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Abstract
Breast cancer is a multistep, multifactorial, and heterogeneous disease. Significant transformations have occurred in the sys-
temic management of breast cancer in the past decade. Due to the further understanding of pathogenesis, scientists have found
plenty of signaling pathways and correspondingly therapeutic targets in breast cancer, such as hormone receptor, human epidermal
growth factor receptor 2 (HER2), epidermal growth factor receptor (EGFR), vascular endothelial growth factor (VEGF), phos-
phoinositide-3-kinase (PI3K), v-akt murine thymoma viral oncogene homolog (AKT), mechanistic target of rapamycin (mTOR),
cyclin-dependent kinase 4/6 (CDK4/6), poly (adenosine diphosphate-ribose) polymerase (PARP), and programmed death-1 (PD-1).
Targeted therapy, which optimizes the accuracy of antitumor activity and minimizes toxicity to normal tissues, plays a crucial role
in breast cancer treatment in the era of precision medicine. In this review, we aimed to summarize the latest developments in
targeted therapy for breast cancer and discuss the existing problems.
© 2018 Chinese Medical Association. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Breast cancer is the most commonly diagnosed
cancer among women worldwide; it is a great threat to
women's health and puts a heavy burden on patients and
the society. Although there have been several break-
throughs in the treatment of breast cancer in the past few
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decades, the high incidence of relapse and progression
after conventional therapies is deeply concerning and
indicates a great need for developing new therapeutics
for breast cancer. Recently, molecular targeted therapy
has been considered a milestone in precision medicine
for breast cancer. Distinctive biological processes and
diverse genetic mutations are intimately related with the
progression of different subtypes and sensitivity to
various drugs, such as hormone receptor, human
epidermal growth factor receptor 2 (HER2), epidermal
growth factor receptor (EGFR), vascular endothelial
growth factor (VEGF), mechanistic target of rapamycin
(mTOR), and cyclin-dependent kinase 4/6 (CDK4/6).
Moreover, there is still no specific therapy for triple-
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negative breast cancer (TNBC), but poly (adenosine
diphosphate-ribose) polymerase (PARP) inhibitors have
shown promising activity in breast cancer associated
with BRCA, the expression of which is commonly
observed in TNBC. This article will mainly focus on
the following aspects: HER2 inhibitors [such as
trastuzumab, pertuzumab, lapatinib, and trastu-
zumab emtansine (T-DM1)], phosphoinositide-3-kinase
(PI3K)/v-akt murine thymoma viral oncogene homolog
(AKT)/mTOR inhibitors (such as everolimus, buparli-
sib, and ipatasertib), PARP inhibitors (such as veliparib,
talazoparib, olaparib, and iniparib), CDK 4/6 inhibitors
(such as palbociclib, abemaciclib, and ribociclib),
VEGF inhibitors (such as bevacizumab), and immune
checkpoint inhibitors (such as pembrolizumab and
avelumab). Through this review, readers will be able to
understand the latest developments in major targeted
therapies for breast cancer and apply them in clinical
practice as soon as possible.

HER2 inhibitors

Several predictive factors are correlated with the
risk of metastasis in breast cancer, such as the hor-
mone receptor, HER2, and Ki-67 proliferation index.1

Overexpression of HER2, which is observed in about
20% of breast cancer cases, is associated with an
aggressive type, a poor prognosis, and a high mor-
tality rate.2 The HER2 oncogene, first discovered in
1985 by Schechter et al,3 is localized to chromosome
17q and encodes a transmembrane tyrosine kinase
receptor protein belonging to human epidermal
growth factor receptor (HER) family. Besides HER2,
Table 1

Trials targeting HER2 in breast cancer.

Study Treatment schedule n

CLEOPATRA4 Docetaxel plus trastuzumab and pertuzumab vs.

placebo plus docetaxel and trastuzumab

404

CALGB 406015 Lapatinib plus paclitaxel and trastuzumab vs.

paclitaxel plus trastuzumab vs. lapatinib plus

paclitaxel

118

EMILIA6 T-DM1 vs. lapatinib plus capecitabine 495

TH3RESA7 T-DM1 vs. physician's choices (chemotherapy,

endocrine therapy or HER2-directed therapy)

404

MARIANNE8 T-DM1 vs. T-DM1 plus pertuzumab vs.

trastuzumab plus taxane

367

HER2: human epidermal growth factor receptor 2; CLEOPATRA: Clinica

survival; pCR: pathologic complete response; HR: hazard ratio; OS: overal

zumab emtansine.
there are three other core members of the HER
family, HER1, HER3, and HER4. All of them play
vital roles in signal transduction for normal cellular
growth and division and are closely related to the
tumorigenesis and progression of breast cancer.
HER2, which is regarded as the first therapeutic
target in breast cancer, is still being tested in various
clinical trials. Table 1 summarizes the important trials
targeting HER2 in breast cancer.4e8

Trastuzumab

Trastuzumab, a humanized monoclonal antibody of
the immunoglobulin G1 (IgG1) type, was the first
monoclonal antibody to revolutionize the treatment
strategy for both early and advanced breast cancer. It
binds to the extracellular domain IV of HER2 and
thereby inhibits the downstream signal transduction
that participates in the proliferation, motility, and
antiapoptosis of normal cells, and in the invasiveness
and angiogenesis of tumor cells.9

