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Abstract

Breast cancer is the most common cancer in women worldwide. Although
various subgroups are defined according to the expression of hormones
and ErbB family receptors, it is well known that this disease is more het-
erogeneous than its classification system suggests. As new effective thera-
peutic choices are developed and used clinically, resistance to these new
agents is also being observed. The most promising new anti-HER thera-
pies are T-DM1 and pertuzumab, which has been evaluated in trastuzumab-
resistant patients and also in a first-line setting with trastuzumab. The dual
blockage of HER seems to be a favorable approach for these patients;
however, the downstream signaling steps can be activated to overcome the
tyrosine kinase inhibition. Because tumor cells can adapt themselves by
using alternative pathways to maintain proliferation, providing a sufficient
treatment approach also requires the consideration of possible escape
mechanisms in tumor cells. By inhibiting tyrosine kinases combined with
another agent that affects downstream factors of the PI3K/AKT/mTOR
pathway, drug resistance in breast cancer can be overcome or delayed. In
this chapter, we discuss the new tyrosine kinase inhibitors that inhibit
more than only HER-2 and discuss some ongoing clinical trials in this
area. In so doing, we hope to provide information for overcoming tyrosine
kinase drug resistance and to identify the ideal settings for these treatment
choices according to recent data.
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A tyrosine kinase is an enzyme that phosphory-
lates tyrosine residues in proteins to regulate sig-
naling within a cell. In normal conditions,
tyrosine kinase activity is regulated by strict
mechanisms; however, this tight control is lost in
cancer cells, which results in uncontrolled cell
proliferation, differentiation, apoptosis, and inva-
sion [1]. Because tyrosine kinases are the driving
step in cell signaling, tyrosine kinase inhibitors
(TKIs) can serve as a therapeutic option for breast
cancer patients. In this chapter, we will review
the monoclonal antibodies targeting tyrosine
kinase receptors and the small molecule TKIs
that serve as anticancer agents, and we will also
discuss the newer therapeutic options developed
to overcome drug resistance in breast cancer.

Introduction

Receptor tyrosine kinases have three different
major domains—the extracellular domains
(domains I-IV), the transmembrane domain, and
the juxtamembrane domain. Upon ligand bind-
ing, two receptor tyrosine kinases homo- or het-
erodimerize and tyrosine residues are
phosphorylated to activate the downstream sig-
naling cascade. Nearly 90 tyrosine kinases have
been identified in humans including receptor
tyrosine kinases and cellular tyrosine kinases [2].

Among these, the epidermal growth factor
receptor family (EGFR, ErbB) and VEGF are the
primary targets studied in breast cancer. Four
members of ErbB receptor family have been
identified: (1) EGFR (ErbB1), (2) HER-2
(ErbB2), (3) HER-3 (ErbB3), and (4) HER-4
(ErbB4).

Within the ErbB family, HER-2 is the pre-
ferred dimerization partner because its kinase
catalytic activity is most potent, and it does not
require a ligand for dimerization. HER-2 overex-
pression is observed in 15-30 % of breast cancers

and is associated with poorer prognosis.
Trastuzumab, a humanized monoclonal anti-
HER-2 antibody, binds to the extracellular domain
of HER-2 (subdomain IV) and leads to a confor-
mational change. Previous studies have confirmed
that via different mechanisms, including anti-
body-dependent  cell-mediated  cytotoxicity,
downstream pathway inhibition, and dimerization
prevention, trastuzumab exerts antitumor activity.
Although the agent achieves its efficacy by vari-
ous mechanisms, the majority of HER-2-positive
tumors develop resistance to treatment. Increased
MUC-4 expression, alternative downstream
PI3K—-AKT pathway activation, PTEN loss, trun-
cated p95 expression, and p27 downregulation are
possible reasons for trastuzumab resistance.

The majority of targeted therapy studies have
attempted to overcome these resistance mecha-
nisms by targeting various steps of the tyrosine
kinase activation cascade or by using a combination
of new anti-HER-2 therapies targeting the HER-2
signaling network at multiple points.

