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ABSTRACT

Human epidermal growth factor receptor (HER)-2�

breast cancer is a distinct molecular and clinical entity, the
prognosis of which is improved by trastuzumab. However,
primary resistance to trastuzumab is observed in >50% of
patients with HER-2� advanced breast cancer, and the ma-
jority of patients who initially respond to treatment even-
tually develop disease progression. To facilitate crosstrial
comparisons and the understanding of resistance mecha-
nisms, we propose a unifying definition of trastuzumab re-
sistance as progression at first radiological reassessment at
8–12 weeks or within 3 months after first-line trastuzumab
in the metastatic setting or new recurrences diagnosed dur-
ing or within 12 months after adjuvant trastuzumab. In con-
trast, we define trastuzumab-refractory breast cancer as
disease progression after two or more lines of trastuzumab-
containing regimens that initially achieved disease response
or stabilization at first radiological assessment. We review

mechanisms of trastuzumab resistance mediated by
p95HER-2 overexpression, phosphoinositide 3-kinase path-
way activation, and signaling pathway activation driven by
HER-3, epidermal growth factor receptor, and insulin-like
growth factor 1 receptor. We distinguish in vitro from in vivo
evidence, highlighting that most data describing trastuzumab
resistance are derived from preclinical studies or small retro-
spective patient cohorts, and discuss targeted therapeutic ap-
proaches to overcome resistance. Prospective analysis
through clinical trials with robust tissue collection proce-
dures, prior to and following acquisition of resistance, inte-
grated with next-generation tumor genome sequencing
technologies, is identified as a priority area for development.
The identification of predictive biomarkers is of paramount
importance to optimize health economic costs and enhance
stratification of anti-HER-2 targeted therapies. The Oncolo-
gist 2011;16:1535–1546
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INTRODUCTION
Human epidermal growth factor receptor (HER)-2� breast
cancer is a distinct molecular and clinical entity. HER-2, en-
coded by the HER-2 (ERBB2) gene, is overexpressed in 20%–
30% of metastatic breast cancer (MBC) cases, wherein it plays
a direct role in pathogenesis [1].

HER-2, together with HER-1, HER-3, and HER-4, are
members of the human epidermal growth factor receptor fam-
ily. HER-1, HER-3, and HER-4 can be activated by various li-
gands, which trigger conformational rearrangement of the
receptor molecules to allow homo- or heterodimerization. The
phosphoinositide 3-kinase (PI3K)–AKT and the RAS–RAF–
mitogen-activated protein kinase (MAPK)/extracellular sig-
nal–related kinase kinase–MAPK pathways are two key
downstream pathways [2]. HER-2 has no known ligand, and its
dimerization domain is exposed for dimerization even in the
inactive monomer state [2]. Because of this peculiar property,
HER-2 amplification leads to increased signaling through both
homodimerization and heterodimerization.

Prior to the advent of targeted therapy, HER-2� disease was
associated with shorter disease-free survival and overall survival
(OS) times than with HER-2� disease [1]. Trastuzumab is a hu-
manized recombinant monoclonal antibody that binds to the ex-
tracellular domain of HER-2. The introduction of trastuzumab
into clinical practice has changed the landscape of the manage-
ment and outcome of HER-2� breast cancer. Blockade of HER-2
cleavage, inhibition of downstream intracellular signaling, anti-
angiogenesis effects, and recruitment of antibody-dependent cell-
mediated immunity have all been implicated as its mechanisms of
action [3]. Moreover, recent in vitro studies demonstrated that
trastuzumab disrupts ligand-independent HER-2–HER-3–PI3K
complex formation, thus inhibiting PI3K–AKT signaling [4].

Single-agent trastuzumab is associated with objective re-
sponse rates (ORRs) of 19%–26% in the first-line treatment of
HER-2–overexpressing MBC [5, 6]. The combination of che-
motherapy with trastuzumab, compared with chemotherapy
alone, resulted in a higher ORR (50% versus 32%; p � .001),
longer time to tumor progression (TTP) (7.4 months versus 4.6
months; p � .001), and longer OS time (25.1 months versus
20.3 months; p � .01) in a landmark phase III first-line study
[7].

Despite its robust activity, disease progression at the first
radiological assessment, or primary resistance, was observed
in �50% of patient with HER-2� disease treated with single-
agent trastuzumab [5, 6]. For patients who initially have sen-
sitive disease, the majority eventually develop acquired
resistance.

In the current literature, there is no standard definition for
trastuzumab resistance or refractoriness; these terms are often
used interchangeably. They carry variable meanings with dif-
ferent assessment time points across trials (Table 1). The lack
of a standard definition has made crosstrial comparisons and
the understanding of resistance mechanisms difficult. Tumors
that progress after multiple lines of trastuzumab-containing
treatment but have demonstrated sensitivity to anti–HER-2 ap-
proaches may have different resistance mechanisms than tu-
mors that progress during first-line trastuzumab treatment.

Such intrinsic resistance mechanisms may encompass a cohort
of patients with disease that grows independently of HER-2
signaling, despite HER-2 amplification or overexpression. The
current terminology does not clearly define such a distinction
and may impede the discovery and implementation of effective
biomarkers to predict appropriate therapeutic strategies fol-
lowing progression on trastuzumab.

