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Abstract
HER2 amplification is seen in up to 20% of breast cancers and is associated with an aggressive
phenotype. Trastuzumab, a monoclonal antibody to HER2, accrues significant clinical benefit in
the metastatic and adjuvant settings. However, some patients suffer disease recurrence despite
adjuvant trastuzumab therapy, and many patients with metastatic disease do not respond to therapy
or develop refractory disease within 1 year of treatment. Given the increased recognition of de
novo and acquired resistance to therapy, considerable research has been dedicated to
understanding the molecular mechanisms of trastuzumab resistance. Here, we highlight putative
models of resistance, including activation of the downstream PI3K-signaling pathway,
accumulation of a constitutively active form of HER2, and crosstalk of HER2 with other growth
factor receptors. The identification of these specific mechanisms of trastuzumab resistance has
provided a rationale for the development of several novel HER2-targeted agents as the
mechanisms have largely suggested a continued tumor dependence on HER2 signaling. We
explore the emerging data for the treatment of trastuzumab-refractory disease with novel agents
including lapatinib, neratinib, pertuzumab, trastuzumab-DM1, HSP90 and PI3K pathway
inhibitors, and the future potential for these inhibitors which, if combined with reliable biomarkers
of resistance, may ultimately usher in a new era of personalized medicine for this disease.
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Breast cancer is the most common malignancy and the second leading cause of cancer death
in women in the USA. Despite advances in detection, local therapy and adjuvant systemic
therapies, approximately 40,000 women die from this disease annually in the USA. Breast
cancer is a heterogeneous disease that can be classified by microscopic appearance and
molecular profiles that includes the expression of estrogen receptor (ER), and amplification
of HER2. The resulting subgroups not only classify clinical behavior with respect to
pathogenesis, natural history and prognosis, but are also predictive of response to targeted
systemic therapies against these receptors and the pathways they activate.
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Amplification of HER2 is observed in approximately 20% of invasive breast carcinomas,
and portends a poor prognosis with an increased risk for disease progression and a decreased
overall survival [1–3]. The HER2 gene encodes a transmembrane tyrosine kinase receptor
that belongs to the EGF receptor (EGFR) family. This family of receptors includes four
members (EGFR/HER1, HER2, HER3 and HER4) that function by stimulating growth
factor signaling pathways such as the PI3K–AKT–mTOR pathway [4]. Receptors of this
family contain an extracellular ligand-binding domain, a lipophilic transmembrane domain,
and an intracellular tyrosine kinase domain. Activation of receptor kinase function occurs
predominantly via ligand-mediated hetero- or homo-dimerization. In the case of HER2,
activation is also thought to occur in a ligand-independent manner, particularly when the
receptor is found to be mutated or overexpressed [5].

Overexpression of HER2 enables constitutive activation of growth factor signaling pathways
and thereby serves as an oncogenic driver in breast cancer. Through both genetic and
pharmacologic approaches it was determined that HER2 was both necessary and sufficient
for tumor formation and maintenance in models of HER2-amplified breast cancer. Given
that HER2 amplification mediates the transformed phenotype, direct pharmacologic
targeting of HER2 was proposed. Trastuzumab (herceptin), a humanized, recombinant
monoclonal antibody that binds to the extracellular domain of HER2, has been shown to
selectively exert anti-tumor effects in cancer models and patients with HER2-amplified
breast cancer, and not in tumors with normal HER2 expression [6–8]. Although an
unconfirmed analysis has suggested possible added benefits of trastuzumab for adjuvant
patients with HER2 normal disease, the wealth of pre-clinical and clinical data point to the
benefits of this drug exclusively in HER2-amplified disease [9]. Trastuzumab improves
overall survival when given in combination with chemotherapy for metastatic disease and
reduces the risk of disease recurrence and death when given in the adjuvant setting, making
the drug the foundation for systemic therapy of HER2-overexpressing tumors [7,10–16].

Mechanisms of action
Trastuzumab has been demonstrated to exert a variety of anti-tumor effects selectively in
HER2-overexpressing tumor cells (Figure 1A). Trastuzumab binds to the juxtamembrane
domain of HER2 and upon receptor binding, the antibody downregulates the expression of
HER2 [17]. More recent work has demonstrated that trastuzumab selectively blocks ligand-
independent HER2–HER3 dimerization [18]. In addition, trastuzumab binding to HER2
blocks proteolytic cleavage of the extracellular domain of HER2, resulting in diminished
levels of the more active p95–HER2 form of HER2 [19]. As a result of these effects on the
HER2 receptor, trastuzumab causes downregulation of PI3K pathway signaling and
downstream mediators of cell cycle progression such as cyclin D1 [20]. Trastuzumab not
only inhibits HER2 signaling pathways but also triggers immune-mediated responses against
HER2-overexpressing cells. Trastuzumab binding engages Fc receptors on immune effector
cells leading to antibody-dependent cellular cytotoxicity [21,22]. Beyond these effects,
trastuzumab has been shown to have antiangiogenic effects and to lower the proapoptotic
threshold for chemotherapy [23]. Combinations of trastuzumab with several different
chemo-therapeutic agents have been tested in HER2-amplifed cell lines and xenograft
models, and demonstrate additive or synergistic interactions for doxorubicin, epirubicin,
paclitaxel carboplatin, docetaxel and gemcitabine [24–26]. As a result of these actions, the
drug yields a clinical benefit for patients with all stages of HER2-positive breast cancer.