Anti-HER-2 Therapies
Lapatinib

Lapatinib is an orally active dual inhibitor of EGFR
and HER-2. Preclinical studies demonstrated that
lapatinib could inhibit trastuzumab-resistant HER-
2(+) breast cancer by binding to truncated p95
[3, 4]. In the metastatic first-line setting, a lapatinib/
chemotherapy combination is approved for use fol-
lowing disease progression in patients previously
treated with trastuzumab. In this setting, paclitaxel—
lapatinib  combination therapy  significantly
improved event-free survival (EFS), the time to pro-
gression (TTP), and the clinical benefit rate (CBR)
without any overall survival (OS) advantage com-
pared with paclitaxel-placebo in a phase III study
[5]. In subsequent settings, lapatinib/capecitabine
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and lapatinib/trastuzumab are possible therapeutic
options [6, 7]. The combination of lapatinib and
trastuzumab, by blocking HER-2 through different
mechanisms, appears to be a good choice.
EGF104900 study data demonstrated that lapatinib
plus trastuzumab improved PFS, and the clinical
benefit was comparable to lapatinib monotherapy
[7, 8]. However, it is not clear whether the sequen-
tial or combined use of these agents will establish
better results. An ongoing phase III study,
NCTO00968968, evaluating the efficacy of lapatinib
plus trastuzumab versus trastuzumab alone to
enable continuous HER-2 suppression after first- or
second-line trastuzumab-based chemotherapy com-
bination, will clarify whether dual blockage in
maintenance will achieve better results in metastatic
setting. Another ongoing phase III study,
NCT00667251, which completed patient accrual, is
comparing taxane plus trastuzumab or lapatinib
combination therapy in untreated HER-2(+) MBC.
In the neoadjuvant setting, although lapatinib/
trastuzumab combination therapy significantly
improved pCR compared with trastuzumab alone
(51.3 % vs. 29.5 %) in the NEO-ALTTO study
[9], a head-to-head comparison of trastuzumab
and lapatinib with chemotherapy combination
therapy in the GeparQuinto study showed that
trastuzumab achieved better pCR compared with
lapatinib (31.75 % vs. 21.7 %, respectively) [10]..
In the randomized phase Il CHERLOB trial, pre-
operative taxane and anthracycline chemotherapy
in combination with trastuzumab, lapatinib, or
both was evaluated in stage II-IIIA breast cancer
patients. The pCR rate was 28 %, 32 %, and 48 %
in the trastuzumab, lapatinib, and combination
arms, respectively [11]. The present data con-
firmed that the combination of these agents results
in better pCR, whereas single-agent trastuzumab
appears to be superior to single-agent lapatinib.
In tumors positive for HER-2 and hormone
receptor (HR), inhibiting both the HER-2 and ER
pathways might be a more reasonable option.
There is crosstalk between these pathways. In
lapatinib-exposed cells, continuous inhibition of
the PI3K/Akt pathway can lead to upregulation
of the transcription factor FOX03A, which can
then increase ER signaling [12]. Two large ran-
domized trials evaluated aromatose inhibition
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(AD) and anti-HER-2 therapy combinations. In
postmenopausal hormone receptor- and HER-2-
positive breast cancer patients, lapatinib in com-
bination with letrozole achieved a significantly
better median PFS (8.2 months vs. 3 months),
ORR (28 % vs. 15 %), and CBR (48 % vs. 29 %)
compared with letrozole alone [13]. In the
TAnDEM study, trastuzumab and anastrozole
combination therapy versus anastrozole alone
showed a significantly superior median PFS
(4.8 months vs. 2.4 months) and ORR (20.3 % vs.
6.8 %) in metastatic breast cancer [14]. In an
ongoing study, NCT01160211, participants are
being recruited to compare Al in combination
with lapatinib, trastuzumab, or both for the treat-
ment of hormone receptor-positive, HER-2-
positive metastatic breast cancer.

Pertuzumab

Pertuzumab is a recombinant humanized mono-
clonal antibody that binds to the HER-2 extracel-
lular subdomain II and prevents HER-2
dimerization. Unlike trastuzumab, which is effec-
tive on HER-2 homodimers, pertuzumab can
affect HER-2/EGFR and HER-2/HER-3 interac-
tions (Fig. 36.1). In preclinical studies using pertu-
zumab as a single agent and in combination with
trastuzumab, its activity was confirmed [15]. A
subsequent phase II study evaluated the role of
pertuzumab—trastuzumab combination therapy in
HER-2(+) metastatic breast cancer patients who
progressed on prior trastuzumab therapy. The
objective response rate (ORR) and CBR were
24 % and 50 %, respectively. The median progres-
sion free-survival was 5.5 months [16]. The subse-
quent phase III CLEOPATRA study compared the
efficacy of docetaxel, trastuzumab, and pertu-
zumab combination therapy with docetaxel, trastu-
zumab, and placebo in HER-2(+) metastatic breast
cancer patients. The majority of the group (90 %)
had not previously received an anti-HER-2 agent,
and triple combination therapy showed significant
improvements in the median PFS and ORR
(19 months vs. 12 months; 80 % vs. 69 %, respec-
tively) [17]. Based on this study, pertuzumab
received FDA approval in June 2012 for use in the
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Fig.36.1 Therapies targeting HER signaling

first-line setting as a combination therapy. The
final OS results were presented at the 2014 ESMO
Congress in Madrid, Spain. At last follow-up, the
median OS was 56.5 versus 40.8 months in the
pertuzumab—trastuzumab and trastuzumab only
plus chemotherapy arms, respectively.