In 1998, the US Food and Drug Administration
(FDA) approved trastuzumab as the first targeted agent
for breast cancer. Thereafter, a body of international
multicenter clinical trials, including the National Sur-
gical Adjuvant Breast and Bowel Project (NSABP)
B-31, North Central Cancer Treatment Group
(NCCTG) N9831, Breast Cancer International Research
Group (BCIRG) 006, HERceptin Adjuvant (HERA),
and Protocol for Herceptin as Adjuvant therapy with
Reduced Exposure (PHARE) trials, have been initiated
to determine the efficacy and safety of trastuzumab in
postoperative patients with HER2-positive breast
Results

vs. 404 PFS: 18.5 vs. 12.4 months,

HR ¼ 0.62, P < 0.001

vs. 120 vs. 67 pCR rate: 56% vs. 46% (the paclitaxel plus

lapatinib arm was closed in July 2011, based on

reports of inferiority and greater toxicity of

lapatinib-only regimens), HR ¼ 0.35, P ¼ 0.013

vs. 496 PFS: 9.6 vs. 6.4 months, HR ¼ 0.65, P < 0.001

OS: 30.9 vs. 25.1 months, HR ¼ 0.68, P < 0.001

vs. 198 PFS: 6.2 vs. 3.3 months, HR ¼ 0.528,

P < 0.0001

vs. 363 vs. 365 PFS: 14.1 vs. 15.2 vs. 13.7 months; HR ¼ 0.91,

P ¼ 0.31 (T-DM1 vs. trastuzumab plus taxane);

HR ¼ 0.87, P ¼ 0.14 (T-DM1 plus pertuzumab

vs. trastuzumab plus taxane)

l Evaluation of Pertuzumab and Trastuzumab; PFS: progression-free

l survival; CALGB: Cancer and Leukemia Group B; T-DM1: trastu-
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cancer. The first three trials revealed that trastuzumab in
combination with chemotherapy drastically prolonged
disease-free survival (DFS) and overall survival (OS) in
patients with HER2-positive breast cancer in compari-
son with the results obtained with chemotherapy
alone.10,11 Moreover, the phase III HERA trial
confirmed the standard treatment time with trastuzumab
in the adjuvant chemotherapy of early breast cancer. In
comparison with chemotherapy alone, combination
treatment with 1-year trastuzumab and standard
chemotherapy significantly prolonged DFS and OS, and
neither DFS nor OS differed between the 1-year arm and
2-year arm of trastuzumab treatment.12 Meanwhile,
in the PHARE trial, a comparison of 6-month versus
12-month trastuzumab treatment in the same setting
revealed no statistically significant difference between
the two arms, but a hazard ratio (HR) of 1.28 suggested a
trend in favor of the 12-month treatment arm.13 Based
on above findings, the standard treatment time of tras-
tuzumab is set as 1 year. The NeOAdjuvant Herceptin
(NOAH) trial first verified that compared to neoadjuvant
chemotherapy alone, neoadjuvant chemotherapy
of trastuzumab in combination with chemotherapy
significantly improved the pathological complete
response (pCR) rate and event-free survival (EFS). A
parallel group with HER2-negative breast cancer was
also included and received chemotherapy alone. After a
5.4-year follow-up, the results of the NOAH trial indi-
cated a sustained increase in the EFS rate achieved with
neoadjuvant therapy involving trastuzumab (58% vs.
43%;HR¼ 0.64; P¼ 0.016) and also revealed that pCR
was closely correlated with the prolongation of EFS and
OS.14 Recently, the LUX-Breast 1 trial, which
compared afatinib plus vinorelbine with trastuzumab
plus vinorelbine for patients with HER2-positive met-
astatic breast cancer who had progressed on trastuzu-
mab, showed that similar median progression-free
survival (mPFS) between the two groups (5.5 months vs.
5.6 months;HR¼ 1.10; P¼ 0.43), but lower median OS
(mOS) in the afatinib group (HR ¼ 1.48; P ¼ 0.0048).
The above results showed that the trastuzumab-based
therapy remained the first choice for such patients.15

All in all, trastuzumab in combination with conven-
tional chemotherapy drugs has improved the prognosis
of patients with HER2-positive breast cancer and laid
the foundation for targeted therapy in the field of
adjuvant therapy and neoadjuvant therapy.

Pertuzumab

Pertuzumab is another monoclonal antibody that
binds to the extracellular HER2 dimerization domain. It
inhibits the dimerization between HER2 and other HER
family members, especially HER3, and also activates
antibody-dependent cellular cytotoxicity (ADCC),16

while trastuzumab just prevents the dimerization be-
tween HER2. Hence, the combination of trastuzumab
and pertuzumab might synergistically improve anti-
tumor efficacy because of a more comprehensive
blockade of the HER2 signaling pathway.

To assess this synergistical action, a decisive phase
III trial Clinical Evaluation of Pertuzumab and Tras-
tuzumab (CLEOPATRA)4 was conducted to investigate
the efficacy and safety profile of trastuzumab plus
pertuzumab in patients with untreated HER2-positive
metastatic breast cancer. Patients were randomly
assigned to receive docetaxel plus trastuzumab and
pertuzumab or docetaxel plus trastuzumab and pla-
cebo. The mPFS was prolonged by 6.1 months in the
pertuzumab group (18.5 months vs. 12.4 months;
HR ¼ 0.62; P < 0.001). An interim analysis of the OS
showed a strong trend in favor of the docetaxel plus
trastuzumab and pertuzumab regimen, although it was
not significant. The safety profile was similar between
the groups. The results of the CLEOPATRA trial sug-
gest that pertuzumab could further improve the effi-
cacy of docetaxel plus trastuzumab, which is regarded
as the first-line treatment for patients with HER2-
positive metastatic breast cancer.