Mechanisms of resistance
Despite the clinical benefit seen with trastuzumab administration, both de novo and acquired
clinical resistance have been increasingly recognized. Trastuzumab monotherapy in the
meta-static setting results in response rates of 11–26% (clinical benefit rate: 48%), implying
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that many tumors with HER2-amplified metastatic breast cancer will not respond to
monotherapy. In addition, the duration of response to trastuzumab-based therapy ranges
from 5 to 9 months, suggesting that acquired resistance often develops [7,11,27].
Elucidating the molecular mechanisms of trastuzumab resistance has been difficult given the
number of mechanisms of action of trastuzumab. Nevertheless, a detailed molecular
understanding of clinical resistance to trastuzumab might greatly aid in the development of
more effective targeted therapies, and has thus gained significant attention. Recently, several
models of resistance have been described although final validation with analyses of human
tumor samples has been limited [28,29].

Upregulation of the PI3K pathway—Persistent activation of the PI3K–AKT–mTOR
signaling pathway drives aberrant cell growth and proliferation in a variety of tumor types.
Recent work has demonstrated a strong association between mutational activation of this
pathway and resistance to therapies targeted against the HER kinases such as trastuzumab
(Figure 1B). Constitutive activation of PI3K most frequently occurs via two mechanisms:
loss of function of the phosphatase and ten-sin homolog (PTEN), or activating mutations in
the gene encoding the catalytic subunit of PI3K (PIK3CA) [30]. As a negative regulator of
the PI3K pathway, loss of PTEN function through mutational inactivation or downregulation
of expression results in activation of PI3K–AKT signaling and prevents trastuzumab-
mediated growth arrest in HER2-amplified breast cancer cells. Nagata and colleagues
conducted a retrospective analysis of 47 HER2-amplified primary breast tumors from stage
IV patients treated with trastuzumab plus taxane, in which they correlated the presence of
PTEN expression with tumor response to therapy using immunohistochemistry [31]. PTEN
expression was absent or reduced in 36% of tumors, consistent with prior reports of PTEN
loss in up to 40% of breast cancers [32]. Patients with PTEN-deficient tumors had
significantly lower overall response rates to trastuzumab plus taxane therapy than patients
with PTEN-positive tumors (35.7 vs 66.7%); a statistically significant trend was identified
such that the probability of response to trastuzumab decreased as PTEN expression
decreased. While studies such as these on PTEN expression by immunohistochemistry have
been difficult to generalize due to the lack of standard assay, when coupled with the data on
the trastuzumab responsiveness of laboratory models of HER2-amplified PTEN-null breast
cancers, these results suggest that PTEN status may ultimately serve as a predictive
biomarker in this setting.

Oncogenic activating PI3K mutations have also been implicated in trastuzumab resistance.
Berns and colleagues examined 55 HER2-amplified primary tumor samples from
trastuzumab-refractory patients for activating PIK3CA mutations in hotspot regions of the
gene. Mutations were seen in 25% of tumors [33], in agreement with prior studies on rates
of mutations in HER2-amplified breast cancer [34,35]. PTEN expression was also analyzed
in this set of tumors and reduced PTEN expression was demonstrated in 22% of tumors.
Kaplan–Meier survival curves demonstrated that patients with activated PI3K (defined as
diminished PTEN expression or PIK3CA mutation) had a significantly shorter progression-
free survival (PFS) on trastuzumab-based therapy than patients without evidence of PI3K
pathway activation. Multivariate analysis identified PI3K pathway status as a significant
independent risk factor for progression on trastuzumab-based therapy (hazard ratio [HR]:
1.9; p = 0.048). A more recent study featuring a larger cohort of tumors from patients with
HER2-amplified metastatic breast cancer investigated PI3K–AKT pathway changes as
predictive biomarkers of trastuzumab resistance and found that the individual biomarkers
alone were not sufficient to predict diminished response to trastuzumab-based therapy;
however, combinations (e.g., PI3K mutation or PTEN loss) did [36]. These and other studies
highlight important caveats to translating the findings of resistance from preclinical studies
into the clinical realm: reproducible assays for the biomarkers themselves (e.g.,
immunohistochemistry of P-AKT S473 or PTEN) can be difficult to develop, trastuzumab is
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commonly given with various chemotherapies complicating the interpretation of resistance,
the PI3K–AKT pathway is tightly regulated so that static measurements of biomarkers such
as P-AKT may not reflect actual flux through the pathway, and most assays of the
biomarkers have been performed on pretreatment samples, which may not refect the status
of the tumor at progression on trastuzumab.