In this review, we first propose definitions of trastuzumab
resistance and trastuzumab refractoriness, then explore possi-
ble mechanisms and HER-2–targeted therapeutics to circum-
vent resistance.

MATERIALS AND METHODS
Data for this review were identified by searches of MEDLINE,
Current Contents, PubMed, and references from relevant articles
using the search terms “HER2,” “breast cancer,” and “trastu-
zumab resistance.” Abstracts and reports from meetings were in-
cluded when directly relevant. Only articles published in English
in 1980–2011 were included.

DEFINITIONS OF TRASTUZUMAB RESISTANCE
AND REFRACTORINESS
In a summary of recently published clinical trials (Table 1), we
suggest clear and consistent definitions for HER-2� breast can-
cers resistant or refractory to trastuzumab therapy that will serve
as future benchmarks to implement molecularly driven biomarker
discovery and validation clinical trial programs. Trastuzumab re-
sistance is defined as progression at first radiological reassess-
ment at 8–12 weeks or within 3 months after first-line
trastuzumab with or without chemotherapy in the metastatic set-
ting or new recurrences diagnosed during or within 12 months af-
ter adjuvant trastuzumab. Trastuzumab refractoriness may be
defined as disease progression after two or more lines of trastu-
zumab-containing regimens that initially achieved disease re-
sponse or stabilization at first radiological assessment. The time
points and number of treatment lines stated in these definitions are
based on those specified in the majority of published clinical trials
(Table 1).

We suggest that the occurrence of brain metastases as the
first and only site of progression after trastuzumab should not
be regarded as the development of trastuzumab resistance.
This phenomenon, associated with trastuzumab treatment both
in the adjuvant [8, 9] and metastatic [10] settings, may be ex-
plained by the poor penetration of trastuzumab into the central
nervous system (CNS) and, paradoxically, by its high efficacy
to control extra-CNS trastuzumab-sensitive disease.

Furthermore, we propose a model delineating the relation-
ship between trastuzumab-resistant or trastuzumab-refractory
disease and intrinsic or acquired resistance (Fig. 1). In this
model, the terms “trastuzumab resistance” and “trastuzumab
refractoriness” describe the clinical observation of trastu-
zumab failure, whereas “intrinsic resistance” and “acquired re-
sistance” reflect the underlying tumor biology. Intrinsic
resistance plays a dominant role in trastuzumab-resistant dis-
ease, whereas acquired resistance is relatively more important
in trastuzumab-refractory disease. Intratumor heterogeneity
[11], known to occur in HER-2� breast cancer, should also be
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considered within this definition, whereby both intrinsic and
acquired resistance, with different dominance, may be impor-
tant in defining clinical outcome. This model would be appli-
cable to describe other anti–HER-2 therapies.

MOLECULAR MECHANISMS OF
TRASTUZUMAB RESISTANCE
Understanding these mechanisms and their relevance to intrin-
sic and acquired resistance facilitates rational design of treat-
ment strategies following disease progression on trastuzumab
(Table 2 and Fig. 2).

Expression of p95HER-2
The action of trastuzumab may be prevented in tumor cells that
express p95HER-2, a truncated form of HER-2 that lacks the ex-
tracellular trastuzumab-binding domain while retaining down-

stream kinase activity [12]. In cultured breast cancer cells,
p95HER-2 is generated by proteolytic shedding of the extracellu-
lar domain of the receptor [13]. In patients with advanced breast
cancer, shed extracellular domain can be detected in the serum
[14]. p95HER-2 can also be produced from an alternative RNA
transcript that encodes the isoform lacking the extracellular do-
main [15]. Overexpression of this truncated form is found in
20%–30% HER-2–overexpressed human breast tumors [16].
Whereas the frequency of full-length HER-2 expression is similar
in primary and metastatic human breast tumors, p95HER-2 ex-
pression is significantly higher in metastatic lymph nodes, sug-
gesting its role in metastasis [16]. Moreover, p95HER-2
expression was correlated with worse a lower 5-year disease-
specific survival rate in a retrospective cohort of patients who did
not receive trastuzumab, and its prognostic power appeared to be
independent of age and nodal or hormone receptor status [16].

Table 1. Summary of clinical trials of targeted therapy in HER-2� metastatic breast cancer patients resistant or refractory
to trastuzumab

Targeted agent Trial Phase
Combination
arms

n of
evaluable
patients

n of lines of
prior
treatment

n of prior
T-containing
regimens

Median
exposure
to T
(wks)

Definition of T
resistance

ORR of
evaluable
patients
(%)

PFS/TTP
(wks)

Monotherapy

Lapatinib Blackwell et al.
[42]

II – 78 1 up to �5 1–2 47 Prior T, adjuvant or
metastatic

5.1 15.3

Burstein et al.
[43]

II – 140a 1 up to �6 1–2 73 Prior T, adjuvant or
metastatic

4.3 9.1

Pertuzumab Cortes et al. [53] II – 29 NA 1–3 NA Prior T, metastatic 6.9 NA

T-DM1 Vogel et al. [49] II – 107 1–14
(median, 3)

NA 76.3 Progression during T 27.1 NA

Neratinib Burstein et al.
[56]

II – 63a 1–4 �1 NA Prior T, adjuvant or
metastatic

24 22.3

BIBW2992 Hickish et al. [60] II – 21 NA
(median, 3)

