with
an enhanced ability to target tumor tissues [129].
The predominant factor governing renal clearance
is the size of the nanoparticles. One strategy for
overcoming this challenge is to create NPs that
break down into renal-clearable particles by using
biodegradable components as exemplified by poly
(lactide) and poly-e-caprolactone nanoparticles
[117-120]. Another barrier is the blood-brain bar-
rier. NPs are thought to cross the BBB via recep-
tor-mediated endocytosis across endothelial cells,
which requires the attachment of targeting ligands,
peptides, or receptors to the NPs, or alternatively
coating the NPs with various surfactants that allow
the specific adsorption of serum proteins needed
for receptor-mediated transport [130].

CONCLUSION

Combination therapy offers the potential of im-
proving therapeutic efficacy and efficiency in BC
treatment. Various classes of agents have been
used in combination chemotherapy regimens over
the years. Maximum benefit from therapeutic
combinations would emanate from proper identifi-
cation of molecular subclass of disease to permit
the use of agents that would provide the maximum
therapeutic advantage. In other words, a rational
combination of therapeutic agents based on
disease profile would provide the greatest benefit
to BC patients. Thus, therapeutics to be employed
in combination therapy need to be carefully select-
ed to ensure that patients derive maximum benefit
from the therapy. The number of therapeutic
agents must be kept to a minimum to avoid unnec-
essarily increasing the agents to be administered
unless there is evidence of additional benefits to be
derived from the inclusion of more agents in the
treatment regimen. Moreover, the addition of some
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agents to existing regimens may result in increased
toxicity without significant improvement in thera-
peutic efficacy. The application of nanoparticles in
combination treatment may further extend the
benefits derivable from such a treatment strategy
based on the unique advantages presented by the
nanoparticle platform.
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