The role of pertuzumab in second-line setting
is not clear. As there is no present study compar-
ing T-DM1 with pertuzumab combinations, the
best option for the initial setting in MBC has not
been clearly defined.

In neoadjuvant studies, the NEOSPHERE trial
randomized operable, locally advanced, or
inflammatory HER-2-positive breast cancers to
four different treatment groups: (A) docetaxel
and trastuzumab; (B) docetaxel, trastuzumab,
and pertuzumab; (C) pertuzumab and trastu-
zumab; and (D) docetaxel and pertuzumab [18].
The pCRs of the four groups were 29 %, 45.8 %,
16.8 %, and 24 %, respectively. In this study, the
triple combination showed superior pCR, but a
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subgroup of arm C also appeared to benefit from
dual blockage without chemotherapy. The ran-
domized phase II TRYPHAENA trial compared
pertuzumab and trastuzumab (HP) with or with-
out an anthracycline-based chemotherapy regi-
men in neoadjuvant setting. Fluorouracil,
epirubicine, and cyclophosphamide (FEC)-HP
followed by docetaxel (D)-HP, FEC followed by
D-HP, and docetaxel—carboplatin (DC) with HP
were the three treatment arms. The pCR rates
were 62 %, 57 %, and 66 % in these three groups,
respectively; no significant differences were
found [19].

T-DM1

T-DM1 is an antibody drug conjugate comprising
trastuzumab and an antimitotic agent derivative
maytansine that directly targets HER-2expressing
cells [20] (Fig. 36.1). FDA approved the drug in



36 Tyrosine Kinase Inhibitors

February 2013 in consequence of EMILIA study
results. This phase III study enrolled 978 HER-
2(+) MBC patients treated previously with trastu-
zumab and taxane therapy. The patients were
randomized to T-DM1 (3.6 mg/kg IV, D1) OR
capecitabine (1,000 mg/m? orally twice daily, days
1-14) and lapatinib (1,250 mg orally once daily)
combination therapy given every 3 weeks.
Significant improvements in the median PFS
(10 months vs. 6 months, respectively), OS
(31 months vs. 25 months, respectively), and ORR
were achieved (44 % vs. 31 %, respectively). In a
recent publication evaluating the patient-reported
outcomes of the EMILIA study, greater efficacy
and tolerability of T-DM 1 were revealed [21].

The THERESA phase 3 trial compared
T-DM1 with the physician’s treatment of choice
in patients with progressive disease following
treatment with two or more HER-2-directed regi-
mens for MBC, and this trial revealed that PFS
was significantly improved with T-DM1 (median
PES 6.2 months vs. 3.3 months) [22].

Although the approval of the drug is restricted
to patients who progressed after trastuzumab
therapy, recent studies may confirm the role of
T-DMI1 in the first-line setting. A recently pub-
lished phase II study in HER-2(+) MBC/locally
advanced patients showed that in the first-line
setting, T-DM1 produced a superior median PFS
(14.2 months. vs. 9.2 months, respectively) and
ORR (64.2 % vs. 58 %, respectively) compared
with docetaxel and trastuzumab combination
therapy [23]. The phase III MARIANNE study
(NCT01120184) completed patient recruitment
to compare T-DM1 plus pertuzumab, T-DM1
plus placebo, and trastuzumab plus taxane in
HER-2(+) MBC patients without initial therapy
in a locally advanced or metastatic setting, but
the final results have not been presented.
Additionally, an ongoing study, NCT00829166,
is comparing the safety and efficacy of T-DM1
with capecitabine plus lapatinib. These studies
will identify the therapeutic settings of the new
anti-HER-2 drugs and also provide knowledge
regarding whether combination therapy will
improve the survival endpoints.

These agents mentioned above target HER-1,
HER-2, and HER-3 in their dimerization and
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activation steps; however, various cascades are
involved downstream of the ErbB family before
the proliferation signals reach the nucleus.