Lapatinib

Lapatinib is a reversible dual EGFR/HER1 and
HER2 tyrosine kinase inhibitor (TKI) that works
intracellularly, binding to the tyrosine kinase domain
of HER1 and HER2, inhibiting the phosphorylation
of receptors, and finally blocking the downstream
pathways that control the proliferation and survival
of tumor cells. Carey et al5 found that addition of
lapatinib to the trastuzumab plus paclitaxel regimen
significantly prolonged the DFS in patients with
HER2-positive breast cancer (HR ¼ 0.35; P ¼ 0.013).
Subgroup analyses showed that patients who achieved
pCR had obviously improved DFS compared to that in
the patients who did not achieve pCR (HR ¼ 0.14;
P < 0.0001). Other TKIs, such as neratinib, pyrotinib,
and poziotinib, are still being tested in clinical trials.

T-DM1

T-DM1, which is composed of a potent cytotoxic
agent, a target-specific antibody, and a stable linker, is
the first antibodyedrug conjugate used in the treatment
of solid tumors. The advantage of T-DM1 is that this
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medicine can deliver the microtubule-inhibitory agent
directly to HER2-positive tumor cells, which potentially
reduces systemic toxicity, enhances antitumor activity,
and helps trastuzumab across the bloodebrain barrier.

The EMILIA trial6 was an important randomized
phase III study of T-DM1, comparing T-DM1 versus
capecitabine plus lapatinib in HER2-positive locally
advanced or metastatic breast cancer previously treated
with trastuzumab and taxanes. This trial confirmed that
T-DM1 significantly extended PFS and OS with less
toxicity compared to the results achieved with lapatinib
plus capecitabine. The mPFS and mOS were 9.6 and
30.9 months, respectively, with T-DM1 (P < 0.001),
and the corresponding values for lapatinib plus cape-
citabine were 6.4 months and 25.1 months (P < 0.001).
The incidence of grade 3e4 adverse events was higher
in the treatment with lapatinib plus capecitabine than
with T-DM1 (57.0% vs. 40.8%). Based on the results of
the EMILIA trial, the FDA approved T-DM1 as a
second-line treatment for HER2-positive locally
advanced or metastatic breast cancer previously treated
with trastuzumab and taxanes. The National Compre-
hensive Cancer Network (NCCN) Guidelines also
recommended T-DM1 as a second-line treatment for
patients pretreated with trastuzumab.

The randomized phase III trial [Trastuzumab
emtansine versus treatment of physician's choice for
pretreated HER2-positive advanced breast cancer
(TH3RESA)]7 revealed that T-DM1 further showed a
better efficacy and safety profile in patients with
HER2-positive advanced breast cancer who were pre-
viously treated with two or more HER2-directed agents
or taxanes than in patients treated with a physician's
choices. The physician's choices, which expanded the
indications of T-DM1, included chemotherapy, endo-
crine therapy, or HER2-directed therapy. The mPFS
significantly increased in the T-DM1 arm compared to
that in the arm involving the physician's choice of
treatment (6.2 months vs. 3.3 months; P < 0.0001). An
OS analysis exhibited a trend in favor of T-DM1
(P ¼ 0.0034), but the stopping boundary was not
reached. A lower incidence of grade 3e4 adverse
events was reported in the T-DM1 arm than in the arm
involving the physician's choice of treatment (32% vs.
43%). In brief, T-DM1 possesses great potential to treat
patients with HER2-positive advanced breast cancer
previously treated with two or more HER2-directed
agents or taxanes. Furthermore, in the MARIANNE
study,8 treatment with T-DM1 and T-DM1 plus
pertuzumab resulted in noninferior PFS compared to
that achieved with trastuzumab plus a taxane. Neither
experimental arm showed PFS superiority in
comparison to the result obtained with trastuzumab
plus a taxane. The OS was similar among all the arms.
In short, the standard first-line treatment for patients
with HER-2 positive advanced breast cancer is a taxane
plus trastuzumab and pertuzumab. The NCCN Guide-
lines recommend the use of T-DM1 in patients who are
not eligible to receive the standard first-line regimen.
The ongoing clinical trials of T-DM1 for patients with
advanced breast cancer are focused on further
enhancing the treatment activity by combining T-DM1
with conventional chemotherapy drugs, targeted drugs,
and endocrine drugs.17 In a prospective, neoadjuvant,
phase II trial, Adjuvant Dynamic Marker-Adjusted
Personalized Therapy Trial Optimizing Risk Assess-
ment and Therapy Response Prediction in Early Breast
Cancer (ADAPT),18 patients with HER2-positive and
hormone receptor-positive early breast cancer were
randomly assigned to a T-DM1 with or without endo-
crine therapy arm or to a trastuzumab with endocrine
therapy arm. The pCR was observed in 41.0% of pa-
tients treated with T-DM1, 41.5% of patients treated
with T-DM1 and endocrine therapy, and 15.1% of
patients treated with trastuzumab and endocrine ther-
apy (P < 0.001). Thus, neoadjuvant T-DM1 (with or
without endocrine therapy) significantly increases
pCR, which might help many patients avoid adverse
responses to systemic therapy.

