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Abstract: Approximately 20% of breast cancer patients harbor tumors that overexpress human
epidermal growth factor receptor 2 (HER2; also known as ErbB2), a receptor tyrosine kinase
that belongs to the epidermal growth factor receptor family of receptor tyrosine kinases. HER2
amplification and hyperactivation drive the growth and survival of breast cancers through the
aberrant activation of proto-oncogenic signaling systems, particularly the Ras/MAP kinase and
PI3K/AKT pathways. Although HER2-positive (HER2*) breast cancer was originally considered
to be a highly aggressive form of the disease, the clinical landscape of HER2* breast cancers has
literally been transformed by the approval of anti-HER2 agents for adjuvant and neoadjuvant
settings. Indeed, pertuzumab is a novel monoclonal antibody that functions as an anti-HER2
agent by targeting the extracellular dimerization domain of the HER2 receptor; it is also the
first drug to receive an accelerated approval by the US Food and Drug Administration for use
in neoadjuvant settings in early-stage HER2* breast cancer. Here, we review the molecular and
cellular factors that contribute to the pathophysiology of HER2 in breast cancer, as well as
summarize the landmark preclinical and clinical findings underlying the approval and use of
pertuzumab in the neoadjuvant setting. Finally, the molecular mechanisms operant in mediating
resistance to anti-HER2 agents, and perhaps to pertuzumab as well, will be discussed, as will the
anticipated clinical impact and future directions of pertuzumab in breast cancer patients.
Keywords: breast cancer, HER2, monoclonal antibody, neoadjuvant, pertuzumab, receptor
tyrosine kinase, signal transduction, trastuzumab

Introduction

Breast cancer remains a significant health concern worldwide, accounting for
~1.7 million newly diagnosed cases and 522,000 deaths in 2012."? Despite the imple-
mentation of improved screening and early detection protocols, the American Cancer
Society still estimates that invasive breast cancer will be diagnosed in ~232,000 women
in the USA in 2015, killing more than 40,000 patients in the same time span.? Breast
cancer is a heterogeneous disease that comprises at least five genomically distinct
subtypes that coalesce as the second leading cause of cancer death in women.?> Among
individual breast cancer subtypes, those classified as human epidermal growth factor
receptor 2 (HER2)-positive represent ~20% of all breast cancer cases and are charac-
terized by their dramatic overexpression of HER2, a critical 185 kDa receptor tyrosine
kinase (RTK) located at chromosome 17a that drives the aberrant proliferation and
survival of breast cancer cells.>** Historically, HER2-positive (HER2") breast can-
cers were considered to be among the most aggressive female cancers, becoming so
through the hyperactivation of HER2 and its signaling systems in breast cancer cells.
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However, with the recent advent of HER2-directed therapies,
this breast cancer subtype has become treatable in the neoad-
juvant and adjuvant clinical settings.®® Indeed, the first clini-
cal trial that combined the anti-HER2 agent, trastuzumab,
with chemotherapy showed significantly improved overall
survival in patients with metastatic HER2* breast cancers.’
Likewise, administering trastuzumab to patients with early
stage, locally advanced HER2* breast cancers demonstrated
similar survival benefits,”3!%!! thereby revolutionizing the
management of this breast cancer subtype in adjuvant and
neoadjuvant settings.

Despite its overall clinical efficacy, patients treated with
trastuzumab are prone to develop resistance to this anti-HER2
agent, an event that paved the way for the formulation of
new and mechanistically distinct anti-HER2 agents neces-
sary to circumvent cross-resistance and disease relapse.'*"
Accordingly, the humanized monoclonal antibody, pertu-
zumab, is a second-generation anti-HER2 agent that binds
HER?2 and prevents its dimerization. Once bound, trastu-
zumab prevents HER2 from dimerizing with itself or other
epidermal growth factor receptor (EGFR) family members,
resulting in the inactivation of oncogenic signaling systems. '
In the succeeding sections, we highlight the pathophysiology
associated with HER2* breast cancers, as well as their ability
to be targeted effectively by pertuzumab in both neoadjuvant
and adjuvant clinical settings. Finally, we will discuss recent
advances in our understanding related to how HER2" breast
cancer cells acquire resistance to anti-HER2 agents, as well
as how these untoward events impact clinical practice.