In order to determine if these changes in the PI3K pathway are present in tumors after
exposure to trastuzumab, a more recent study has analyzed of a series of pre- and post-
trastuzumab treated tumor samples [37]. In preliminary reports of this work, tumor samples
(n = 45) collected after progression on trastuzumab demonstrated that PTEN loss
(immunohistochemistry [38]) and PIK3CA mutations (sequenom assay [39]) were
frequently identified even among a cohort of patients who had initially derived a benefit
from trastuzumab. In addition, reduced PTEN expression was identified in several post-
treatment resistant samples while not appearing in the primary pretrastuzumab tumor,
suggesting that in some cases these molecular lesions may arise in response to trastuzumab
exposure. Increasingly, analysis of PIK3CA and PTEN are being performed in the context of
clinical trials of HER2-targeted agents, in some cases with fresh metastatic tumor biopsies,
and the ability to use these tests as predictive biomarkers will be more rigorously defined.

Accumulation of p95-HER2—Another mechanism proposed to mediate resistance to
trastuzumab is the accumulation of a truncated form of the HER2 receptor, p95-HER2
(Figure 1C). The aminoterminal-truncated p95-HER2 is a constitutively active kinase that
can participate in dimers with other HER family members and activate downstream
signaling pathways. This form of HER2 lacks the trastuzumab binding site, enabling
activated signaling in the presence of trastuzumab. p95-HER2 expression has been observed
in up to 30% of HER2-amplified breast cancers and is associated with shorter disease-free
survival when compared with tumors that overexpress full-length HER2 [40]. A
retrospective analysis of 46 HER2-amplified tumors confirmed that p95-HER2 expression
(by immunofluorescence) was strongly associated with trastuzumab resistance, while tumors
expressing full-length HER2 maintained sensitivity to trastuzumab. Cell lines transfected
with p95-HER2 and p95-HER2-expressing xenograft models are resistant to trastuzumab
but maintain sensitivity to the HER2 kinase inhibitor lapatinib – with diminished p95-HER2
phosphorylation, reduced downstream phosphorylation of AKT, and cell growth inhibition
[41]. These data suggest that p95-HER2-expressing tumors retain their dependence on
HER2 function and may respond to alternative approaches to inhibiting HER2. Full
confirmation for the utilization of p95-HER2 as a biomarker of resistance or sensitivity
awaits larger studies using newer and more facile methodologies for evaluating p95-HER2
expression.

Increased signaling from HER family receptors & IGF-1R—The HER family
homo- and heterodimers have different signaling potencies, and it is thought that the HER2–
HER3 heterodimer is most active with respect to ligand-induced phosphorylation and
activation of downstream signaling [42]. The PI3K pathway can be activated by HER2
through adapter proteins or through direct interaction with HER3 [42,43]. HER3-
knockdown studies demonstrate that HER3 is essential in HER2-driven tumorigenesis [44].
Similarly, activation of HER2–HER3 dimers through additional ligand stimulation can
overcome the antisignaling effects of trastuzumab, although it is unknown how often the
ligand is upregulated in vivo [45,46]. Given the evidence that trastuzumab does not
effectively disrupt the formation of ligand-induced HER2–HER3 heterodimers,
overexpression of HER3 and generation of high levels of ligand-stimulated HER2–HER3
heterodimers may also contribute to trastuzumab resistance [47,48]. The activity of the
HER2–HER3 heterodimer to activate the PI3K pathway has led to the development of
pertuzumab, a monoclonal antibody that inhibits HER2–HER3 [44,49]. In addition to HER3,
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EGFR may play a role in trastuzumab resistance. Work by Ritter and colleagues
demonstrated that trastuzumab-resistant cell lines and xenograft models overexpress
phosphorylated EGFR, EGFR, EGFR/HER2 heterodimers, and HER family ligands EGF,
heparin-binding EGF and heregulin. Furthermore, the addition of dual EGFR/HER2 tyrosine
kinase inhibitors led to diminished HER2 phosphorylation and cellular proliferation [50].
Further validation of the role of EGFR and HER3 in mediating trastuzumab resistance is
underway.

Apart from changes in the HER2 receptor and the pathways it activates, alterations in other
receptor tyrosine kinases that help drive growth factor signaling may also mediate
trastuzumab resistance (Figure 1D). For instance, expression of high levels of IGF-1
receptor (IGF-1R) in HER2-amplified cell lines is correlated with diminished response to
trastuzumab [51]. This is speculated to be due to crosstalk between HER2 and IGF-1R with
IGF-1 stimulation leading to phosphorylation of HER2 and activation of PI3K. Furthermore,
inhibition of IGF-1R signaling blocks HER2 phosphorylation and restores sensitivity to
trastuzumab in selected laboratory models [52]. In further support of a role for IGF-1R in
mediating trastuzumab resistance, analysis of primary tumor samples from a neoadjuvant
study of vinorelbine and trastuzumab demonstrated that the presence of membrane
expression of IGF-1R was associated with a lower response rate to therapy compared with
tumors lacking IGF-1R expression (50 vs 97%; p = 0.001). Apart from IGF-1R, expression
of other receptor tyro-sine kinases including c-MET, EphA2 and AXL have also been
associated with resistance to trastuzumab in HER2-amplified breast cancer models [50,53–
55].