PI3K/AKT/mTOR pathway inhibitors

The PI3K/AKT/mTOR signaling pathway regulates
multiple cellular processes to support the growth,
survival, and metastasis of tumor cells.19 Activation of
the PI3K/AKT/mTOR pathway occurs in 70% of
breast cancer cases and is correlated with a series of
gene mutations, such as the loss of phosphatase and
tensin homolog deleted on chromosome ten (PTEN),
mutation of PIK3CA, and mutation in AKT. This vital
pathway also has intimate connections with the
downstream pathway of endocrine signaling, resulting
in endocrine resistance. The main categories of PI3K/
AKT/mTOR signaling pathway inhibitors, including
mTOR inhibitors, PI3K inhibitors, AKT inhibitors, and
some dual inhibitors, are in the different phases of
clinical trial respectively (Table 2).20e24

mTOR inhibitors

Everolimus, an oral mTOR inhibitor previously
used to prevent rejection-related reactions after kidney
or heart transplantation, shows a promising ability to
overcome resistance to endocrine therapy and targeted



Table 2

Trials targeting PI3K/AKT/mTOR in breast cancer.

Study Target Treatment schedule n Results

BOLERO-220 mTOR Everolimus plus exemestane vs. placebo plus

exemestane

485 vs. 239 PFS: 11.0 vs. 4.1 months, HR ¼ 0.38,

P < 0.0001

BOLERO-321 mTOR Everolimus plus trastuzumab and vinorelbine vs.

placebo plus trastuzumab and vinorelbine

284 vs. 285 PFS: 7.00 vs. 5.78 months, HR ¼ 0.78,

P ¼ 0.0067

BELLE-322 PI3K Buparlisib plus fulvestrant vs. placebo plus

fulvestrant

289 vs. 143 PFS: 3.9 vs. 1.8 months, HR ¼ 0.67,

P ¼ 0.0003

BELLE-223 PI3K Buparlisib plus fulvestrant vs. placebo plus

fulvestrant

576 vs. 571 PFS: 6.9 vs. 5.0 months, HR ¼ 0.78,

P ¼ 0.00021

LOTUS24 AKT Ipatasertib plus paclitaxel vs. placebo plus

paclitaxel

62 vs. 62 PFS: 6.2 vs. 4.9 months, HR ¼ 0.60, P ¼ 0.037

PI3K: phosphoinositide-3-kinase; AKT: v-akt murine thymoma viral oncogene homolog; mTOR: mechanistic target of rapamycin; PFS:

progression-free survival;HR: hazard ratio; BOLERO-2: Initial Breast Cancer Trials of Oral Everolimus 2; BOLERO-3: Initial Breast Cancer Trials

of Oral Everolimus 3.
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therapy in advanced breast cancer. As mTOR is a
downstream signal molecule of tumors related to
signaling pathways such as hormone receptor and
HER2, inhibiting mTOR activation can effectively
inhibit the upstream signal transduction which plays a
critical role in the growth of tumor cells.

Initial Breast Cancer Trial of OraL EveROlimus-2
(BOLERO-2)20 is an important phase III trial
comparing everolimus plus exemestane with placebo
plus exemestane in postmenopausal women with hor-
mone receptor-positive advanced breast cancer that has
progressed during or after aromatase inhibitor therapy.
In this trial, the mPFS significantly extended in the
everolimus plus exemestane arm compared to that in
the placebo plus exemestane arm (11.0 months vs. 4.1
months, P < 0.0001). Although the trial showed a
higher incidence of grade 3e4 adverse events in the
everolimus plus exemestane arm than in the placebo
plus exemestane arm, the health-related quality of life
was not worse in the everolimus plus exemestane arm.
Based on the results of this study, the FDA approved the
application of everolimus plus exemestane in patients
with postmenopausal hormone receptorepositive and
HER2-negative advanced breast cancer. Recently, the
combination of everolimus and endocrine therapy has
also been proven to be effective in the Chinese popu-
lation, and the safety profile was similar to that in
previous studies, with a lower incidence of grade 3e4
adverse events.25 The phase III Breast Cancer Trials of
OraL EveROlimus-3 (BOLERO-3),21 which compared
the effect of everolimus plus trastuzumab and vinor-
elbine with that of placebo plus trastuzumab and
vinorelbine in patients with HER2-positive and
trastuzumab-resistant advanced breast cancer who had
received taxane therapy, concluded that everolimus
significantly prolonged mPFS (7.00 months vs. 5.78
months; P ¼ 0.0067). Serious adverse events were
observed in 42% of patients in the everolimus group
(20% of patients in the placebo group). Researchers
recommended everolimus plus trastuzumab and vinor-
elbine for patients with HER2-positive and
trastuzumab-resistant advanced breast cancer who had
received taxane therapy, but they were not sure whether
this strategy could result in OS benefits for patients.
Furthermore, they highlighted that physicians should
pay close attention to adverse events during or after
treatment.

PI3K inhibitors

The mTOR inhibitors availably block cell growth
and proliferation and elicit AKT phosphorylation
through a feedback activation pathway, potentially
leading to a resistance to mTOR inhibitors. However,
several preclinical studies found that PI3K inhibitors
can inhibit or eliminate AKT phosphorylation.
Accordingly, PI3K inhibitors might be clinically
effective in patients progressing on mTOR inhibitor
treatment. PI3K inhibitors mainly include pan-PI3K
inhibitors (buparlisib and pictilisib) and a-specific
PI3K inhibitors (alpelisib and taselisib).

Buparlisib is an oral pan-PI3K inhibitor that targets
all four isoforms of class I PI3K (a, b, d, andg). BELLE-
322 was a phase III study that focused on comparing the
efficacy and safety profile of buparlisib to that of placebo
when combined with fulvestrant in postmenopausal
women with hormone receptor-positive and HER2-
negative advanced breast cancer that progressed on or
after aromatase inhibitor and mTOR inhibitor therapy.
The PFS in the buparlisib arm showed significant
extension (3.9 months vs. 1.8 months; HR ¼ 0.67;
P ¼ 0.0003). Unfortunately, the safety profile of
buparlisib plus fulvestrant does not support its further
exploration. Nonetheless, the efficacy of buparlisib
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favors the use of PI3K inhibitors plus endocrine therapy
in patients with PIK3CA mutations. The use of more
selective PI3K inhibitors, such as a-specific PI3K in-
hibitors, is warranted to further improve safety and
availability in this setting. Another phase III trial,
BELLE-2,23 showed essentially corresponding results.