Cell signaling mediated by HER2

The EGFR family of RTKs

HER2 (also known as ErbB2) belongs to the EGFR fam-
ily of RTKSs, which also consists of EGFR (also known as
HERT1 or ErbB1), HER3 (also known as ErbB3), and HER4
(also known as ErbB4).2>1516 The dramatic overexpression
of HER2 in human breast cancers is primarily attributed
to gene amplification;'” however, dysregulated expression
or activity of numerous transcription factors that govern
HER2 mRNA synthesis has also been implicated in elicit-
ing elevated HER2 expression,? including Foxp3,'® PEA3,"”
AP-20,and YY 1,% and a G-quadruplex complex comprises
Ku70, Ku80, PURA, nucleolin, and hnRNP K.2! Recent
studies also point to a prominent role of post-translational
activities in governing aberrant HER2 expression, par-
ticularly its ability to be internalized and degraded in breast
cancer cells.?>?* For instance, the RING finger E3 ubiquitin
ligase neuregulin receptor degradation protein-1 (Nrdp-1)

was previously shown to modulate the expression of EGFR
family members.?>** Importantly, the loss of Nrdp-1 expres-
sion results in the stabilization and dramatic accumulation of
HER?2 (and HER3) in human breast cancers, including those
lacking amplification of the HER2 locus.”

With the exception of HER2, all additional members
of the EGFR family of RTKs have identifiable ligands and
growth factors capable of binding and mediating their activa-
tion, which transpires following the homo- or heterodimeriza-
tion of RTK subunits.>>!51¢ The activation of HER2 likely
occurs following its heterodimerization with ligand-bound
EGFR, HER3, or HER4; however, amplification of the
HER?2 locus is sufficient to stimulate the activation of HER2
in a ligand-independent manner.>>'>!¢2¢ Once dimerized,
members of the EGFR family undergo transphosphorylation
on tyrosine residues, resulting in an “open” protein kinase
conformation that enables the recruitment and stimulation
of downstream signaling effectors (Figure 1). Interestingly,
crystallography analyses determined that the dimerization of
EGFR family members elicits their activation allosterically
through the formation of asymmetric dimers, a mechanism
reminiscent of that employed by Src and CDK/cyclin.>>1627
Moreover, the absence of a bona fide ligand-binding domain
in HER2 enables this RTK to assume an “open” confor-
mation that is primed to partner with other EGFR family
members, particularly HER3.5 Ultimately, HER2 dimers
autophosphorylate on C-terminal tyrosine residues, which
serve as docking sites for a variety of downstream effector
molecules, particularly Shc and its activation of the Ras/
MAP kinase pathway, as well as p85 and its activation of
the PI3K/AKT pathway (Figure 1).2%%°

The RAS/MAP kinase signaling pathway

Following its activation, HER2 is readily phosphorylated on
as many as six distinct tyrosine residues, including Y1005,
Y1023,Y1139,Y1196,Y 1222, and Y 1248, all of which play
varying roles in coupling HER?2 to the activation of the Ras/
MAP kinase pathway.>>!¢ Of these phosphotyrosine docking
sites, Y1139 (Grb2), Y1222 (Shc), and Y1248 (Shc) are the
most prominently phosphorylated and serve to recruit and
activate SOS, which stimulates Ras by catalyzing its exchange
of GDP for GTP (Figure 1).2>¢2® Once activated, Ras-GTP
interacts physically with Raf, leading to its localization and
activation at the plasma membrane and, consequently, the
sequential activation of MEK1/2 upon its phosphorylation
by Raf, and of ERK1/2 upon its phosphorylation by MEK1/2
(Figure 1).3°3! The constitutive activation of the Ras/MAP
kinase pathway by HER?2 is primarily responsible for driving
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Notes: HER2 homo- or heterodimers predominantly activate to major pathways, namely the RAS/MAP kinase and PI3K/AKT pathways, which drive the aberrant proliferation
and survival of breast cancer cells. Inset depicts the major tyrosine residues phosphorylated upon HER2 activation, as well as the predominant downstream signaling system

coupled to these events. See “Cell signaling mediated by HER” for additional details.