To date, analysis of these mechanisms of resistance has been almost entirely through
laboratory models and very small retrospective studies from archived primary tumor
samples. The true incidence and role of each of these putative mechanisms of trastuzumab
resistance awaits analysis from pre- and post-treatment tumor samples, and validation of
reproducible assays on biomarkers of resistance. Indeed, commercially available assays for
these specific mechanisms are not available and are presently in various phases of testing
and validation. Moreover, full confirmation of the relevance of these mechanisms should be
validated by the demonstration that targeting the specific molecular determinants of
resistance in the relevant cancer results in meaningful clinical benefit to those selected
patients.

Therapeutics
HER2 tyrosine kinase inhibitors

Lapatinib—Lapatinib (Tykerb) is a reversible, ATP-competitive inhibitor of the HER2 and
EGFR tyrosine kinases, which was hypothesized to have efficacy in trastuzumab-resistant,
HER2-amplified tumors based on having a distinct mechanism of anti-HER2 action from
trastuzumab (Figure 2) [56]. In preclinical studies of trastuzumab-refractory cell lines
characterized by mutational activation of PI3K, lapatinib was shown to downregulate AKT
signaling and potently block tumor cell proliferation [57]. In addition, although PTEN loss
predicts resistance to trastuzumab, lapatinib retains anti-tumor activity in PTEN null HER2-
overexpressing cell lines [58]. Furthermore, trastuzumab-resistant, p95-HER2-expressing
tumors also remain sensitive to lapatinib. Lapatinib inhibited p95-HER2 phosphorylation,
reduced downstream phosphorylation of AKT, and inhibited cell growth of p95-HER2-
expressing cell lines and xenograft models [41,47]. Taken together, the preclinical evidence
suggests lapatinib ought to have activity in trastuzumab-refractory breast cancer.

In a Phase I clinical trial, lapatinib proved tolerable to patients with promising anti-tumor
effects noted in patients with tumors overexpressing HER2. Lapatinib doses ranging from
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500 to 1600 mg daily were well tolerated, with grade 1 or 2 diarrhea and rash being the most
common drug-related toxicities. First-line therapy with lapatinib for advanced HER2-
amplified breast cancer confirmed clinical activity at either 1500 mg once daily or 500 mg
twice daily with a response rate of 24% [59]. Lapatinib monotherapy in the trastuzumab-
refractory, HER2-amplified setting demonstrated modest activity with response rates
ranging from 1.4 to 5.1% [60,61]. The efficacy of lapatinib in the trastuzumab-refractory
subpopulation was fully realized when given in combination with chemotherapy.

The benefit of lapatinib in the trastuzumab-refractory setting was confirmed in a randomized
Phase III clinical trial in which patients either received capecitabine monotherapy (2500 mg/
m2) [2] on days 1–14 of a 21-day cycle) or combination therapy with lapatinib (capecitabine
2000 mg/m2 on days 1–14 of a 21-day cycle plus continuous lapatinib 1250 mg daily) [62].
Study accrual was halted as the interim analysis and demonstrated that the addition of
lapatinib to capecitabine was associated with a 51% reduction in the risk of disease
progression (HR: 0.49; 95% CI: 0.34–0.71; p < 0.001) and a doubling of time to
progression. As a result, lapatinib has been approved in combination with capecitabine for
patients with HER2-amplified advanced or metastatic breast cancer with progression after
prior anthracycline, taxane and trastuzumab therapy. Given the approximately 4% incidence
of heart failure among patients receiving trastuzumab therapy, cardiac safety of lapatinib has
been evaluated in a pooled analysis of over 3000 patients with a low rate of symptomatic
congestive heart failure (0.2%) or asymptomatic cardiac events (1.4%) reported, and partial
or full recovery observed in most patients [63].

The modest activity seen for lapatinib therapy in trastuzumab-refractory patients has been
speculated to be attributed to the dose and schedule of lapatinib administration. Intermittent
lapatinib dosing (5 days on, 9 days rest) achieved higher maximum tolerated doses,
improved tumor regression and increased duration of anti-tumor activity over continuous
dosing in mice models [64]. Intermittent lapatinib dosing will be tested prospectively to
determine if this schedule can improve the efficacy of lapatinib therapy without prohibitive
toxicity. In addition, molecular lesions that predict resistance to trastuzumab may be
predictive of subsets with particular sensitivity or resistance to lapatinib. Scaltriti and
colleagues analyzed the relationship between p95-HER2 expression and response to
lapatinib as monotherapy or in combination with capecitabine [65]. In the first-line lapatinib
study, 20.5% of tumors were p95-HER2-positive, while 28.5% of tumors in the lapatinib
and capecitabine study were p95-HER2-positive, consistent with rates in previous reports
[40,41]. PFS and response rate were analyzed by p95-HER2 status and no statistically
significant difference was observed between the p95-HER2-positive or -negative subgroups
in either study. Given the data that p95-HER2 tumors may be resistant to trastuzumab while
retaining sensitivity to lapatinib, this work suggests that lapatinib and other tyrosine kinase
inhibitors may be the preferred agent for these patients. Furthermore, analyses from a
neoadjuvant study and a trial in advanced inflammatory breast cancer both demonstrate that
PTEN loss or PIK3CA mutations did not preclude response to lapatinib monotherapy
[66,67].