NA NA Progression during T
or intolerant to T

19 NA

Combination therapy

Lapatinib Cameron et al.
[44]

III C with or
without L

399 �2 including
both T and A

�1 42 Prior T, adjuvant or
metastatic

22 versus
14

24.8 versus
17.2

Blackwell et al.
[73]

III L with or
without T

296 �1 (median,
4)

�1 (median,
3)

NA Progression during T 10.3 versus
6.9

12 versus
8.1

Pertuzumab Portera et al. [51] II Per � T 11 1–2 �1 NA Progression during T 18 6

Baselga et al. [52] II Per � T 66 1–2 �1 64.8 Progression during T 24 24

Neratinib Swaby et al. [57] I/II N � T 33 �1 �1 NA Progression during T 27 19

Awada et al. [58] I/II N � V 18 �1 �1 (4 patients
had L)

NA Prior T, metastatic 43 (no L)
25 (L)

NA

Everolimus Dalenc et al. [63] II E � T � Pac 25 �1 �1 NA Progression during T
or within 3 mos from
T

20 NA

Dieras et al. [64] I E � T � V 44 0–10
(median, 2)

�1 NA Prior T, metastatic or
adjuvant

15.9 33.5

Morrow et al. [65] I/II E � T 47 �2 1–2 (and 1
L-based
regimen)

NA Prior T, metastatic 15 13.6

Tanespimycin Modi et al. [69] II Tan � T 21 �1 �1 NA Prior T, metastatic or
progression on
adjuvant T

24 NA

Monotherapy response rates were in the range of 4%–24%.
T-DM1, trastuzumab linked with a cytotoxic, produced a response rate similar to that with the combination of targeted
therapy and chemotherapy.
aTwo studies included both HER-2� and HER-2� patients; only data from HER-2� patients are presented in the table.
Abbreviations: A, anthracycline; C, capecitabine; E, everolimus; HER-2, human epidermal growth factor receptor; L,
lapatinib; N, neratinib; NA, not available; ORR, objective response rate; Pac, paclitaxel; Per, pertuzumab; PFS, progression-
free survival; T, trastuzumab; Tan, tanespimycin; TTP, time to progression; V, vinorelbine.
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p95HER-2 overexpression is associated with an inferior re-
sponse to trastuzumab in xenografts and human breast tumors
[12]. That retrospective analysis showed a significantly lower
RR to trastuzumab and trastuzumab–chemotherapy combina-
tions in patients expressing p95HER-2 than in patients with
full-length HER-2 (11% versus 51.4%; p � .029). Recently, an
assay to quantitatively determine p95HER-2 levels was devel-
oped, and high levels of p95HER-2 were found, retrospec-
tively, to correlate with significantly shorter progression-free
survival (PFS) and OS times with trastuzumab treatment in
HER-2� MBC patients [17] .

Cells expressing p95HER-2 were shown in vitro and in
xenografts to be sensitive to lapatinib [12], which inhibits
epidermal growth factor receptor (EGFR) and HER-2 intra-
cellular tyrosine kinase domains. In a retrospective analysis
of p95HER-2 expression in human breast tumor samples ob-
tained in two lapatinib trials [18], the ORR and PFS interval
following lapatinib therapy were independent of p95HER-2
status. Also, inhibition of heat shock protein 90 (HSP90) re-
sults in degradation of p95HER-2 [19] .

Constitutive Activation of the PI3K–AKT Pathway
A second mechanism of trastuzumab resistance is mediated
through aberrant activation of the PI3K–AKT pathway, via
loss-of-function mutations or loss of heterozygosity of phos-

phatase and tensin homologue deleted on chromosome ten
(PTEN), which encodes a lipid phosphatase that negatively
regulates PI3K [20], or by activating mutations of PIK3CA,
which encodes the p110� subunit of PI3K [21]. In small ret-
rospective cohorts, activation of the PI3K–AKT pathway
was associated with a significantly poorer response to tras-
tuzumab-containing therapies [21].

Retrospective studies investigating the prevalence of low
PTEN expression [20–22] and PIK3CA mutations [21, 23, 24]
in HER-2� breast cancer patients are summarized in Table 3.
Overall, the authors suggest that PTEN loss or PIK3CA muta-
tions are not enriched in HER-2� breast cancer.

The most common somatic PIK3CA mutations are the
E545K and H1047R mutations in exon 9 and 20, respec-
tively; both confer gain-of-function activity to HER-2–
overexpressing breast cancer cell lines [25]. In vitro,
H1047R was found to stimulate autocrine and paracrine
HER family ligand production, which in turn enhances sig-
naling through other receptors leading to further activation
of AKT [25]. It was reported that �20% of patients with
wild-type PIK3CA primary breast tumors demonstrated an
exon 20 mutation in their metastasis, suggesting that the
mutation may be acquired during tumor progression [26].

Trastuzumab resistance mediated through PTEN loss or
PIK3CA mutation could be overcome by lapatinib, which

Figure 1. Model illustrating the implications of trastuzumab-resistant or trastuzumab-refractory disease. Disease progression while on
trastuzumab correlates with intrinsic or primary resistance, whereas trastuzumab-refractory disease correlates with acquired or secondary
resistance. Clinical scenarios in between represent a spectrum. In the adjuvant setting, progression while on or within a short period from
trastuzumab likewise implies intrinsic resistance, but disease relapse after prior trastuzumab is heterogeneous and can fit into anywhere
in the spectrum.