Abbreviations: Bcl-2, B-cell CLL/lymphoma 2; ERK, extracellular signal-regulated kinase; Grb2, growth factor receptor-bound protein 2; HER, human epidermal growth
factor receptor; MEK, mitogen-activated protein kinase kinase; mTORC, mammalian target of rapamycin complex; P, phosphorylation site; PI3K, phosphoinositide 3-kinase;
PIP,, phosphatidylinositol-4,5-bisphosphate; PIP,, phosphatidylinositol-3,4,5-trisphosphate; PTEN, phosphatase and tensin homologue; SOS, son of sevenless.

the dysregulated proliferation of HER2* breast cancers. The
magnitude and extent to which the Ras/MAP kinase pathway
is activated is governed by a host of positive and negative
feedback loops, and its pathophysiological importance lies
beyond the scope of this review. Readers desiring in-depth
summaries pertaining to the molecular mechanisms whereby
the Ras/MAP kinase pathway promotes tumorigenesis are
directed to several comprehensive reviews.??33

The PI3K/AKT signaling pathway

Breast cancer is a disease that not only reflects defects in the
cell cycle but also irregularities in the ability of carcinoma
cells to succumb to apoptotic stimuli. HER2* breast cancers
acquire resistance to apoptotic signals primarily through
their constitutive activation of the PI3K/AKT pathway. The
coupling of HER2 to the activation of PI3K transpires
through Ras-dependent and -independent mechanisms.?%3!
With respect to the former, activated Ras-GTP can interact
physically with the catalytic subunit of PI3K, p110, leading
to its localization and activation at the plasma membrane.*%!
Alternatively, the phosphorylation of HER2 at Y1196 facili-
tates docking of the regulatory subunit of PI3K, p85, which
is bound to p110 and inhibits its activation. Importantly,
docking of the p85 to Y1196-HER?2 relieves the inhibitory

constraints placed upon p110, leading to its phosphorylation
of PIP, (phosphatidylinositol-4,5-bisphosphate) to produce
the lipid second messenger, PIP, (phosphatidylinositol-3,4,5-
trisphosphate).**** Once produced, PIP, recruits AKT to the
plasma membrane to facilitate its phosphorylation at two
activating residues: 1) T308, which is phosphorylated by
PDKI1, and 2) S473, which is primarily phosphorylated by
mTORC2, but can also be modified by integrin-linked kinase,
PKC, ATM, DNA-PK, and even AKT.*® Activated AKT is
then able to regulate various downstream effector molecules,
such as mTORCI1, Bcl-2, GSK3, and FOXOs, which coalesce
in promoting cell survival, proliferation, and metabolism. ¢
Finally, the activation status of the PI3K/AKT pathway is
negatively regulated by two major lipid phosphatases, namely
PTEN and INPP4B. Indeed, PTEN is a powerful tumor sup-
pressor whose expression and activity is lost in numerous
human cancers, including 40% of human breast cancers;
it also dephosphorylates PIP, at the 3’-phosphate position,
thereby inhibiting PDK 1-mediated phosphorylation of AKT
at T308.%738 Although INPP4B is also a lipid phosphatase, it
preferentially dephosphorylates phosphatidylinositols at the
4’-phosphate position, an event that suppresses AKT phospho-
rylation at S473. Similar to PTEN, inactivation of INPP4B has
recently been associated with the etiology of breast cancer.*
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Given the breadth of this subject, readers desiring in-depth
summaries pertaining to the molecular mechanisms whereby
the PI3K/AKT pathway promotes tumorigenesis are directed
to several comprehensive reviews. 336

Landmark neoadjuvant trials of
pertuzumab
Mechanism and rationale for

administering pertuzumab

Protein structure-function and crystallography studies estab-
lished that EGFR family members comprise three major
domains: an extracellular ligand binding domain, a transmem-
brane domain, and an intracellular protein tyrosine kinase
(PTK) domain. The notable exceptions to this organizational
structure are found in HER2, which lacks a functional ligand
binding motif, and in HER3, which possesses severely
impaired PTK activity.>!¢ The extracellular domains of EGFR
family members can be further subdivided into four distinct
regions, with Domains I and III functioning to bind bivalent
ligands and growth factors. In the absence of ligand, EGFR,
HER3, and HER4 adopt a “closed” and inactive conformation
through the interaction of Domain II with Domain IV. Ligand
binding to Domain I of these RTKSs relieves the interaction
between Domains II and IV, thereby eliciting an “open” and