All in all, approved novel therapies for post-
menopausal patients with hormone receptor-positive
and HER2-negative advanced breast cancer include
the mTOR inhibitor everolimus plus exemestane or
tamoxifen as first-line treatment, and the CDK4/6 in-
hibitor palbociclib with letrozole or fulvestrant as the
second-line therapy. Although the results of the clinical
trials were not completely satisfactory, the vital role of
PI3K inhibitors in breast cancer treatment should be
taken into consideration. It is also worthwhile to
further explore triplet combinations of PI3K inhibitors
with endocrine therapy and CDK4/6 inhibitors and to
use more selective PI3K inhibitors.

AKT inhibitors

Ipatasertib, a highly selective oral small-molecule
AKT inhibitor, is being investigated for its efficacy
against tumors such as TNBC. Of note, approximately
half the number of cases of TNBC show deficient
expression of the tumor suppressor PTEN, which is
associated with high levels of AKT pathway activation.
A phase I study of ipatasertib in pretreated patients
with diverse tumor types, including breast cancer,
showed an acceptable safety profile and preliminary
antitumor activity.26 The LOTUS trial,24 which inves-
tigated the addition of ipatasertib to paclitaxel as the
first-line therapy for TNBC patients, found that mPFS
was 6.2 months in the ipatasertib arm vs. 4.9 months in
the placebo arm (HR ¼ 0.60; P ¼ 0.037). Serious
adverse events were reported in 28% of patients in the
ipatasertib arm and 15% of patients in the placebo arm.
This is the first trial to show favorable results of AKT-
targeted therapy for TNBC patients, and it is necessary
to conduct further research on the treatment of TNBC
with ipatasertib.
Table 3

Trials targeting PARP in breast cancer.

Study Treatment schedule

EMBRACA30 Talazoparib vs. standard chemotherapy

(capecitabine, eribulin, gemcitabine, or

vinorelbine)

NCT0093865231 Iniparib plus gemcitabine and carboplatin vs.

gemcitabine plus carboplatin

PARP: poly (adenosine diphosphate-ribose) polymerase; PFS: progression-f
PARP inhibitors

PARP familymembers are involved in the recognition
and repair of DNA damage, and thus far, PARP1,
PARP2, and PARP3 have been defined as DNA
damageedependent PARPs. The activation of PARP1 is
the initial step in the process of DNA damage repair, and
then the adenosine ribose polymer catalyzed by PARP
can improve the aggregation of the DNA repair complex
binding to DNA damage sites, so as to promote base-
excision repair and single-strand break repair.27 In the
meantime, BRCA1/2 can repair DNA double-strand
breaks through homologous recombination.28 In normal
cells, these methods work together to maintain the sta-
bility of the genome. During tumor treatment, a defi-
ciency of BRCA1/2 or other homologous-recombination
DNA repair proteins sensitizes cells to PARP inhibitions,
which lead to genome instability and cell death in tumor
cells.29 Researchers have noted BRCA1/2 mutations in
most cases of TNBC, which makes the resultant tumor
more aggressive and results in a worse prognosis
compared to that associated with other types of breast
cancer because of a lack of distinctive targets. Therefore,
more trials are ongoing to determine whether TNBC
patients with a mutation in BRCA1/2 can benefit from
treatment with PARP inhibitors (Table 3).30,31

Veliparib

Veliparib is an orally dual inhibitor of PARP1 and
PARP2. A phase II study32 investigated the efficacy and
safety of veliparib with temozolomide or carboplatin/
paclitaxel versus placebo with carboplatin/paclitaxel in
patients with BRCA1/2-mutated breast cancer, and
showed numerical but not statistically significant in-
creases in both PFS and OS. The emergence of veliparib
has provided more treatment options.

Talazoparib

Talazoparib is regarded as an important PARP in-
hibitor. The phase III EMBRACA30 trial compared
n Results

288 vs. 144 PFS: 8.6 vs. 5.6 months, HR ¼ 0.54, P < 0.0001

261 vs. 288 OS: 11.8 vs. 11.1 months, HR ¼ 0.88, P ¼ 0.28;

PFS: 5.1 vs. 4.1 months, HR ¼ 0.79, P ¼ 0.027

ree survival; HR: hazard ratio; OS: overall survival.



170 J. Ju et al. / Chronic Diseases and Translational Medicine 4 (2018) 164e175
talazoparib with standard chemotherapy (capecitabine,
eribulin, gemcitabine, or vinorelbine) in women with
BRCA1/2-mutated metastatic breast cancer. The mPFS
in this trial was 8.6 months in the talazoparib group
versus 5.6 months in the chemotherapy group
(HR ¼ 0.54; P < 0.0001). The incidences of adverse
events were similar between the two groups, and the
talazoparib group was related with fewer gastrointestinal
disorders and skin or subcutaneous tissue disorders than
the chemotherapy group. This drug shows immense
potential in the treatment of BRCA1/2-mutated meta-
static breast cancer.