Neratinib

Neratinib is an oral covalent drug that irrevers-
ibly inhibits the ATP-binding active site of the
ErbB family [24] (Fig. 36.1). In a phase II study,
advanced HER-2-positive breast cancer patients
received oral neratinib 240 mg once daily. The
median PFS was 22.3 or 38.6 weeks for patients
with prior trastuzumab therapy or with no prior
trastuzumab therapy, respectively. The ORR was
24 % among patients with prior trastuzumab
treatment and 56 % in the trastuzumab-naive
cohort [25]. In another study comparing neratinib
monotherapy versus lapatinib plus capecitabine,
the median PFS was 4.5 versus 6.8 months in the
neratinib (240 mg/day) arm versus the combina-
tion arm. The ORRs were 29 % and 41 %, respec-
tively. The noninferiority of neratinib could not
be demonstrated in this study. Another study
evaluated neratinib (240 mg/day) and capecitabine
combination therapy (1,500 mg/m?%day) in HER-
2(+) breast cancer. The ORRs for patients who
had received prior lapatinib treatment and for
lapatinib-naive patients were 57 % and 64 %,
respectively. The median PFS was superior in the
lapatinib-naive group (40.3 vs. 35.9 weeks) [26].

Lessons gained from phase II studies show
that neratinib mainly improved responses and
survival rates in anti-HER-2-naive patients.
Based on the positive results in the metastatic set-
ting, the efficacy of the drug in neoadjuvant and
adjuvant settings is being investigated in ongoing
trials.

The I-SPY 2 trial evaluated neratinib in com-
bination with weekly paclitaxel with or without
trastuzumab followed by doxorubicin and cyclo-
phosphamide (AC) as neoadjuvant therapy for
women with HER-2-positive locally advanced
breast cancer. The final results were presented at
AACR 2014 as an oral presentation. Neratinib
plus chemotherapy achieved a pathological com-
plete response rate of 56 % versus 33 % for
patients treated with chemotherapy alone [27].
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Additionally, an adjuvant study, the ExteNET
trial, evaluated neratinib versus placebo after the
completion of 1 year of standard trastuzumab
therapy in 2,821 patients with HER-2-positive
breast cancer. Adjuvant treatment with neratinib
extended DFS by 33 % compared with the pla-
cebo. The full results have not been presented at
a scientific meeting.

The main side effect of neratinib is diarrhea,
which is usually of the secretory type without
mucositis. Antidiarrheal therapy, including loper-
amide, can overcome this adverse event.

Afatinib

Afatinib is an oral small molecule inhibitor of the
ErbB receptor family that covalently binds and
irreversibly blocks ErbB family members
(Fig. 36.1). In advanced HER-2(+) breast cancer
patients after trastuzumab failure, afatinib 50 mg/
day was given to patients once daily until
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progression occurred. SD was the best response
in 37 % of patients, and 46 % achieved a clinical
benefit. The median PFS and OS were 15.1 and
61 weeks, respectively [28]. According to a pre-
vious study, the activity appeared to be limited in
HER-2(-) patients [29]. A phase 3 randomized
study of afatinib in trastuzumab-resistant meta-
static breast cancer was halted early due to unfa-
vorable risk—benefit analysis [30].

Dual blocking of tyrosine kinases, pan-HER
blocking agents, and drug-conjugated anti-
HER-2 agents are being studied in early-phase
clinical studies to explain the exact role of these
agents in the near future (Table 36.1).

EGFR Inhibitors

EGFR (HER-1) is a member of the ErbB family
that enhances tumorigenicity in breast cancer and
is also associated with poorer survival and resis-
tance to hormonal therapy [31, 32]. EGFR is not

Table 36.1 Ongoing clinical trials of HER-targeted agents

ClinicalTrials.gov
identifier number

NCTO01304797

NCT01097460

NCT01569412

NCT00535522

NCT01421472

Drug description
MM-302
Nanotherapeutic
encapsulation of
doxorubicin with
attached antibodies

MM-111

Novel antibody fusion
protein targeting HE2/
HER-3 heterodimer
Ertumaxomab

Hybrid monoclonal
antibody targets T
cell-CD3 ag and HER-2
TAK-285

Dual HER2/EGFR
inhibitor

MM-121

Fully human anti-HER-3
monoclonal antibody

PCR pathologic complete remission

Patient characteristics

Advanced breast
cancer
Phase I study

Advanced HER-2,
heregulin-positive
breast cancer
Phase I
Her2-positive
advanced solid
tumors