Abbreviation: T, trastuzumab.
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reduced phosphorylated AKT levels in trastuzumab-resis-
tant cell lines [27]. Also in vitro, the PI3K inhibitor BEZ235
reversed overexpression of the HER-3 ligand heregulin,
which was upregulated in an HER-2– overexpressing PI3K-
mutant breast cancer cell line, and in combination with lapa-
tinib, completely inhibited cell growth [25]. Inhibition of
mammalian target of rapamycin (mTOR) was shown to re-
verse trastuzumab resistance caused by PTEN loss in the
preclinical setting [28].

Signaling Through Other Receptors
A third mechanism of resistance may occur through signaling
by other receptors, especially HER-3, insulin-like growth fac-
tor 1 receptor (IGF-1R), and EGFR. HER-3 was found to be a
critical coreceptor to maintain cell proliferation in HER-2–
overexpressing cell lines, and inhibition of HER-3 signaling
via blocking HER-2–HER-3 heterodimerization by pertu-
zumab induced rapid tumor regression of in vivo xenografts
[29].

IGF-1R signaling antagonizes the trastuzumab-induced in-
crease in the level of the cyclin-dependent kinase (CDK) in-
hibitor p27Kip1, which in turn promotes restoration of CDK2
activity, abrogating cell-cycle arrest in the G1 phase [30].
IGF-1R may also play a role in acquired trastuzumab resis-
tance, and its inhibition improves the response to trastuzumab
in vitro [31]. Crosstalk and heterodimerization of IGF-1R with

HER-2, HER-3, or both are also observed in trastuzumab-
resistant cells in vitro, whereas disruption of these het-
erodimers resensitizes these cells to trastuzumab [32, 33].
Lapatinib was found to be effective in vitro because it blocked
the transactivation of EGFR and HER-2 by IGF-1R [34].

EGFR inhibition suppressed HER-2–driven signaling in
HER-2–amplified breast cancer cell lines [35], and higher lev-
els of phosphorylated EGFR and EGFR–HER-2 heterodimer
were found in trastuzumab-resistant xenografts [36]. Recently,
a correlative analysis of the Translational Breast Cancer Re-
search Consortium TBCRC003 study suggested possible se-
lection of EGFR amplification after trastuzumab treatment
mediating trastuzumab resistance, and the benefit of lapatinib
in these patients [37].

Other Mechanisms
Other mechanisms have been reported in laboratory models.
The interaction of HER-2 and trastuzumab is hindered by ex-
pression of the membrane-associated glycoprotein mucin 4,
which masks trastuzumab-binding epitopes in HER-2 without
altering expression levels [38]. Transforming growth factor
(TGF)-� induces secretion of HER ligands, promoting phos-
phorylation of EGFR, HER-2, and HER-3 [39]. Acquired tras-
tuzumab resistance may result from autocrine production of
TGF-� that initiates active EGFR–HER-2 heterodimers and
impairs degradation of HER-2 [40]. Feedback upregulation of

Table 2. Summary of mechanisms of trastuzumab resistance

Mechanisms of
resistance

Evidence in human
tumor samples,
animal models, or
in vitro (level of
evidence)

Role in
intrinsic
resistance

Role in
acquired
resistance

Frequency in
HER-2–overexpressing
breast cancer (average)

New therapeutic
targets

Examples of
targeted
agents

Phase of
clinical
development

p95HER-2
overexpression

All (2b) Yes Unknown 20%–30% (25%) RTK Lapatinib III

HSP90 Tanespimycin,
alvespimycin

I/II

PI3K pathway
activation

PTEN loss All (2b) Yes Unknown 22%–47% (35%) mTOR Everolimus III

PI3K XL147 I

AKT MK-2206 I

PI3KCA mutation All (2b) Yes Possible 13%–31% (25%) Dual mTORC1/2 OSI-027,
KU-0063794

I

Dual
PI3K/mTORC

XL765,
NVP-
BEZ235

I

Alternative signaling

HER-3 Xenograft, in vitro
(4)

Yes Unknown Unknown HER-3/HER-2 Pertuzumab III

EGFR/HER-2 Lapatinib III

IGF-1R In vitro (4) Yes Unknown Unknown Pan-HER Neratinib II

EGFR All (4) Yes Yes Unknown IGF-1R Cixutumumab II

Any – – – – Additional
cytotoxicity

T-DM1 II

Respective roles in intrinsic and acquired resistance based on current evidence, their prevalence in HER-2–overexpressing
breast cancer, and alternative targeting strategies and agents to overcome trastuzumab resistance are also shown.
Abbreviations: EGFR, epidermal growth factor receptor; HER, human epidermal growth factor receptor; HSP90, heat shock
protein 90; IGF-1R, insulin-like growth factor 1 receptor; mTOR, mammalian target of rapamycin; mTORC, mTOR
complex; PI3K, phosphoinositide 3-kinase; PTEN, phosphatase and tensin homologue deleted on chromosome ten; RTK,
receptor tyrosine kinase; T-DM1, trastuzumab-DM1 conjugate.
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a disintegrin and metalloprotease (ADAM) proteases and sub-
sequent release of HER ligands [41] have also been observed.