Olaparib

Olaparib is an oral PARP inhibitor that has shown
promising antitumor activity in patients with BRCA1/
2-mutated breast cancer. In a phase III trial,33 patients
who had received no more than two types of chemo-
therapy agents for HER2-negative and BRCA-mutated
metastatic breast cancer were recruited and were
assigned to receive olaparib or standard chemotherapy
of the physician's choice. The mPFS was 2.8 months
longer and the risk of disease progression or death was
42% lower in the olaparib arm than those in the stan-
dard chemotherapy arm. The incidences of severe
adverse events were 36.6% in the olaparib arm and
50.5% in the standard chemotherapy arm, respectively.
More trials are required to further confirm the role of
olaparib in this setting.

Iniparib

Iniparib is still an investigational agent. A phase II
trial34 of gemcitabine and carboplatin with or without
iniparib in patients with metastatic TNBC showed a
statistically significant increase in patients treated with
iniparib plus chemotherapy in the clinical benefit rate
(56% vs. 34%; P ¼ 0.01) and mPFS (5.9 months vs. 3.6
months; P ¼ 0.01) compared to those achieved with
chemotherapy alone. No significant difference was
observed in the incidence of adverse events between the
two groups. However, a phase III trial31 in the same
patient population failed to confirm these efficacy re-
sults (OS: HR ¼ 0.88, P ¼ 0.28; PFS: HR ¼ 0.79,
P ¼ 0.027) with a similar safety profile. However, po-
tential PFS and OS benefits were observed for patients
in the second and third line of treatment settings.
Another phase II neoadjuvant trial35 also showed a lack
of efficacy when iniparib was administered with pacli-
taxel in patients with early TNBC. Hence, the potential
benefits of iniparib remain to be further evaluated.
CDK4/6 inhibitors

Approximately 75% of patients with metastatic
breast cancer are hormone receptor-positive and are
commonly treated with endocrine therapy. As resistance
develops in almost all patients, attention has been
focused on identifying novel approaches to address
endocrine therapy resistance. The loss of cell cycle
control is a hallmark of cancer.36 The complex of CDK4/
6 and cyclin D is a critical regulator of cell cycle pro-
gression and is intimately connected with breast
tumorigenesis and resistance to endocrine therapy.
Moreover, latest findings indicate that CDK4/6 in-
hibitors increase tumor immunogenicity by enhancing
cytotoxic T-cell-mediated clearance of tumor cells,
which provides a rationale for novel combination regi-
mens comprising CDK4/6 inhibitors and immunother-
apies.37 Overall, they are categorized as selective and
non-selective inhibitors of CDK and have been tried as
monotherapy and combination therapy, respectively
(Table 4).38e42 Thus far, research has been concentrated
on three CDK4/6 inhibitors, including palbociclib,
abemaciclib, and ribociclib.

Palbociclib

Palbociclib, which selectively binds to the adeno-
sine triphosphate (ATP)-binding site of the CDK4/6
protein, can prevent Rb phosphorylation, inhibit the
release of the E2F transcription factor, block the cell
cycle between the G1 phase and S phase, and finally
stop the proliferation of tumor cells. The phase III
Palbociclib Ongoing Trials in the Management of
Breast Cancer (PALOMA)-238 explored the efficacy
and safety of palbociclib plus letrozole versus letrozole
alone in untreated postmenopausal women with ER-
positive and HER2-negative advanced breast cancer.
In the trial, the mPFS increased from 14.5 months
(letrozole arm) to 24.8 months (palbociclib plus
letrozole) (HR ¼ 0.58; P < 0.001). The NCCN
Guidelines recommend letrozole combined with pal-
bociclib as a first-line treatment option for such pa-
tients. Another phase III trial, PALOMA-3,39 further
explored the efficacy and safety of palbociclib plus
fulvestrant versus fulvestrant plus placebo in post-
menopausal patients with hormone receptor-positive
and HER2-negative metastatic breast cancer progress-
ing on endocrine therapy. The mPFS was 9.5 months in
the fulvestrant plus palbociclib arm and 4.6 months in
the fulvestrant plus placebo arm (HR ¼ 0.46;
P < 0.0001). The incidences of grade 3e4 adverse
events were 73% (fulvestrant plus palbociclib arm) and



Table 4

Trials targeting CDK4/6 in breast cancer.

Study Treatment schedule n Results

PALOMA-238 Palbociclib plus letrozole vs. placebo plus

letrozole

444 vs. 222 PFS: 24.8 vs. 14.5 months, HR ¼ 0.58,

P < 0.001

PALOMA-339 Palbociclib plus fulvestrant vs. placebo plus

fulvestrant

347 vs. 174 PFS: 9.5 vs. 4.6 months, HR ¼ 0.46, P < 0.0001

MONARCH 240 Abemaciclib plus fulvestrant vs. placebo plus

fulvestrant

446 vs. 223 PFS: 16.4 vs. 9.3 months, HR ¼ 0.553,

P < 0.001

MONARCH 341 Abemaciclib plus aromatase inhibitor vs.

placebo plus aromatase inhibitor

328 vs. 165 PFS: not reached vs. 14.7 months, HR ¼ 0.54,

P ¼ 0.000021

MONALEESA-242 Ribociclib plus letrozole vs. placebo plus

letrozole

334 vs. 334 PFS: not reached vs. 14.7 months, HR ¼ 0.56,

P ¼ 3.29 � 10�6

CDK4/6: cyclin-dependent kinase 4/6; PALOMA: Palbociclib Ongoing Trials in the Management of Breast Cancer; PFS: progression-free survival;

HR: hazard ratio; MONALEESA-2: Mammary Oncology Assessment of LEE011's (Ribociclib's) Efficacy and Safety-2.
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22% (fulvestrant plus placebo arm) respectively. These
trials revealed that palbociclib had a synergistic effect
with endocrine therapy and could partially reverse
sensitivity to endocrine agents, which was a profound
breakthrough in endocrine therapy. Based on the re-
sults of PALOMA-3, the FDA approved palbociclib
plus fulvestrant for postmenopausal patients with hor-
mone receptor-positive and HER2-negative metastatic
breast cancer progressing on endocrine therapy. Thus
far, the approved indications of palbociclib have been
limited to a combination therapy with an endocrine
agent (letrozole or fulvestrant).