Phase I-11

Advanced cancer
Phase [

ER-positive or
ER-negative
HER-2-negative
locally advanced
breast cancer
Phase 11
Neoadjuvant study

Treatment
MM-302 30 mg/
m? g4w
MM-302 40 mg/
m? g4w
MM-302 50 mg/
m? g4w

Dose escalation
cohorts

Dose escalation

Dose escalation
cohorts

Arm 1:MM-121
plus paclitaxel

Arm 2: paclitaxel

Primary endpoint
Maximum tolerated
dose

Maximum tolerated
dose, safety and
tolerability

Maximum tolerated
dose
Maximum tolerated

dose

pCR
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only related to ER(+) tumors but is also overex-
pressed in basal-like breast cancers [33]. The
small molecule tyrosine kinase inhibitor gefitinib
is being investigated in combination with endo-
crine therapy in hormone receptor-positive
tumors, whereas cetuximab is being evaluated in
triple-negative patients.

Gefitinib

Gefitinib is a small molecule tyrosine kinase
inhibitor that inhibits downstream signaling
pathways activated by phosphorylation. The effi-
cacy of the drug could not be demonstrated in
monotherapy in taxane- and anthracycline-
pretreated metastatic breast cancer patients [34]
but was shown to be a reasonable option in the
neoadjuvant setting with anastrozole combina-
tion therapy in ER(+) and EGFR(+) tumors [35].
A phase II study in the advanced breast cancer
setting demonstrated that paclitaxel and carbo-
platin combined with gefitinib (250 mg/day
orally) achieved CR (10.3 %), PR (44.1 %), and
SD (30.9 %) in a patient group [36]. In another
study, first-line therapy in MBC with gefitinib
and docetaxel revealed an ORR of 54 % with
better PR and CR in an ER(+) versus ER(-)
group (70 % vs. 21 %) [37]. Although various
chemotherapeutic combinations had acceptable
toxicity profiles, adding gefitinib to chemother-
apy as well as to trastuzumab did not achieve a
significant improvement in response rates or sur-
vival [38—40]. These results carried the drug to
be used in a combination with hormonal therapy
options.

According to the present data, the addition of
gefitinib to anastrozole treatment had no addi-
tional clinical effect in a neoadjuvant setting
[41]; however, the same combination is associ-
ated with improved PFS (17.4 vs. 8.4 months)
and CBR (49 % vs. 34 %) compared with anas-
trozole alone in a metastatic setting [42]. A
recent study comparing anastrozole plus gefi-
tinib versus fulvestrant plus gefitinib in post-
menopausal HR(+) MBC showed that both
combinations have similar clinical benefit rates
(44.1 % vs. 41 %, respectively), median PFS (5.3
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vs. 5.2 months, respectively), and OS (30.3 vs.
23.9 months, respectively). However, the clinical
benefit rates of both combinations are not clearly
superior to gefitinib or endocrine therapy alone.
Because EGFR expression is related to endo-
crine resistance, it is rational to hypothesize that
gefitinib plus endocrine therapy might overcome
hormonal therapy resistance. Additionally, in a
phase II study, two patient groups with initial
hormonal therapy received gefitinib. Stratum 1
included women with newly diagnosed metasta-
ses or who had recurred 1 year after stopping
adjuvant therapy with tamoxifen. Stratum 2
involved patients with recurrent disease during
or after Al adjuvant therapy or those who pro-
gressed after first-line hormonotherapy with Al
in a metastatic setting. Patients were randomized
to receive tamoxifen plus gefitinib (250 mg/day
orally) versus tamoxifen plus placebo. The
median PFS (10.9 vs. 8.8 months) was better in
the combination arm in Stratum 1. No objective
responses were detected in Stratum 2 with com-
bination therapy [43].

These conflicting results reflect that the pres-
ent data are not sufficient to identify the exact
ideal setting of this agent. We believe that in the
future, gefitinib can be a part of therapeutic
options in HR (+) MBC patients in the initial set-
ting to delay the development of hormone
resistance.