Neratinib—Like lapatinib, neratinib is a potent EGFR/HER2 kinase inhibitor that binds the
ATP pocket and has anti-tumor effects in cell lines with HER2 overexpression. Unlike
lapatinib, neratinib is an irreversible kinase inhibitor that covalently binds the target kinase
as part of its mechanism of action (Figure 2). A Phase I dose–escalation study in patients
with advanced solid tumors determined the maximum tolerated dose to be 320 mg; common
adverse events included nausea, fatigue, vomiting and anorexia, and the dose-limiting
toxicity was grade 3 diarrhea. Among the 25 evaluable patients with HER2-amplified
metastatic breast cancer, all who had progression on prior anthracycline, taxane and
trastuzumab, a response rate of 24% and clinical benefit rate of 38% was observed [68].

Gajria and Chandarlapaty Page 6

Expert Rev Anticancer Ther. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Given the promising activity seen for neratinib, a large Phase II trial examined the efficacy
of neratinib in patients with HER2- amplified breast cancer [69]. The study had one cohort
of patients with prior trastuzumab exposure and another cohort of patients with no prior
trastuzumab treatment. Patients had an average of two prior chemotherapeutic regimens and
65% had both prior taxane and anthracycline therapy. The major toxicity seen with neratinib
at 240 mg oral daily was diarrhea; no neratinib-related grade 3–4 cardiotoxicity was
reported. Neratinib therapy resulted in a response rate of 24% (95% CI: 14–36%) for
patients with prior trastuzumab and a response rate of 56% (95% CI: 43–69%) for patients
with no prior trastuzumab (TABle 1). Durable benefit of neratinib monotherapy was
reported with a median PFS of 22.3 and 39.6 weeks for patients with prior trastuzumab and
no prior trastuzumab, respectively [69].

The clinical activity of neratinib in HER2-amplified patients has led to testing of the agent in
combination with chemotherapy for refractory metastatic HER2-amplified breast cancer.
Several ongoing Phase I/II trials of neratinib combinations are in progress, and preliminary
safety and efficacy data have been presented. Neratinib (240 mg) with paclitaxel (80 mg/m2

on days 1, 8, 15 of a 28-day cycle) was well tolerated and demonstrated a clinical activity
with a response rate of 69% including patients with prior taxane, trastuzumab and lapatinib
therapy [70]. A Phase III trial is planned to study this combination in the first-line setting
compared with paclitaxel plus trastuzumab. Other combinations with vinorelbine,
capecitabine and trastuzumab have also been performed in the metastatic setting and
demonstrated drug tolerability with additive clinical activity [71–73].

The activity of lapatinib and neratinib in trastuzumab-refractory patients suggests that HER2
suppression continues to be an effective treatment strategy. In addition, tyrosine kinase
inhibitors, by virtue of a different mechanism of HER2 targeting, overcome some of the
mechanisms thought to mediate trastuzumab resistance leading to a clinical benefit for
trastuzumab-refractory HER2-amplified patients.

Continuing trastuzumab beyond progression
Data on the effect of trastuzumab in xenograft models of HER2 breast cancer demonstrate
that it exerts a suppressive effect against rapid tumor growth as long as it is present.
Withdrawal of the drug results in an acceleration of tumor growth, suggesting that some of
the anti-tumor mechanisms of the drug may persist even after resistance develops. In
addition, a number of groups have demonstrated that trastuzumab administered in
combination with various chemotherapies has additive or synergistic anti-tumor effects,
which occur despite the distinct mechanisms of action of the chemotherapeutics [24–26,74].
These data have influenced the use of trastuzumab beyond progression in combination with
a different chemotherapeutic agent. Retrospective studies on patients receiving trastuzumab
therapy after progression on a trastuzumab-containing regimen suggested the possibility of a
continued benefit from the drug [75–78]. This concept was proven in a prospective
randomized study of capecitabine versus capecitabine plus trastuzumab as second-line
therapy after trastuzumab [79]. Accrual was halted at 156 patients when the interim analysis
documented an improvement in PFS from 5.6 to 8.2 months (HR: 0.69; 95% CI: 0.48–0.97;
p = 0.0338) for patients who continued trastuzumab therapy.

In addition to additive or synergistic anti-tumor properties in combination with
chemotherapies, trastuzumab has demonstrated synergistic anti-tumor effects when given in
combination with lapatinib. The combination of lapatinib and trastuzumab markedly
enhanced the rate of apoptosis seen in HER2-amplified cell lines and xenograft models [80].
Furthermore, combined inhibition of HER2 with the antibody and kinase inhibitor resulted
in complete tumor regression within 10 days of therapy [81]. A Phase I dose–escalation
study of the combination determined the optimal regimen to be 1000 mg of daily lapatinib
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with standard weekly trastuzumab [82]. The most frequent adverse drug-related events were
diarrhea, fatigue and rash. In total, eight out of 54 patients experienced an objective response
(complete or partial) despite having progressed on prior trastuzumab-based therapies.