CLINICAL DEVELOPMENT OF ALTERNATIVE
HER-2–TARGETED AGENTS

Various HER-2–targeted agents have mechanisms of action
that impact known trastuzumab resistance pathways and pro-
duce an RR of 4%–27% as monotherapy after trastuzumab
failure. Neratinib as a single agent or in combination with che-
motherapy appears to produce the highest RR and longest TTP
after trastuzumab failure, compared with other targeted agents
(Table 1). Although definitive conclusions cannot be drawn
based on crosstrial comparisons, these observations suggest
that therapeutic strategies to circumvent trastuzumab resis-

tance may rely on potent concomitant blockade of multiple
HER family targets.

Lapatinib
Lapatinib is an oral small-molecule reversible dual tyrosine ki-
nase inhibitor (TKI) of both EGFR and HER-2. In particular,
lapatinib is active against trastuzumab-resistant cell lines be-
cause it inhibits IGF-1 signaling by reducing IGF-1R and
HER-2 phosphorylation [34].

Phase II trials have shown ORRs of 4%–5% with lapatinib
monotherapy in heavily pretreated MBC patients [42, 43]. In
one of the trials, the ORR for the HER-2� population was
4.3%, compared with 1.4% for the HER-2� group. No corre-
lation was observed between EGFR expression and response

Figure 2. Illustration of main mechanisms of trastuzumab resistance (in red) and targeted agents to circumvent resistance (in blue).
Truncated HER-2 expression prevents binding of trastuzumab. Alternative signaling, such as through HER-3, can lead to continued down-
stream signaling. The PI3K–AKT pathway can be constitutively activated through loss of PTEN or PIK3CA mutations. Lapatinib inhibits
downstream signaling of HER-2 and p95HER-2. T-DM1 provides additional cytotoxic activity. HSP90 inhibitors, such as tanespimycin,
lead to degradation of p95HER-2. Pertuzumab prevents dimerization of HER-2 and HER-3. Cixutumumab inhibits IGF-1R. Everolimus
is a mTORC1 inhibitor. Other investigational agents in early clinical development are also shown in italics.

Abbreviations: ERK, extracellular signal–related kinase; GRB2, growth factor receptor-bound protein 2; HER-2, human epi-
dermal growth factor receptor; HSP90, heat shock protein 90; IGF-1R, insulin-like growth factor 1 receptor; MEK, mitogen-
activated protein kinase/ERK kinase; mTORC1, mammalian target of rapamycin complex 1; mTORC2, mammalian target of
rapamycin complex 2; PI3K, phosphoinositide 3-kinase; PIP2, phosphatidylinositol-bisphosphate; PIP3, phosphatidylinositol-
trisphosphate; PTEN, phosphatase and tensin homologue deleted on chromosome ten; RHeB, Ras homolog enriched in brain; SOS;
son of sevenless; T-DM1, trastuzumab–DM1 conjugate; TKI, tyrosine kinase inhibitor; TSC, tuberous sclerosis protein.
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to lapatinib. In a pivotal phase III study, HER-2� MBC pa-
tients progressing on prior anthracycline-, taxane-, and trastu-
zumab-containing treatment were randomly assigned to a
combination of capecitabine and lapatinib or capecitabine
alone [44]. The median TTP was 6.2 months in the combina-
tion group and 4.3 months in the capecitabine group (p �
.001), with a trend toward a longer OS duration. This led to the
approval of lapatinib in combination with capecitabine for the
treatment of HER-2–overexpressing MBC patients with prior
anthracycline, taxane, and trastuzumab exposure.

First-line lapatinib monotherapy resulted in an ORR of
24% in a phase II study [45]. This is comparable with that re-
ported using first-line single-agent trastuzumab, as illustrated
earlier. A phase III randomized study compared first-line pac-
litaxel plus lapatinib with placebo in MBC [46]. Fifteen per-
cent of patients had HER-2� disease. In this HER-2�

subgroup, the ORR was superior— 63.3% in the paclitaxel
plus lapatinib group versus 37.8% in the paclitaxel alone group
(p � .023). The TTP was longer in the combination group
(36.4 weeks versus 25.1 weeks; p � .005). In HER-2� patients,
no significant differences were found. Subsequent analysis
found no correlation between EGFR overexpression and re-
sponsiveness to lapatinib [47], concordant with other studies
[43].

Antibody–Drug Conjugate
Trastuzumab-DM1 (T-DM1) is an antibody–drug conjugate in
which trastuzumab is linked to DM1, an antimicrotubule
agent, enabling additional delivery of the cytotoxic to targeted
cells. T-DM1 showed activity against trastuzumab-resistant
tumor cells [48].

A phase II study of T-DM1 in MBC patients pretreated
with chemotherapy and trastuzumab and/or lapatinib [49]
showed an ORR of 25%. T-DM1 was generally well tolerated,
with side effects of fatigue, thrombocytopenia, epistaxis, and
conjunctivitis.