Cetuximab

Cetuximab is an epidermal growth factor (EGF)
antagonist that specifically binds to EGFR on
both normal and tumor cells. The binding of
cetuximab to EGFR blocks the phosphorylation
and activation of receptor-associated kinases.
Signal transduction through EGFR activates
k-ras; however, mutant k-ras protein is constitu-
tively active and does not depend on EGFR regu-
lation. The majority of cetuximab studies
included triple-negative breast cancers (TNBCs)
because they have high EGFR expression. A
phase II study evaluating weekly irinotecan/
carboplatin with or without cetuximab in patients
with metastatic breast cancer showed antitumor



624

activity but also showed significant associated
toxicity [44]. The TBCRCOO0I study evaluated
cetuximab and carboplatin combination therapy
in metastatic TNBCs; the combination clinical
benefit ratio is higher (27 % vs. 10 %), whereas
the median PFS was only 2 months in all study
groups due to rapid disease progression. BALI-1,
the largest EGFR trial in metastatic TNBC, com-
pared cetuximab with cetuximab and cisplatin
combination therapies. With combination ther-
apy, the reduction in the risk of progression was
32.5 %, and PFS was longer in the cetuximab
arm (3.7 months vs. 1.5 months, HR: 0.67,
p=0.03); no significant improvement was found
in OS [45].

In addition to these two agents, erlotinib was
shown to have minimal activity in unselected
previously treated women [46] and limited activ-
ity when combined with bevacizumab in MBC
after first- or second-line chemotherapy [47].
However, preliminary evidence of anticancer
activity was observed with trastuzumab combi-
nation therapy [48].

Among the EGFR inhibitors, cetuximab and
gefitinib appear to be the most promising drugs
according to recent data.

Targeting the PI3K Pathway
in Breast Cancer to Overcome TKI
Resistance

Phosphoinositide 3-kinases (PI3Ks) are a family
of lipid kinases. They function as dimeric
enzymes and comprise catalytic (p110 o, B, y,
and d) and regulatory subunits (p85) in their
structures. After a growth factor or a ligand
binds to its tyrosine kinase receptor, the inhibi-
tory effect of p85 on p110 is removed, and PI3K
is activated. The activated kinases phosphory-
late phosphatidylinositol bisphosphate (PIP2) to
phosphatidylinositol triphosphate (PIP3), which
recruits proteins such as Akt and PDK1 to cel-
lular membranes [49]. Phosphatase and tensin
homologue deleted on chromosome ten (PTEN)
acts as a catalytic antagonist of PI3K by hydro-
lyzing PIP3 to PIP2. Class 1 PI3Ks comprise the
major subgroup, which is found to be involved
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in cancer. PI3K mutational activation or overex-
pression or PTEN inactivation by genetic or
epigenetic alterations result in enhanced PI3K
signaling. The majority of mutations are in
PIK3CA in three hotspots within the p110a cat-
alytic subunit and are gain-of-function muta-
tions. Two of these mutations are helical, and
one is on the kinase domain of p110a.

A recent paper published in Nature high-
lighted the genomic and proteomic features of
breast cancer subtypes and showed that PIK3CA
mutation was more common in luminal tumors,
whereas PTEN mutation/loss was most common
in basal-like breast cancers [50]. PIK3CA muta-
tions were found in 49 %, 32 %, 7 %, and 42 %
of luminal A, luminal B, basal-like, and HER-
2(+) patients, respectively, whereas PTEN
mutations/losses were found in 13 %, 24 %,
35 %, and 19 %, respectively.

Previous studies confirmed that PI3KCA
mutations could confer favorable clinical out-
comes. Because luminal A-B tumors have more
frequent mutations with slower disease progres-
sion, especially in luminal A tumors, these muta-
tions may be associated with less aggressive
disease. However, these mutations are also asso-
ciated with trastuzumab and lapatinib resistance
in HER-2-positive breast cancer and to hormonal
therapy resistance in HR-positive tumors by
directly inducing ER transcription [51, 52].
Retrospective analyses in HER-2(+) MBC
showed that tumors with PIK3CA mutations or
PTEN loss are associated with low trastuzumab
and lapatinib efficacy and also suggest that anti-
HER-2 drug-resistant tumors may still benefit
from PI3K inhibitors [53, 54]. In contrast, PTEN-
deficient HER-2-positive cells still have upstream
input from HER-2; therefore, dual blockage
might be effective in this patient group [55].

PI3K pathway inhibitors can be divided into
subgroups according to their targets: (1) pan-
PI3K inhibitors; (2) mTOR inhibitors; (3) Akt
inhibitors; and (4) PI3K/mTOR dual inhibitors.
Regarding pan-PI3K inhibitors, phase 1 dose
escalation study results in solid tumors have
recently been published but will not be men-
tioned here because phase 2 study results are still
pending [56, 57].
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mTOR Inhibitors

mTOR is one of the major mediators of cell
growth; it acts primarily via two downstream mes-
sengers, P70-S6 kinase 1 and 4E-BP1, which exert
their activity at the translational level. Because
PI3K/Akt/mTOR pathway activation was shown
to contribute to trastuzumab and hormonal therapy
resistance in previous studies, the addition of
mTOR inhibitors to chemotherapy and hormonal
therapy options was performed in an attempt to
delay resistance in this patient group [58, 59].