Abemaciclib

Abemaciclib is an oral, selective, small-molecule in-
hibitor of CDK4/6, which also breaks down the
bloodebrain barrier to impede the growth of intracranial
tumor cells. In patients with refractory hormone receptor-
positive and HER2-negative advanced breast cancer,
abemaciclib monotherapy showed clinical effective-
ness.43 In the phase III trial MONARCH 2,40 which
focused on patients with hormone receptor-positive and
HER2-negative breast cancer progressing on endocrine
therapy, abemaciclib plus fulvestrant therapy resulted in a
7.2-month prolongation of mPFS in comparison with that
achieved in the placebo arm (HR ¼ 0.553; P < 0.001)
with tolerable adverse events. MONARCH 341 was a
phase III trial of abemaciclib or placebo plus an aromatase
inhibitor in postmenopausal women with untreated hor-
mone receptor-positive and HER2-negative advanced
breast cancer. The mPFS was significantly prolonged in
the abemaciclib arm (HR ¼ 0.54; P ¼ 0.000021). In the
abemaciclib arm, diarrhea was the most frequent adverse
event (81.3%) but was mainly grade 1 (44.6%).

In short, abemaciclib showed potent antitumor
activity as the initial therapy for patients with
metastatic disease and in patients who have progressed
on endocrine therapy. However, identifying which
types of patients may benefit the most from the addi-
tion of abemaciclib remains a hotspot to better support
more personalized treatment regimens. Further studies
and biomarker analyses are warranted to precisely
identify patients who may benefit more from this
medicine.

Ribociclib

Ribociclib is also an oral, selective, small-molecule
inhibitor of CDK4/6. Mammary Oncology Assessment
of LEE011's (Ribociclib's) Efficacy and Safety-2
(MONALEESA-2),42 a randomized phase III trial,
evaluated the efficacy and safety of ribociclib com-
bined with letrozole as first-line treatment in post-
menopausal women with hormone receptor-positive
and HER2-negative recurrent or metastatic breast
cancer who had not receive any systemic therapy in
comparison with the placebo plus letrozole arm. The
PFS was significantly longer in the ribociclib arm than
in the placebo arm (HR ¼ 0.56; P ¼ 3.29 � 10�6)
along with a higher rate of myelosuppression in the
ribociclib group (neutropenia: 59.3% vs. 0.9%; leuko-
penia: 21.0% vs. 0.6%). Based on this trial, ribociclib
was approved by the FDA in 2017, providing more
treatment options for such patients.

VEGF inhibitors

Bevacizumab is a humanized monoclonal antibody
that competitively binds to VEGF, which regulates
angiogenesis and tumor survival. Lots of clinical
trials targeting VEGF in breast cancer are ongoing
(Table 5).44e46 The phase III trial Regimens in
Bevacizumab for Breast Oncology (RIBBON)-144



Table 5

Trials targeting VEGF in breast cancer.

Study Treatment schedule n Results

RIBBON-144 Bevacizumab plus traditional chemotherapy

vs. placebo plus traditional chemotherapy

(capecitabine or taxane/anthracycline)

824 vs. 413 Cape cohort: PFS, 8.6 vs. 5.7 months,

HR ¼ 0.69, P < 0.001; Tax/Anthra cohort:

PFS, 9.2 vs. 8.0 months, HR ¼ 0.64,

P < 0.001

RIBBON-245 Bevacizumab plus chemotherapy vs. placebo

plus chemotherapy

459 vs. 225 PFS: 7.2 vs. 5.1 months, HR ¼ 0.78,

P ¼ 0.0072

CALGB4050346 Bevacizumab plus letrozole vs. placebo plus

letrozole

174 vs. 174 PFS: 20.2 vs. 15.6 months, HR ¼ 0.75,

P ¼ 0.016

VEGF: vascular endothelial growth factor; RIBBON: Regimens in Bevacizumab for Breast Oncology; PFS: progression-free survival; HR: hazard

ratio; CALGB40503: Cancer and Leukemia Group B 40503.
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compared the efficacy and safety of bevacizumab plus
several traditional chemotherapy regimens (capecita-
bine or taxane/anthracycline) versus these regimens
alone as the first-line treatment for patients with
HER2-negative metastatic breast cancer. The mPFS
was prolonged by 2.9 months and 1.2 months,
respectively (capecitabine arm: from 5.7 months to 8.6
months; HR ¼ 0.69; P < 0.001; taxane/anthracycline
arm: from 8.0 months to 9.2 months; HR ¼ 0.64;
P < 0.001). Statistically significant differences in the
OS were not observed between the control and bev-
acizumab arms. RIBBON-2,45 another phase III trial,
was conducted to evaluate the efficacy and safety of
bevacizumab plus chemotherapy versus chemotherapy
alone as a second-line treatment for HER2-negative
metastatic breast cancer patients who had received
cytotoxic treatment. The mPFS increased from 5.1
months to 7.2 months (HR ¼ 0.78; P ¼ 0.0072), but
there was no statistically significant difference in the
OS. The incidence of adverse events in the chemo-
therapy arm was lower than that in the bevacizumab
arm (7.2% vs. 13.3%). Meta-analyses of these phase III
studies confirmed the lack of an OS benefit along with
potentially severe adverse events in the bevacizumab
arm.47,48 The FDA withdrew the approval of bev-
acizumab for breast cancer, but NCCN Guidelines
retain the recommendation of bevacizumab plus
paclitaxel. Bevacizumab actually has therapeutic ef-
fects in patients with HER2-negative breast cancer,
however there is no concerted conclusion on the spe-
cific role of bevacizumab in adjuvant chemotherapy,
the indications of which need further verification.