HER Dimerization Inhibitor
Pertuzumab is a recombinant humanized monoclonal antibody
that binds to the dimerization epitope of HER-2, blocking its
heterodimerization with EGFR and HER-3. Based on preclin-
ical evidence that the combination of trastuzumab and pertu-
zumab, targeting distinct extracellular HER-2 domains, has
synergistic activity in breast cancer cell lines [50], phase II
studies were conducted. Patients progressing on trastuzumab-
containing regimens received the combination of trastuzumab
and pertuzumab. Results demonstrated an ORR of 18%–24%
[51, 52]. Pertuzumab monotherapy was less active than the two
antibodies combined [53]. Toxicities were mild, with the most

Table 3. Retrospective studies evaluating clinical prevalence of PTEN loss and PIK3CA mutations in HER-2� breast
cancer primary tissue samples and response to trastuzumab

Trial

n of
HER-2�

patientsa
Trial
patients Disease Prior treatment

Definition of PTEN
loss or exons
mutated in PI3KCA
mutation

PTEN loss or
PI3KCA
mutation (%)

Response to T versus
PTEN� or wild-type
PIK3CA

PTEN loss

Fujita et al. [22] 17 No Metastatic T � paclitaxel IRS �7 47 RR, 12.5% versus
88.9% (p � .003)

Nagata et al. [20] 47 Yes Metastatic T � taxane IRS �9 36.2 RR, 35.7% versus
66.7% (p � .05)

Berns et al. [21] 51 No Metastatic T (6) or T �
chemotherapy
(49)

IRS �4 22 TTP, worse trend
(HR, not specified;
p � .127)

Perez-Tenorio et al. [83] 32 Yes Operable Adjuvant None or weak
staining, IRS not
specified

25 NA

PI3KCA mutation

Saal et al. [23] 80 Some Stage I–IV Varied 1, 4, 7, 9, 13, 18, 20 31 NA

Bachman et al. [24] 14 No Stage I–III Unspecified 1, 9, 20 21 NA

Perez-Tenorio et al. [83] 48 Yes Operable Adjuvant 9, 20 14 NA

Berns et al. [21] 55 No Metastatic T (6) or T �
chemotherapy
(49)

9, 20 25 TTP, worse trend (HR
not specified;
p � .052)

Studies involving breast cancer cell lines or tumor samples unspecified for HER-2 overexpression are not included in this
table. PTEN expression was determined by immunohistochemistry and semiquantified by IRS, the product of the percentage
of PTEN� cells (scored 0–4) and PTEN staining intensity (scored 1–3).
Tumor DNA was polymerase chain reaction amplified and directly sequenced in all studies.
Single nucleotide polymorphism–based sequencing was also performed in the Berns et al. [21] study.
aSome studies included both HER-2-positive and -negative patients. Only data on HER-2-positive patients are presented in
this table.
Abbreviations: HER-2, human epidermal growth factor receptor 2; HR, hazard ratio; IRS, immunoreactive score; NA, not
available; PI3K, phosphoinositide 3-kinase; PTEN, phosphatase and tensin homologue deleted on chromosome ten; RR,
response rate; T, trastuzumab; TTP, time to progression.
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common being diarrhea, fatigue, and nausea, but asymptom-
atic reduction in the ejection fraction was reported.

Pertuzumab and T-DM1 bind different subdomains of
HER-2, thus their logical combination was investigated in a
phase Ib/II trial [54]. The patients had all been exposed to tras-
tuzumab. Nine partial responses were noted.

Multi-HER TKIs
Neratinib is an orally administered irreversible pan-HER TKI.
A phase I study established its activity in patients with ad-
vanced solid tumors, including some trastuzumab-pretreated
HER-2–overexpressing breast cancer patients [55]. Neratinib
demonstrated activity in both trastuzumab-naïve and trastu-
zumab-resistant HER-2� breast cancer patients, with ORRs of
56% and 24%, respectively, in a phase II trial [56]. Diarrhea
was the most common adverse effect but was manageable.

In a phase I/II study, neratinib plus trastuzumab yielded an
ORR of 27% and median PFS interval of 19 weeks in patients
with advanced breast cancer progressing on trastuzumab [57].
The combination of neratinib with vinorelbine resulted in
ORRs of 25% and 43% in trastuzumab-resistant, lapatinib-
pretreated and lapatinib-naïve patients, respectively [58]. In
another phase I/II study, the combination of neratinib and
weekly paclitaxel resulted in an ORR of 69% in the first- to
fourth-line setting [59].

Afatinib is another orally available irreversible EGFR and
HER-2 TKI. In a phase II study, four of 21 evaluable trastu-
zumab-resistant or trastuzumab-intolerant patients derived a
partial response [60].

Inhibitors of mTOR
Single-agent temsirolimus resulted in a clinical benefit rate of
37% in advanced breast cancer patients pretreated with an an-
thracycline and/or taxane in a phase II study [61], although
these patients were unstratified by HER-2 status and only 17%
had prior trastuzumab exposure. In patients evaluable for
HER-2 status in the same study, no response was observed in
HER-2� patients whereas the ORR was 15% in HER-2� pa-
tients.

An important phase I study first provided preliminary clin-
ical data that trastuzumab resistance could possibly be re-
versed by everolimus, an orally administered mTOR inhibitor
[62]. In that trial, heavily pretreated patients with progression
on prior trastuzumab and taxane therapy were administered
everolimus in combination with trastuzumab and paclitaxel.
Five of seven evaluable patients had a partial response. The
most common toxicities were neutropenia and stomatitis. The
investigators then studied the combination in a multicenter
phase II setting; interim results showed an ORR of 20% [63].
These results were consistent with those of two other studies in
trastuzumab-refractory patients, one investigating everolimus
plus trastuzumab and vinorelbine [64] and the other investigat-
ing everolimus plus trastuzumab [65].