Regarding the first studies initiated with temsiro-
limus, a phase II study exploring the combination of
letrozole and temsirolimus compared with letrozole
alone showed a longer median PFS in the combina-
tion group, but a subsequent phase III study was
stopped early due to toxicity issues [60, 61].

Everolimus, with its improved toxicity profile,
became the major agent being evaluated in this set-
ting. Everolimus did not achieve a good objective
ORR as a monotherapy [62]. However, in HER-
2(+) MBC patients, everolimus in combination
with paclitaxel plus trastuzumab or vinorelbine
with trastuzumab demonstrated efficacy in trastu-
zumab-pretreated patients [63, 64]. In a phase I/IT
study, HER-2(+) MBC patients who progressed on
trastuzumab-based therapy received everolimus in
combination with trastuzumab. Among 47
patients, the combination of everolimus and trastu-
zumab resulted in PR in seven patients (15 %) and
persistent SD (lasting 6 months or longer) in nine
patients (19 %), translating to a clinical benefit rate
of 34 %. The median PFS was 4.1 months. This
study suggests that everolimus may have promis-
ing activity in trastuzumab-pretreated patients not
receiving cytotoxic chemotherapy [65].

In HR-positive tumors, because endocrine ther-
apy resistance is associated with PI3K/Akt/mTOR
pathway activation, the combination of everolimus
and hormonal therapy is a rational option to over-
come or delay endocrine resistance. The benefit of
everolimus plus exemestane was shown in the
BOLERO-2 trial in 724 patients who progressed on
anastrozole. Patients were randomly assigned to
receive either exemestane plus everolimus or
exemestane plus placebo [66]. The final study
results, with a median 18-month follow-up, show
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that the median PFS remained significantly longer
with everolimus plus exemestane irrespective of
age or metastasis region [investigator review: 7.8
versus 3.2 months, respectively; hazard ratio = 0.45
(95 % confidence interval 0.38-0.54); log-rank
P<0.0001; central review: 11.0 versus 4.1 months,
respectively; hazard ratio = 0.38 (95 % confidence
interval 0.31-0.48); log-rank P<0.0001) [67].

The noninterventional BRAWO study includ-
ing HR (+) and HER-2(-) MBC patients treated
with everolimus and exemestane showed that the
median PFS was 8.0 months in the everolimus
and exemestane group, with more favorable
results in the first-line treatment (PFS:10 months)
group; these data were presented at the ESMO
2014 Congress in Spain [68].

In the phase II GINECO study, 111 HR(+),
HER-2(-) MBC patients previously treated with
aromatase inhibitors were randomly selected to
receive tamoxifen alone or tamoxifen in combina-
tion with everolimus (10 mg/day). The CBR
(61.1 % vs. 42.1 %) and TTP (8.6 months vs.
4.5 months) were significantly improved in the
combination group, and the risk of death was
reduced by 55 % with tamoxifen plus everolimus
versus tamoxifen alone (HR, 0.45; 95 % CI, 0.24—
0.81) [69]. When patients were stratified according
to primary or secondary hormone resistance, TTP
was more improved in secondary hormone-resistant
patients who received combination therapy com-
pared with those who received tamoxifen alone
(17.5 months vs. 5 months, respectively), whereas
TTP was only slightly improved by combination
therapy in primary hormone-resistant patients
(5.4 months vs. 3.9 months, respectively).

In a phase II study, ER(+) MBC patients who
failed Al therapy within 6 months were random-
ized to receive everolimus 10 mg/day in combi-
nation with intramuscular fulvestrant (500 mg
D1, 250 mg D14, 250 mg D28, or 250 mg once a
month). Although the final results of the study
have not been presented, a CBR of 55 % and TTP
of 8.6 months were achieved by combination
therapy [70].