Moreover, VEGF, in addition to inducing tumor
angiogenesis, also induces the proliferation of breast
cancer cells and resistance to endocrine therapy by an
autocrine mechanism. High levels of VEGF are inti-
mately associated with an early recurrence and resis-
tance to endocrine therapy. Based on above findings,
the combination of antiangiogenic therapy and
endocrine therapy may show great potential for pa-
tients with hormone receptor-positive metastatic breast
cancer. Cancer and Leukemia Group B (CALGB)
4050346 was a phase III trial of letrozole with or
without bevacizumab as first-line treatment for patients
with hormone receptor-positive metastatic breast can-
cer. The addition of bevacizumab contributed to an
obvious prolongation in mPFS from 15.6 months to
20.2 months and resulted in a similar outcome in OS.
However, these benefits were related to an evident risk
of grade 3e4 adverse events, including hypertension
and proteinuria. Hence, the combination of an endo-
crine agent and an antiangiogenic agent has not been
recommended as standard treatment for hormone
receptor-positive advanced breast cancer. More precise
biomarkers will be required to further enhance the
function of bevacizumab in this setting.

Immune checkpoint inhibitors

Under normal conditions, the immune checkpoint
prevents excessive activation of T cells and inflamma-
tory reactions through a set of cellecell interactions, to
maintain the stability of the immune system. However,
the tumor cells always overexpress immune check-
points, inhibit the activity of T cells, and then evade
immune surveillance. Immune checkpoint inhibitors
can block the activity of immune checkpoints, so as to
recover the activity of T cells and then kill tumor cells.
Currently, checkpoint inhibitors mainly include
programmed death-1 (PD-1) inhibitors, programmed
death-ligand 1 (PD-L1) inhibitors, and cytotoxic T-
lymphocyte-associated antigen-4 (CTLA-4) inhibitors.
Recent studies have shown a close relationship between
PD-L1 and TNBC, for which treatment options were
limited.49

Pembrolizumab is a highly selective PD-1 antibody,
blocking the negative immune regulatory signal medi-
ated by the PD-1 receptor. A phase Ib study50 evaluated
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the efficacy of pembrolizumab in PD-L1-positive
TNBC patients. The 6-month PFS rate was 23.3%,
and the percentage of grade 3e4 adverse events was
15.6%. Pembrolizumab, which has been approved by
the FDA for the treatment of melanoma and pulmonary
squamous carcinoma, also shows promise in the treat-
ment of TNBC. A trial51 presented at San Antonio
Breast Cancer Symposium (SABCS) 2015 also showed
promising results of the efficacy of avelumab, which is
an anti-PD-L1 agent for the treatment of PD-L1-
positive TNBC patients. The clinical response rate of
avelumab was 44.4% versus 2.6% in the absence of PD-
L1 expression. Other immune checkpoint inhibitors,
such as atezolizumab and durvalumab, are still under-
going phase I or II clinical trials.

Conclusion

In recent years, great progress has been made in the
molecular targeted therapy of breast cancer. Trastuzu-
mab is regarded as the cornerstone of targeted therapy in
HER2-positive breast cancer and shows considerable
efficacy in both neoadjuvant therapy and adjuvant
therapy. Dual-targeted therapy involving trastuzumab
and pertuzumab marks a new phase of targeted therapy.
T-DM1 plays an important role in heavily pretreated
patients with HER2-positive advanced breast cancer
and contributes to the breakdown of the bloodebrain
barrier. CDK4/6 and mTOR inhibitors exhibit the abil-
ity to reverse the resistance to endocrine agents and
targeted agents to some extent. PARP inhibitors also
show immense potential in the treatment of the BRCA1/
2-mutated subgroup, which usually exists in TNBC.

With an increase in the understanding of the patho-
genesis of breast cancer, increasingly effective targeted
drugs can be applied to alleviate symptoms in the clin-
ical setting. However, as this is a novel therapeutic
strategy, there still exist many problems. First, breast
cancer is a heterogeneous disease in which the bio-
markers are diverse not only between primary and
metastatic tumors but also within a single tumor or
during tumor progression. It is hard to search for effi-
cient molecular test technology and find an agent that
can be applied to all types of tumor cells, especially
tumor stem cells. Moreover, tumor cells gradually resist
targeted agents during treatment. Therefore, researchers
have to constantly develop new drugs to overcome this
de novo or acquired resistance. Second, combination
therapies indeed enhance tumor cell killing but also
cause several adverse events. To some extent, combi-
nation treatments also antagonize chemotherapy-
induced cell death.52 Owing to their size, charge, and
tight target binding affinity, monoclonal antibodies have
a relatively limited distribution. They also present non-
specific binding owing to the constant region (Fc) of
the monoclonal antibodies. Both of these characteristics
limit the efficacy of monoclonal antibodies. Researchers
found that some anticancer agents may increase the risk
of second primary malignancies. In brief, the future of
targeted therapy for breast cancer is full of hope and
challenges. With the increase in the knowledge of the
pathogenesis of breast cancer, we are hopeful that a cure
for breast cancer will be found someday.
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