Notably, two molecular complexes of mTOR, mTOR com-
plex 1 (mTORC1) and mTORC2, exist, depending on the as-
sociated protein—raptor or rictor, respectively. The rapamycin
analogs temsirolimus and everolimus inhibit only mTORC1,

and treatment may lead to paradoxical feedback activation of
AKT and eukaryotic translation factor 4E, a downstream ef-
fector of mTOR [66]. Dual mTORC1–mTORC2 inhibitors and
dual PI3K–mTOR inhibitors may negate this feedback mech-
anism and are currently in early clinical development (Table
2).

EGFR Inhibitors
Gefitinib and erlotinib are EGFR TKIs still under investigation
in the treatment of MBC, but the overall results have been dis-
appointing. Combinations of gefitinib or erlotinib with taxanes
resulted in an ORR on the order of 50%–60% [67, 68], but
these results are not interpretable without single-agent arms.
Cetuximab and panitumumab are monoclonal antibodies that
bind to EGFR. Both have not demonstrated reproducible and
clinically relevant activity in MBC patients. These results are
consistent with preclinical data suggesting preferential phos-
phorylation of HER-3 over EGFR in HER-2–amplified breast
cancer tissues [29].

HSP90 Inhibitors
HSP90 is a molecular chaperone that protects and stabilizes
client proteins, such as EGFR, HER-2 (including p95HER-2),
and their downstream proteins PI3K and AKT. HSP90 inhibi-
tors, namely, tanespimycin, alvespimycin, and BIIB021, are
currently in phase I/II development. In a phase II study of
HER-2– overexpressing MBC patients progressing on adju-
vant or one line of trastuzumab-based treatment for MBC, the
combination of tanespimycin and trastuzumab achieved an RR
of 24% [69].

IGF-1R Inhibitors
Cixutumumab (IMC-A12) is a monoclonal antibody that
blocks IGF-1R signaling, implicated in trastuzumab resis-
tance. The N0733 trial is accruing to investigate the efficacy
and safety of the addition of cixutumumab to lapatinib and
capecitabine in HER-2� patients progressing on prior trastu-
zumab therapy [70]. BMS-754807, a small molecule inhibitor
of IGF-1R, is in phase I of clinical development.

PI3K and AKT Inhibitors
Some PI3K inhibitors are also concomitant inhibitors of
mTOR. They not only counteract constitutive activation of
the PI3K–AKT pathway, but also prevent reactivation of the
same pathway mediated by feedback mechanisms. A multi-
tude of PI3K inhibitors exists. Wortmannin and LY294002
are the first in the class, but neither progressed to clinical
evaluation because of poor stability and selectivity. Newer
generation compounds are in phase I clinical trials. For ex-
ample, XL147, GDC0941, GSK1059615, and PX866 in-
hibit PI3K, whereas XL765, NVP-BEZ235, and SF1126
inhibit both PI3K and mTOR [71]. MK-2206 is a selective
AKT inhibitor currently in phase I development.
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CONTINUATION OF TRASTUZUMAB
BEYOND PROGRESSION
Modest clinical benefit is observed when trastuzumab is con-
tinued beyond progression. This observation suggests that
such tumors remain dependent on HER-2 signaling.

In one study, HER-2� breast cancer patients progressing
on adjuvant or first-line trastuzumab-based treatment for
MBC were randomized to capecitabine with trastuzumab or
capecitabine alone at the same dose [72]. The TTP were 8.2
months with the combination and 5.6 months in the mono-
therapy group (p � .034). The OS times were 25.5 months
and 20.4 months, respectively, although the difference was
not statistically significant. That study suggested that tras-
tuzumab might still be continued upon disease progression
with added clinical benefit.

In the EGF104900 study, HER-2� MBC patients progress-
ing on prior trastuzumab-containing regimens were assigned
to lapatinib alone or in combination with trastuzumab [73]. Pa-
tients in the combination arm had a significantly longer PFS
interval (p � .008) and higher clinical benefit rate (24.7% ver-
sus 12.4%; p � .01). A trend for a longer OS time was also
observed. The phase II TBCRC003 study is evaluating lapa-
tinib plus trastuzumab in two cohorts of patients—treatment
naïve and pretreated with trastuzumab [74]. Its clinical and
biomarker results are awaited, but preliminary reports sug-
gested a trend toward a better outcome with trastuzumab plus
lapatinib in trastuzumab-resistant EGFR-amplified patients
[37]. These findings also lend support to the role of the contin-
uation of trastuzumab beyond progression.