A Ligand-independent

B Ligand-dependent

active conformation that exposes the dimerization motif in
Domain II to homo- or heterodimerize with its corresponding
partner. The inability of HER2 to bind ligands and growth
factors enables this RTK to assume a constitutively active
and “open” conformation that is primed to interact with other
EGFR family members in either a ligand-dependent manner or
a ligand-independent manner.>'%*’ This characteristic coupled
with the amplified expression of HER2 in mammary epithelial
cells underlies the development and metastatic progression of
HER2* breast cancers, which necessitated the advancement of
anti-HER2-targeted therapies. As shown in Figure 2, trastu-
zumab targets Domain IV and serves to inhibit the formation of
ligand-independent HER2 homo- and heterodimers. However,
trastuzumab is unable to alleviate the readiness of HER2 to
form highly active heterodimers with ligand-bound EGFR
family members, thereby contributing to diminished clinical
response in a subset of patients. Importantly, pertuzumab
targets Domain II and prevents its ability to heterodimerize
with ligand-bound EGFR family members (Figure 2). Given
the promiscuity of HER2 to form homo- and heterodimeric
complexes in the absence and presence of ligand, it stands
to reason that the co-administration of pertuzumab with
trastuzumab would greatly enhance the clinical effectiveness
of either agent administered singly. In the succeeding sections,
we highlight the two landmark clinical trials that support the
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Figure 2 Schematic of trastuzumab- and pertuzumab-mediated inhibition of HER2 receptor activation.

Notes: The extracellular domains of HER family members comprise of four domains (I-V) that regulate ligand binding (domains | and Ill) and receptor dimerization (domain I).
Trastuzumab (green antibody) targets domain IV and alleviates ligand-independent signaling (A), whereas pertuzumab (blue antibody) targets domain Il and alleviates dimer and ligand-
dependent signaling (B). Combining pertuzumab with trastuzumab produces the best pCR rates by inhibiting all receptor activation states (C).

Abbreviations: HER, human epidermal growth factor receptor; pCR, pathological complete response; pert, pertuzumab; trast, trastuzumab.
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aforementioned hypothesis and led to the rapid approval of
pertuzumab in the neoadjuvant clinical settings.

NeoSphere trial

The NeoSphere study (Neoadjuvant Study of Pertuzumab
and Herceptin in an Early Regimen Evaluation) was a ran-
domized, open-label Phase II clinical trial that enrolled 417
patients. Inclusion in the study required HER2* breast cancer
patients to harbor operable, locally advanced, or inflammatory
breast cancer, all of which needed to exceed 2 cm in diameter.
Patients were stratified on the basis of their tumor type and
its hormone receptor expression status (ie, estrogen and pro-
gesterone receptors), and subsequently were randomized in a
1:1:1:1 fashion into one of four 12-week neoadjuvant treat-
ment arms: 1) docetaxel and trastuzumab (DT); 2) docetaxel,
trastuzumab, and pertuzumab (DTP); 3) docetaxel and
pertuzumab (DP); or 4) trastuzumab and pertuzumab (TP).
Upon completion of neoadjuvant treatment, the vast majority
of patients underwent surgery, and subsequently received an
additional year of adjuvant trastuzumab and anthracycline-
based chemotherapy (FEC; 5-fluorouracil, epirubicin, and
cyclophosphamide). The primary endpoint was pathologic
complete response (pCR), defined as the lack of invasive
cancer in the breast at the time of surgery. As shown in Figure
3, the pCR rate achieved was significantly higher for the DTP
regimen as compared with the remaining three neoadjuvant
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Figure 3 Results from the NeoSphere trial comparing pCR rates by experimental
treatment arm.

Note: Adapted from Lancet Oncol. Vol 13(1). Gianni L, Pienkowski T, Im YH, et al.
Efficacy and safety of neoadjuvant pertuzumab and trastuzumab in women with
locally advanced, inflammatory, or early HER2-positive breast cancer (NeoSphere):
a randomised multicentre, open-label, phase 2 trial. Pages 25-32. Copyright 2012,
with permission from Elsevier.*!

Abbreviations: DP, docetaxel and pertuzumab; DT, docetaxel and trastuzumab;
DTP, docetaxel, trastuzumab, and pertuzumab; pCR, pathological complete
response; TP, trastuzumab and pertuzumab.

arms. Extending the pCR definition to encompass the lack of
invasive cancer in all sampled regional lymph nodes, which
represents a more conservative definition of pCR resulted in
a modest 5%—10% reduction in overall pCR rates across all
treatment arms; however, the pCR for the DTP arm (39.3%
PCR; 95% confidence interval [CI] 30%—49.2%) remained
significantly higher than those observed in the DT (21.5%
pCR; 95% CI 14%-30.5%), DP (17.7% pCR; 95% CI
10.7%—-26.8%), or TP (11.2% pCR; 95% CI 5.9%—18.8%)
arms. Finally, pCR rates were also calculated in relation to
hormone receptor expression status (ie, estrogen receptor o.
and progesterone receptor), which established significantly
higher pCR rates for hormone receptor-negative tumors as
compared with their hormone receptor-positive counterparts
(Figure 4).41