The efficacy of this combination was tested in a randomized study of lapatinib monotherapy
(1500 mg daily) versus lapatinib (1000 mg daily) in combination with weekly trastuzumab
[78]. The combination of trastuzumab and lapatinib significantly improved PFS compared
with lapatinib alone (HR: 0.73; 95% CI: 0.57–0.93; p = 0.008) for patients with HER2-
amplified breast cancer and a median of three prior trastuzumab-based regimens for
metastatic disease. A doubling in clinical benefit rate (CBR; complete response, partial
response and stable disease for ≥24 weeks) was observed for the continuation of
trastuzumab (24.7 vs 12.4%) (TABle 1). The improvements in PFS and CBR were seen
despite a high crossover rate, with approximately 50% of patients in the lapatinib
monotherapy arm crossing over to combination therapy upon progression. The incidence of
left ventricular ejection fraction decline with the combination was not greater than that
previously reported for each agent [63,83]; 2 and 3.4% of patients experienced symptomatic
and asymptomatic declines, respectively.

These results provide evidence that combined HER2 blockade is beneficial for HER2-
amplified trastuzumab-refractory metastatic breast cancer, and this strategy has been
employed in evaluating other HER2-targeted therapies. The efficacy seen for trastuzumab
and lapatinib combination therapy provides an alternative to chemotherapy for patients with
refractory disease – one that is well tolerated and easy to administer. The safety and efficacy
of dual HER2 blockade with trastuzumab and lapatinib combined with standard
chemotherapy is currently being evaluated.

HER2-targeted agents
Pertuzumab

Pertuzumab is a monoclonal antibody binding to a different epitope on the extracellular
domain of HER2 than trastuzumab, which blocks ligand-induced dimerization of HER2 and
HER3 (Figure 2) [18,49]. Preclinical experiments show that in both HER2-amplified cell
lines and xenograft models, pertuzumab is effective in disrupting HER2–HER3
heterodimers, leading to inhibition of downstream MAPK and PI3K signaling, and anti-
tumor activity [84]. The use of combined HER2 blockade with trastuzumab and pertuzumab
is supported by xenograft models of HER2-amplified breast cancer that show enhanced
tumor regression for the combination over monotherapy. In addition, the combination also
had anti-tumor activity in models of trastuzumab resistance, suggesting that trastuzumab and
pertuzumab have complementary mechanisms of action [85].

Inhibition of HER2 signaling with combined HER2-targeting antibodies has shown clinical
activity in patients with metastatic breast cancer with progression on trastuzumab-based
therapies. An overall response rate of 24.2% and CBR of 50% was observed for 66 patients
with prior trastuzumab treatment for the combination of trastuzumab and pertuzumab
(TABle 1). The most common drug-related adverse events were diarrhea, nausea and rash
[86]. An additional arm added to this trial allowed for patients with prior trastuzumab
therapy to receive pertuzumab monotherapy; trastuzumab could be added if no response or
progression was seen with pertuzumab monotherapy. The response rate for per-tuzumab
monotherapy was 3.4%, and a response rate of 21.4% was seen for the combination after
progression on trastuzumab or pertuzumab alone; this validates preclinical modeling of the
combined efficacy of these antibodies [87]. A second Phase II trial of combined trastuzumab
and pertuzumab therapy demonstrated a response rate of 18% with a median time to
progression of 6 weeks [88]. Cardiac safety was monitored during these trials with repeat
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echocardiograms; the majority of toxicity observed was asymptomatic left ventricular
function decline. Based on this activity and tolerability, pertuzumab in combination with
trastuzumab and docetaxel is now being evaluated as part of a large, randomized trial for
first-line therapy in HER2-amplified metastatic breast cancer patients.

TDM-1
In an attempt to improve the potency of trastuzumab therapy, an antibody–drug conjugate
has been designed to utilize the antibody to deliver cytotoxic therapy to antigen-expressing
tumors. Trastuzumab has been conjugated to DM1, a derivative of maytansine 1, a potent
microtubule inhibitor, to create the trastuzumab–maytansine conjugate (TDM-1). Potent
anti-tumor activity of TDM-1 was seen in trastuzumab-refractory HER2-amplified cell lines
and xenograft models [89]. An exploration of mechanisms of action demonstrated that
TDM-1 disrupts the HER2–HER3 complex and results in inhibition of PI3K signaling,
prevents shedding of the extracellular domain of HER2 and the formation of p95-HER2, and
activates antibody-dependent cellular cytotoxicity (Figure 2) [90].

The Phase I trial of TDM-1 monotherapy in patients with HER2-amplified metastatic breast
cancer with prior trastuzumab-based therapy described the maximum tolerated dose to be
3.6 mg/kg every 3 weeks, with five patients having a partial response at this dose. Dose-
limiting toxicity was grade 3–4 thrombocytopenia; common drug-related adverse events
included fatigue, nausea and elevated transaminases, while no significant cardiotoxicity was
noted [91]. Phase II evaluation of TDM-1 demonstrated a response rate of 32.7% in patients
with metastatic HER2-amplified breast cancer with prior anthracycline, taxane,
capecitabine, trastuzumab and lapatinib therapy (TABle 1) [92]. A second Phase II trial in
patients with heavily pretreated HER2-amplfied disease documented a clinical benefit for
TDM-1 mono-therapy with a response rate of 27.1% [93]. Toxicities of these studies were
similar to those documented in the Phase I trial. TDM-1 monotherapy and in combination
with chemotherapeutic agents is currently being explored for the first-line treatment of
metastatic HER2-amplified breast cancer. The efficacy of the antibody–drug conjugate
TDM-1 in trastuzumab-refractory patients provides evidence that HER2 remains a viable
target and this agent, with a favorable toxicity profile, is a strong candidate for future
approval in this setting.