FUTURE RESEARCH

Correlation Between Laboratory and Clinical
Trastuzumab Resistance Mechanisms
Research is needed to clarify the correlation between the mo-
lecular mechanisms that define the distinction between trastu-
zumab-resistant and trastuzumab-refractory disease. Many
mechanisms are derived from laboratory experiments and lack
substantive in vivo confirmation. It is also not clear whether
intrinsic and acquired mechanisms are distinct or otherwise

overlapping. Moreover, the intertumor prevalence and intratu-
mor clonal frequency of many of the reported mechanisms of
trastuzumab resistance have not been conclusively defined in
HER-2–overexpressing MBC patients. Assessment of intratu-
mor heterogeneity and the frequency of subdominant clones
harboring drug-resistant mechanisms is becoming increas-
ingly important, as emphasized from work demonstrating that
c-MET amplification occurs in subpopulations of non-small
cell lung cancer cells prior to drug exposure and the acquisition
of resistance initiated by MET-driven activation of the PI3K
pathway [75]. Prospective biomarker-driven clinical trials are
required to formally define and accurately quantify the fre-
quency of these events, and new molecular techniques using
functional genomics RNA interference screening approaches
and massively parallel tumor sequencing analyses [76, 77]
might help reveal unexplained resistance mechanisms in the
remaining patients.

Optimal First-Line Targeted Treatment for HER-
2� MBC Patients
Primary resistance to HER-2–directed therapy occurs less fre-
quently with neratinib than with trastuzumab and lapatinib (Table
4). This confirms that the majority of HER-2� breast cancers are
actually HER-2 dependent and sensitive to HER-2–directed ma-
nipulation, although concomitant blockade of multiple HER fam-
ily members is likely necessary.

Molecular Mechanisms of Lapatinib Resistance
Resistance to lapatinib is another emerging problem yet to be
unraveled. The ORR to lapatinib of �20% in treatment-naïve
HER-2� breast cancer patients [45], compared with �5% in
trastuzumab-pretreated patients [43], suggests significant
overlapping crossresistance mechanisms between trastuzumab
and lapatinib. For example, HER-3 signaling is important in
resistance to both drugs. In vitro and in xenografts treated with
HER TKIs, inhibition of negative feedback mediated by AKT
increases membrane HER-3 expression and phosphorylation
[78]. On the other hand, other established trastuzumab resis-
tance mechanisms, such as activated PI3K–AKT signaling

Table 4. First-line monotherapy targeted agent trials in HER-2� metastatic breast cancer patients

Targeted
agent Trial Phase Treatment

n of
evaluable
patients

ORR
(%)

CBR
(%)

% Primary
progression

Trastuzumab Vogel et al. [5] II 4 mg/kg loading then 2 mg/kg
wkly or 8 mg/kg loading then
4 mg/kg wkly

111 35 48 52

Baselga et al. [6] II 8 kg/mg loading then 6 mg/kg
3-wkly

83 23 36 64

Lapatinib Gomez et al. [45] II 1,500 mg daily or 500 mg
twice daily

138 24 31 69

Neratinib Burstein et al. [56] II 240 mg daily 70 56 69 31

CBR was defined as complete responses plus partial responses plus stable disease at 6 months in the trastuzumab trials, and
at 24 weeks in the lapatinib and neratinib trials.
Abbreviations: CBR, clinical benefit rate; HER-2, human epidermal growth factor receptor 2; ORR, objective response rate.
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through PTEN loss or PIK3CA mutation [27] and IGF-1R sig-
naling [34], have been reported not to confer resistance to lapa-
tinib in cell lines. Similarly, p95HER-2 expression did not
affect the response to lapatinib [18]. Lapatinib resistance
mechanisms distinct from trastuzumab resistance also include
HER-2 kinase domain mutations such as T789I [79], enhanced
estrogen signaling [80], and P-glycoprotein expression [81].

HER-2 Testing and Biomarkers
In this context, especially with the financial implications asso-
ciated with targeted agents, the accurate testing of HER-2
overexpression and the development of novel methods to pre-
dict HER-2–PI3K–AKT pathway activation are of paramount
importance, in order to facilitate patient selection and to im-
prove the clinical benefit derived from HER-targeting agents.
HER-2 testing should preferably be performed in central or
quality-assured laboratories. Furthermore, HER-2 is necessary
but not sufficient to predict response to HER-2–targeted
agents. p95HER-2 expression, PTEN status, and PIK3CA mu-
tation should be prospectively evaluated as predictive bio-
markers of resistance to trastuzumab therapy. Retrospective
identification of a gene-expression signature specific for tras-
tuzumab resistance was recently reported [82], but large pro-
spective studies are necessary to validate these findings.

CONCLUSIONS
Trastuzumab-resistant and trastuzumab-refractory HER-2–
overexpressing MBC remain dependent on HER-2 signaling in
many cases, displaying the hallmarks of “oncogene addiction.”
Monotherapy activity of alternative HER-2–directed therapies
and the clinical benefit observed following continued trastu-
zumab beyond progression support the HER-2–driven nature

of these cancers. It is now clear that the oncogenic potential of
HER-2 is largely dependent on the activated PI3K pathway
[29], which can be exploited rationally as a target to overcome
trastuzumab resistance and improve clinical efficacy.

Molecular and clinical research is essential to improve the
outcome of HER-2–overexpressing MBC patients that might
ultimately impact adjuvant HER-2 treatment strategies. Pro-
spective analysis of HER-2 pathway resistance mechanisms
through clinical trials with robust tissue collection procedures,
before and after acquisition of resistance, integrated with next-
generation sequencing technologies and consistent definitions
is identified as a priority area for development. Development
of biomarkers predictive of treatment response or resistance is
of utmost importance in order to optimize the health economic
costs of HER-2–targeted strategies, to develop new therapeutic
approaches for patients with intrinsic resistance to HER-2
pathway manipulation, and to enhance treatment stratification
and patient outcome.
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