The present data show that everolimus com-
bined with hormonotherapy might be an ideal
therapeutic option in secondary hormone-
resistant patients.
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The BOLERO-3 trial evaluated the combina-
tion of everolimus, vinorelbine, and trastuzumab
in women with HER-2-positive, trastuzumab-
resistant advanced breast carcinoma who had
previously received taxane therapy. Eligible
patients were randomly assigned to daily everoli-
mus (5 mg/day) plus weekly trastuzumab (2 mg/
kg) and vinorelbine (25 mg/m?) or to placebo
plus trastuzumab plus vinorelbine in 3-week
cycles [71]. The study revealed that the addition
of everolimus to trastuzumab plus vinorelbine
prolongs PES in the patient group [the median
PFS was 7.00 months (95 % CI 6.74-8.18) with
everolimus and 5.78 months (5.49-6.90) with
placebo (hazard ratio 0.78 [95 % CI 0.65-0.95];
p=0.0067)].

An ongoing study, the BOLERO-1 trial
(NCT00876395), is evaluating everolimus in
combination with trastuzumab and paclitaxel in
the first-line setting; the final results have not yet
been released.

Everolimus has also evaluated in the neoadju-
vant setting in combination with letrozole. Newly
diagnosed ER (+) localized breast cancer patients
were randomized to receive letrozole 2.5 mg/day

Table 36.2 Ongoing clinical trials of PI3K inhibitors

ClinicalTrials.gov

identification number Patient characteristics
NCTO01629615 Triple-negative MBC
NCTO0181659%4 HER-2(+) newly diagnosed
patients neoadjuvant
NCT01589861 Trastuzumab-resistant
HER-2(+)/PI3K-activated
advanced breast cancer
NCT00960960 Locally recurrent/metastatic
breast cancer
NCT01082068 HR(+) HER-2(-)

nonsteroidal Al resistant
disease

B. Cakar and E. Goker

plus placebo or letrozole plus everolimus 10 mg/
day before surgery. The ORR was found to be
59 % and 68 % in the letrozole and combination
arms, respectively [72].

Upon blocking mTOR with everolimus, com-
pensatory Akt activation occurs. Baselga et al.
explained in a recent review that this situation
was due to reduced S6 following mTOR inhibi-
tion and claimed that reduced S6 could not sup-
press signaling of IGF-1R via supression of
IRS-1 anymore. Activated IGF-1R increase
PI3K signaling [49].

PI3K Inhibitors

Clinical trials with PI3K inhibitors are ongoing
and still in early phases (Table 36.2). Among
these inhibitors, XL-765 is a dual mTOR (TORC
1 and 2) and PI3K inhibitor, and XL-147 is a
selective inhibitor of PI3K with a potent inhibi-
tory effect on the class I PI3K family. Both agents
were designed to be orally administered.
Preliminary data from the NCT01082068 trial
confirmed that both PI3K inhibitors can be safely

Treatment

Phase II

BKM 120 (PI3K inhibitor)
100 mg daily in cycles of

28 days, until progression
Phase 11

Trastuzumab versus
trastuzumab +BKM 120 with
weekly paclitaxel

Phase I-11
BKM120 plus lapatinib

Phase 1

GDC0941 (PI3K inhibitor) in
combination with paclitaxel
with or without trastuzumab or
bevacizumab

Phase I-II (PI3K inhibitor)

XL 147
(SAR245408)+letrozole versus
XL 765
(SAR245409)+letrozole

PCR pathologic complete remission, ORR overall response rate, CBR clinical benefit rate

Primary endpoint
CBR

pCR

Maximum tolerated
dose-phase 1

ORR-phase 1T

Tolerability and tumor
response

Maximum tolerated
dose-phase I
PFS-phase 11
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combined with letrozole. The phase II studies
will clarify whether dual PI3K and mTOR inhibi-
tion is better than PI3K inhibition alone.

Concluding Remarks

Targeted therapies in breast cancer have had
remarkable effects on patient survival since the
first representative drug, trastuzumab, was used
in HER-2(+) breast cancer. However, patients
develop resistance to these drugs during the
treatment period. This is mainly associated with
cancer cells finding alternative pathways to
maintain proliferative signaling. To delay the
development of resistance to these therapies,
combined modalities targeting different steps of
the signaling cascade have been investigated.
The main obstacle to this approach is tumor het-
erogeneity; because of this, we cannot use sim-
ple standard analytical techniques to predict the
driving pathway in the tumor that should be
blocked. Genomic analyses in recent decades
have also confirmed this heterogeneity and
revealed that by analyzing tumor characteris-
tics, individualized therapy can be performed
for each patient. This direction is also reflected
in the ongoing trial protocols, which mainly
include patients with demonstrated mutations
amenable to treatment with the target drug. The
future studies should not only confirm the effi-
cacy of targeted combinations but also stratify
the selected patient group for each developed
drug.
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