Heat shock protein 90 inhibitors
Heat shock protein 90 (HSP90) is a molecular chaperone that plays an essential role in the
maturation and stabilization of several oncogenic proteins including HER2 [94]. Inhibition
of HSP90 function results in ubiquitination and proteasomal degradation of HSP90 client
proteins (Figure 2) [95]. HER2-amplified breast cancer cell lines and xenograft models
exposed to HSP90 inhibitors demonstrate HER2 degradation, inhibition of PI3K signaling
and significant growth inhibition [94,96,97]. One basis for studying HSP90 inhibitors in
trastuzumab-refractory disease comes from the reported ability of HSP90 inhibitors to target
p95-HER2 in addition to full-length HER2. In vitro models show degradation of HER2 and
p95-HER2, and xenograft models of p95-HER2 expression recapitulate these findings,
suggesting that, in trastuzumab-refractory disease where resistance is mediated by p95-
HER2, HSP90 inhibitors are effective [98]. The unique way in which HSP90 inhibitors
target HER2 and downstream signaling through alternative HSP90 client proteins such as
HER3 or p95-HER2 that may mediate trastuzumab resistance makes a strong case for the
evaluation of these inhibitors specifically in this disease setting.

Phase I evaluation of the HSP90 inhibitor tanespimycin in combination with trastuzumab
demonstrated the clinical ben-efit for HER2-amplified trastuzumab-refractory breast cancer
patients, with one partial response and four minor responses observed. Diarrhea, fatigue and
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nausea were the most frequent adverse effects of therapy, and no cardiotoxicity was reported
[99]. In a Phase II evaluation of the combination of tanespimycin and trastuzumab, a
response rate of 24% and a CBR of 57% were seen for patients with HER2-amplified
metastatic breast cancer with prior progression on trastuzumab therapy (TABle 1) [100].
Second-generation HSP90 inhibitors are now in clinical trial development [101,102].
Whereas HSP90 inhibitors have been developed in the hopes of treating most tumor types, it
is notable that actual clinical activity has thus far been most prominently observed in HER2-
amplified breast cancer.

PI3K inhibitors
PI3K pathway activation through PTEN loss or PIK3CA mutation has been described in 40
and 25% of breast tumors, respectively, implicating the importance of this pathway in breast
cancer tumorigenesis [31–34]. In addition, assessment of biopsy samples after trastuzumab
progression demonstrated PI3K pathway activation as a common mediator of trastuzumab
resistance [37], providing a rational basis for the evaluation of PI3K, AKT and mTOR
inhibitors in HER2-amplified breast cancer.

At the 2010 Annual American Society of Clinical Oncology (ASCO) Meeting, Phase I data
of several PI3K inhibitors was presented. BEZ235 is an oral, selective PI3K and mTOR
inhibitor with antiproliferative and apoptotic activity in xenograft models of PI3K pathway
dysregulation. The Phase I study demonstrated tolerability with no dose-limiting toxicities
and adverse events of nausea, emesis, diarrhea and fatigue. Promising clinical activity was
seen with two partial responses and 14 patients with stable disease of 4 months and over,
including disease stabilization in six patients with PI3K dysregulation [103]. BKM120, a
highly selective PI3K inhibitor, has also shown tolerability and activity in patients with
refractory solid tumors (Figure 2) [104].

Given that AKT is an important downstream target of PI3K, several inhibitors of AKT are in
development. A dose–escalation trial of the allosteric AKT inhibitor MK-2206 found the
maximum tolerated dose to be 60 mg every other day and stabilization of disease was
reported for five patients at this dose level [105]. Two mTOR inhibitors – everolimus, with
better oral availability than sirolimus and temsirolimus, an ester derivative of sirolimus – are
under investigation in clinical trials with refractory breast cancer patients (Figure 2).
Everolimus administered with weekly paclitaxel and trastuzumab demonstrated a favorable
toxicity profile; Phase II evaluation of the combination demonstrated a response rate of 20%
and a CBR of 76% in HER2-amplified breast cancer patients refractory to taxanes and
trastuzumab [106,107]. The safety and tolerability of temsirolimus administered weekly was
documented in a Phase I dose–escalation study, with a dose-limiting toxicity of
thrombocytopenia [108]. In a Phase II study of locally advanced or metastatic breast cancer,
temsirolimus (75 or 250 mg weekly) resulted in a response rate of 9.2% [109].