Recently, the 5-year follow-up results of the NeoSphere
trial were presented at the 2015 Annual Meeting of the
American Society of Clinical Oncology (ASCO). Indeed, an
increase in pCR positively correlated with improvements in
the extent of patient disease-free (DFS) and progression-free
(PFS) survival. For instance, the measured 5-year DFS rates
were 84% for DTP-treated patients (95% CI 72%-91%),
81% for DT-treated patients (95% CI 72%—-88%), 75%
for DP-treated patients (95% CI 64%—-83%), and 80% for
TP-treated patients (95% CI 70%—-86%). Similar success
was achieved for the 5-year PFS rates, which were 86% for

63.2 B ER+ or PR+
60 M ER-, PR-

PCR rate (%)

DTP DT DP TP

(n=107)  (n=107)  (n=96)

Experimental arm

(n=107)

Figure 4 Results from the NeoSphere trial comparing pCR rates by experimental
treatment arm and hormone receptor status.

Note: Adapted from Lancet Oncol. Vol 13(1). Gianni L, Pienkowski T, Im YH, et al.
Efficacy and safety of neoadpertuzumab and trastuzumab in women with locally
advanced, inflammatory, or early HER2-positive breast cancer (NeoSphere):
a randomised multicentre, open-label, phase 2 trial. Pages 25-32. Copyright 2012,
with permission from Elsevier.*!

Abbreviations: DP, docetaxel and pertuzumab; DT, docetaxel and trastuzumab;
DTP, docetaxel, trastuzumab, and pertuzumab; pCR, pathological complete response;
TP, trastuzumab and pertuzumab; ER, estrogen receptor; PR, progesterone receptor.
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DTP-treated patients (95% CI 77%-91%), 81% for DT-treated
patients (95% CI 71%—87%), 73% for DP-treated patients
(95% CI 63%—-81%), and 73% for TP-treated patients (95%
CI 64%—81%).*' It is important to note that while impressive
S-year survival rates were achieved for patients treated with
both neutralizing HER2 antibodies (ie, TP arm), the best
overall outcomes were always attained by incorporating a
chemotherapy regimen with the anti-HER2 agents. Likewise,
despite the fact that TP-treated patients were nearly three times
as likely to be classified as “nonresponders” as compared with
their DTP-treated counterparts (ie, 33% of TP versus 11.9% of
DTP), the overall DFS and PFS rates achieved by the TP arm
were nevertheless quite remarkable. The contrasting results
between these anti-HER2 treatment groups may be explained
by the innate heterogeneity of HER2 breast cancers, which
span the spectrum of all intrinsic breast cancer subtypes (eg,
luminal A, luminal B, HER2", and basal-like). Because anti-
HER?2 therapies are most efficacious against HER2-enriched
breast cancers, it stands to reason that incorporating PAMS50
genetic profiling analyses into future clinical trials may serve
as a useful biomarker to predict for response to anti-HER2
therapy, thereby providing a “precision medicine” approach
to breast cancer patients.*>*

TRYPHAENA trial

The TRYPHAENA study (Tolerability of Pertuzumab, Hercep-
tin, and Anthracyclines in Neoadjuvant Breast Cancer) was a
randomized, open-label Phase II clinical trial that enrolled 225
patients using identical clinical criteria as those employed in
the NeoSphere trial. Patients were randomized ina 1:1:1 fash-
ion into one of three 18-week neoadjuvant treatment groups:
1) Arm 1: FEC with concurrent TP, followed by TP (FEC+T +
Px3->D+T+Px3);2)Arm 2: FEC, followed by DPT (FEC
x32>D + T + P x3); or 3) Arm 3: DTP with carboplatin (C;
DCT plus P x6). Upon completion of neoadjuvant treatment,
all patients underwent surgery, and subsequently continued to
receive adjuvant trastuzumab treatment to 1 year. Unlike the
NeoSphere trial, the primary endpoint of the TRYPHAENA
trial aimed to determine the cardiac toxicities associated with
co-administering pertuzumab and trastuzumab in the absence
or presence of known cardiac toxic agents, anthracyclines.
Cardiac tolerability was measured by incidence of left ven-
tricular systolic dysfunction (LVSD), as well as by a decline
of >10% in the left ventricular ejection fraction (LVEF). The
secondary endpoint was directed at measuring pCR, which
again was defined as the absence of histological evidence of
invasive cancer in the breast of surgical specimens. Interest-
ingly, the LVSD grades and significant reductions in LVEF
measurements were similar across all experimental arms:

1) LVSD grades of 5.6% for arm 1 (95% CI 1.5%—13.6%)
versus 4.0% for arm 2 (95% CI 0.8%—11.2%) versus 2.6% for
arm 3 (95% CI 0.3%-9.2%) and 2) reduced LVEF measure-
ments of 5.6% for arm 1 (95% CI 1.5%—13.6%) versus 5.3%
forarm 2 (95% CI 1.5%—13.1%) versus 3.9% for arm 3 (95%
CI 0.8%—11.1%). Surprisingly, pertuzumab was not associ-
ated with an increased rate of cardiac dysfunction when used
in conjunction with trastuzumab and standard chemotherapy,
regardless of the drug or the sequence of administration.
Figure 5 shows that the pCR rates were similar across all
experimental arms, findings that were mirrored when analyz-
ing pCR rates according to the more conservative definition
(ie, no invasive cancer in breast and lymph nodes; data not
shown). Likewise, incorporation of anthracyclines also failed
to impact the pCR rates achieved by dual administration of TP.
Finally, and as expected, pCR rates were significantly higher
in hormone receptor-negative tumors as compared with their
hormone receptor counterparts (Figure 6).4

Lessons learned from NeoSphere and

TRYPHAENA

Completion of the NeoSphere and TRYPHAENA neoad-
juvant trials was pivotal in demonstrating the enhanced
therapeutic response achieved by combining pertuzumab
and trastuzumab with chemotherapy as compared with HER2
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o o o
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(n=73)
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(n=75) (n=77)
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Figure 5 Results from the TRYPHAENA trial comparing pCR rates by experimental
treatment arm.

Note: Adapted from Schneeweiss A, Chia S, Hickish T, et al. Pertuzumab plus
trastuzumab in combination with standard neoadjuvant anthracycline-containing
and anthracycline-free chemotherapy regimens in patients with HER2-positive early
breast cancer: a randomized phase Il cardiac safety study (TRYPHAENA). Ann Oncol.
2013;24(9):2278-2284, by permission of Oxford University Press.*
Abbreviations: DTP, docetaxel, trastuzumab, and pertuzumab; DTP w/Carb, DTP
with carboplatin; FEC w/DPT, fluorouracil, epirubicin, and cyclophosphamide with
concurrent DTP; FEC -> DTP, FEC followed by DTP; pCR, pathological complete
response.
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Figure 6 Results from the TRYPHAENA trial comparing pCR rates by experimental
treatment arm and hormone receptor status.

Note: Adapted from Schneeweiss A, Chia S, Hickish T, et al. Pertuzumab plus
trastuzumab in combination with standard neoadjuvant anthracycline-containing
and anthracycline-free chemotherapy regimens in patients with HER2-positive early
breast cancer: a randomized phase Il cardiac safety study (TRYPHAENA). Ann Oncol.
2013;24(9):2278-2284, by permission of Oxford University Press.*
Abbreviations: DTP, docetaxel, trastuzumab, and pertuzumab; DTP w/Carb, DTP
with carboplatin; FEC w/DPT, fluorouracil, epirubicin, and cyclophosphamide with
concurrent DTP; FEC -> DTP, FEC followed by DTP; pCR, pathological complete
response; ER, estrogen receptor; PR, progesterone receptor.

monotherapy. Moreover, findings from the TRYPHAENA
neoadjuvant trial also highlighted the lack of significant
cardiac toxicities associated with dual pertuzumab and tras-
tuzumab administration. It is interesting to note that the pCR
rates observed in the TRYPHAENA trial were dramatically
higher than those reported in the NeoSphere study (after
adjusting for definition of pCR), suggesting that longer dura-
tions for administering dual HER2 neoadjuvant treatments
(18- versus 12-week cycle) may contribute to this improved
response. Future studies need to address this hypothesis, as
well as to assess the long-term outcomes and effectiveness
of incorporating pertuzumab with trastuzumab in adjuvant
settings, a question currently being addressed in the ongoing
APHINITY clinical trial (NCT01358877).

In light of the favorable outcomes observed in both neo-
adjuvant trials, a Canadian study was implemented to assess
the cost-effectiveness of incorporating dual anti-HER?2 thera-
pies for the treatment of breast cancer patients. Cost indices
measured included monies necessary to purchase and admin-
ister the drugs, as well as those required to manage adverse
events, supportive care, and subsequent therapy regimens.
In doing so, the authors found that combining pertuzumab
with trastuzumab in neoadjuvant settings greatly increased
patient life-years, as well as augmented quality-adjusted
life-years (QALYSs). Indeed, the incremental cost per QALY

ranged from $25,388 (CAD; NeoSphere) to $46,196 (CAD;
TRYPHAENA), which was deemed to be cost-effective as
determined by probabilistic sensitivity analysis.*

Lastly, beyond its obvious therapeutic effectiveness,
pertuzumab has also changed the approach to developing
and attaining approval for new anticancer agents. Indeed,
the overwhelmingly favorable results obtained in the afore-
mentioned trials resulted in the accelerated approval of per-
tuzumab in 2013 by the US Food and Drug Administration
for pCR-related use in the neoadjuvant setting. Importantly,
neoadjuvant studies require shorter durations to complete
and can provide valuable information regarding the overall
efficacy of a drug as evaluated by pCR. Likewise, tissue
biopsies obtained for pCR analyses can also be interrogated
to identify predictive biomarkers of pertuzumab response and
resistance. Thus, neoadjuvant clinical trials represent an
attractive setting for studying the effectiveness of novel
anticancer agents, and as such, the overwhelming success
of pertuzumab has now paved way for several ongoing neo-
adjuvant clinical trials designed to determine the efficacy of
novel therapies in early-stage breast cancers.*

Predictive biomarkers of
pertuzumab response and

resistance

Science and medicine have accomplished remarkable strides
in achieving pCR after neoadjuvant chemotherapy with dual
pertuzumab and trastuzumab blockade of HER2 signaling in
breast cancers; however, there remains a significant number
of patients who fail to exhibit pCRs and eventually manifest
disease recurrence. Although the molecular mechanisms
responsible for treatment failure remain to be elucidated,
significant investigations are currently ongoing to identify
novel biomarkers capable of predicting patient response
or resistance to targeted HER2 therapies, including those
mediated by pertuzumab and trastuzumab. For instance, the
TRYPHAENA and NeoSphere neoadjuvant trials, as well
as the more recent adjuvant trials have analyzed multiple
biomarkers to assess the response of HER2* breast cancer
to anti-HER2 agents, particularly that to pertuzumab. Not
surprisingly, the most consistent and robust predictor of
pertuzumab response reflects the amplification of the HER2
locus itself within mammary tumors. However, additional
biomarkers are also being evaluated, including the presence of
tumor infiltrating lymphocytes (TILs). Indeed, histomorphic
analyses clearly show an enhanced recruitment of TILs into
HER2" tumors, an event correlated with improved anti-tumor
response to trastuzumab. Moreover, TIL levels that exceeded
5% were associated with higher pCR rates, and every
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additional 1% increase in TIL recruitment was associated
with a 3% decrease in the rate of disease recurrence.*’ Thus,
future studies need to assess the presence of TILs and their
value in predicting patient response to pertuzumab-based
therapies.

At present, specific biomarkers capable of predicting
patient response or resistance to pertuzumab have yet to be
identified and validated; however, several candidate mark-
ers have recently been linked to poor patient response when
treated with pertuzumab. Indeed, the TRYPHAENA trial
observed a lower pCR rate in HER2* breast cancer patients
whose tumors housed mutated PIK3CA (49% pCR) as com-
pared with those expressing wild-type PIK3CA (64% pCR);
however, this effect did not reach statistical significance
(P=0.17).%¢ As discussed previously, constitutive activation
of the PI3K/AKT pathway drives the aberrant growth and
survival of HER2" breast cancers, and as such, future studies
need to monitor the mutational status of PIK3CA and other
downstream effectors as novel predictors of resistance to
pertuzumab-based therapies.***