Given that PI3K pathway dysregulation is a mediator of trastuzumab resistance, inhibitors of
this pathway may restore sensitivity to trastuzumab or improve the efficacy of HER2-
targeted therapies. For instance, the combination of the mTOR inhibitor temsirolimus and
the HER2 tyrosine kinase inhibitor, neratinib, is under investigation in a Phase I/II clinical
trial in trastuzumab-refractory HER2-amplified metastatic breast cancer patients. Indeed, a
number of trials are now underway testing the combination of inhibitors of the PI3K–AKT–
mTOR pathway with inhibitors of HER2. These trials will not only assess the tolerability
and efficacy of such combinations, but in several cases the trials are examining tumor
biopsies to determine if activating lesions in the pathway are present along with amplified
HER2 and predict resistance to trastuzumab and sensitivity to the combination.
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Expert commentary & five-year view
In the past 10 years we have seen the evolution of molecular-targeted therapies in the
treatment of HER2-amplified breast cancer. Trastuzumab is a model of targeted therapy that
offers significant clinical benefit selectively in patients with HER2-overexpressing cancers;
however, trastuzumab alone or in combination with cytotoxic therapy yields no response for
many patients, and indeed, the majority of patients with advanced breast cancer develop
resistance to therapy. Elucidation of the mechanisms of de novo and acquired resistance to
trastuzumab has been difficult given the drug’s multiple mechanisms of action. Research has
identified dysregulation of the downstream PI3K–AKT–mTOR pathway, accumulation of
the truncated kinase active p95-HER2, and alternative receptor tyrosine kinase signaling as
mediators of trastuzumab resistance. This work has led to the identification of potential
predictors of response to HER2-targeted agents and aided in the development of rational
second- and third-line therapies by promoting the concept that HER2 remains the active
oncogenic driver in this disease, and pointing to the continued relevance of targeting HER2–
HER3–PI3K–AKT–mTOR signaling. Clinical trials of novel therapies targeted against this
pathway have yielded a number of promising new candidate compounds including
pertuzumab, neratinib, TDM-1 and tanespimycin, which together may lead to an
improvement in overall survival for patients with refractory HER2-amplifed disease.

By continuing to expand on our knowledge of the mechanisms of trastuzumab resistance, we
may find additional oncogenic targets to guide the development of effective therapies.
Furthermore, the discovery of specific molecular predictors of response to emerging
therapies will allow a more personalized approach to the treatment of HER2-amplified
breast cancer. Recognizing that activation of the PI3K pathway, through loss of PTEN or
mutational activation of PIK3CA, is a common mechanism of trastuzumab resistance, facile
and reliable assays to detect these molecular lesions are actively being developed to identify
patients most likely to benefit from PI3K-based treatment options. This model may be
applied to other predictors of response to HER2-targeted agents to enable a more rational
approach to treatment selection. As we continue to strive towards a highly personalized
approach to the treatment of breast cancer, we should employ one that relies on more than
the HER2 expression status alone, and incorporates molecular mechanisms of trastuzumab
sensitivity and resistance to improve patient outcomes in this disease.
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Figure 1. Proposed mechanisms of resistance to trastuzumab
(A) HER2 signal transduction. Activation of the receptor tyrosine kinase occurs by
homodimerization or heterodimerization with other HER family members. Activated HER2
initiates downstream signaling through the PI3K–AKT–mTOR pathway, promoting cell
proliferation and survival. (B) Downstream activation of the PI3K pathway. PI3K is
composed of an 85-kD regulatory subunit and a 110-kD catalytic subunit (PIK3CA), and
upon subunit catalyzes phosphorylation of phosphatidylinositol bisphosphate at the
membrane (PIP2) to phosphatidylinositol triphosphate promotes membrane localization and
activation of downstream effector proteins such as AKT that stimulate cell proliferation.
(PIP3). PIP3 or loss of PTEN result PTEN is a negative regulator of PI3K signaling that
dephosphorylates PIP3 into PIP2. Activating mutations in PIK3CA in constitutive activation
of the PI3K pathway and clinical resistance to trastuzumab therapy. (C) Accumulation of
p95-HER2. The constitutively active truncated form of HER2, p95-HER2, lacks the
trastuzumab-binding site. The intracellular kinase downstream signaling in the presence of
trastuzumab, leading to increased cell proliferation. (D) Increased signaling from alternative
receptors. Overexpression or activation of other receptors may drive growth factor signaling,
either through trastuzumab-insensitive dimers with HER2 or in a HER2-independent
fashion.

Gajria and Chandarlapaty Page 18

Expert Rev Anticancer Ther. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Sites of action of novel agents for HER2-amplified breast cancer
(A) Lapatinib is a dual EGF receptor (EGFR)/HER2 tyrosine kinase inhibitor approved for
use in trastuzumab-refractory patients. Neratinib is an irreversible tyrosine kinase inhibitor
of EGFR/HER2. (B) Pertuzumab, a monoclonal antibody to HER2, binds to HER2 at a
distinct epitope from where trastuzumab binds and prevents ligand-induced
heterodimerization with HER3. Dysregulated activation of the PI3K–AKT–mTOR pathway
can mediate trastuzumab resistance, and molecular therapies aimed at directly inhibiting
PI3K, AKT and mTOR are therefore in development. (C) HSP90 inhibitors promote HER2
degradation by blocking the activity of HSP90, a chaperone protein that protects HER2 from
proteasomal degradation. (D) TDM-1, the antibody–drug conjugate of trastuzumab and
maytansine, allows for delivery of a potent microtubule inhibitor selectively into HER2-
overexpressing cells.
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