Mechanisms of resistance to
anti-HER2 therapy
Compensatory changes in HER2 and

co-receptor expression

Resistance to anti-HER2 therapy can transpire at multiple
points along the HER2 signaling systems. Indeed, thera-
peutic resistance to HER2-directed therapies, particularly
that to trastuzumab, often reflects dramatic increases® or
decreases® in HER2 expression, as well as genetic altera-
tions that elicit the 1) synthesis of truncated HER2 isoforms
lacking the epitope targeted by trastuzumab™ or 2) genera-
tion of constitutively active HER2 molecules resulting either
from the formation of highly stable HER2 homodimers (eg,
A16 splice variants)*>* or from activating mutations in the
PTK domain.**>¢ The robust upregulation of the HER2 co-
receptors, EGFR and HER3, as well as that of their ligands
(eg, TGF-ov) has also been linked to the development of
resistance in trastuzumab-treated tumors.***’ Finally, the
interaction of HER2 with heterologous receptors and adhe-
sion molecules has also been observed to elicit resistance
to anti-HER2 agents. For instance, incorporation of MUC4
into HER2:HER3 complexes occludes trastuzumab from
accessing its binding epitope.’®* Likewise, the production
of the MUCI1 cleavage product, MUCI1* (or MUC1-C)
readily interacts with HER2, leading to its constitutive
activation and resistance to trastuzumab.®®¢! Along these

lines, TGF-B-dependent®® and -independent signals can
promote the incorporation of a6, B1, and B3 integrins into
HER2 complexes, thereby eliciting resistance to anti-HER2
therapies.’® Future studies need to determine the extent to
which the aforementioned events directly impact 1) the
long-term sensitivity of HER2" breast cancer cells to per-
tuzumab and 2) the potential to develop cross-resistance
between pertuzumab and trastuzumab in HER2" breast
cancer patients.

Compensatory changes in signaling
systems activated by HER2 and other

growth factors

The primary outcome of anti-HER2 therapy results in the
inactivation of proliferative and survival signals propagated
by the coupling of HER2 to the RAS/MAP kinase and PI3K/
AKT pathways, respectively. Interestingly, resistance to anti-
HERR? therapies can be elicited by the acquisition of activat-
ing mutations in key positive regulators of these pathways,
including the catalytic domains of PIK3CA, RAS, Src, and
NF-kB, and by the acquisition of inactivating mutations
in key negative regulators, such as PTEN.>6 Likewise,
therapeutic resistance may arise from the stimulation of
parallel signaling systems coupled to the activation of the
RAS/MAP kinase and PI3K/AKT pathways. Indeed, targeted
inactivation of several signaling systems, including the
MET, AXL, FGFR, IGF-1R, EphA2, and Notch pathways,
have been shown to alleviate resistance to trastuzumab and
anti-HER?2 therapies.®*-¢” Interestingly, all of the aforemen-
tioned signaling systems can induce epithelial-mesenchymal
transition (EMT) programs, which not only enhance disease
dissemination and the expansion of cancer stem cells but
also promote the acquisition of chemoresistant phenotypes in
breast cancer cells.®® Thus, the initiation of EMT phenotypes
may also elicit resistance to anti-HER2-targeted therapies,
a supposition bolstered by the finding that compensatory
Wnat/B-catenin signaling confers resistance to trastuzumab
in an EMT-dependent manner.*® Along these lines, reduced
expression of the Ser/Thr phosphatase, PPM1H enhances
the proteosomal degradation of the cell-cycle inhibitor,
p27Kipl and, consequently, renders HER2* breast cancer
cells insensitive to trastuzumab.”’! Constitutive expression
of the pro-survival factors Bcl-2 and Bel-XL in response to
PRKACA™ or artemin’ also elicit resistance to trastuzumab
and contribute to disease progression. Thus, future studies
need to assess the relative importance of the aforementioned
parallel pathways in eliciting resistance to pertuzumab, as
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well as to identify novel biomarkers capable of streamlining
and prioritizing novel dual inhibitor regimens necessary to
restore breast cancer sensitivity to anti-HER2 agents.

Conclusion

The remarkable success of pertuzumab in neoadjuvant trials to
significantly impact tumor pCR resulted in its unprecedented
accelerated drug approval by the Food and Drug Administra-
tion, an event that has forever altered the landscape of drug
development and clinical testing in the USA. Indeed, the 2015
National Comprehensive Cancer Network clinical guidelines
now recommend the use of pertuzumab in neoadjuvant set-
tings to treat HER2* tumors that are >2 cm in size, as well
as those that have disseminated to lymph nodes. Moreover,
including this recommendation into the therapeutic guidelines
for pertuzumab has led to its widespread use in neoadjuvant
settings. Despite its tremendous clinical success thus far,
numerous questions remain regarding the broader therapeutic
applications of pertuzumab in treating breast and other car-
cinoma patients, including how to best identify appropriate
patient populations and a repertoire of effective biomarkers
capable of predicting patient response and resistance. Ongoing
studies are clearly aimed at answering these questions, as well
as provide eagerly awaited evidence related to the long-term
effectiveness of combining pertuzumab with trastuzumab in
adjuvant trial settings.
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