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Abstract The overexpression of the human epidermal growth factor receptor type 2 (HER-2)
is an independent prognostic factor of poor outcome in patients with breast cancer. Two com-
pounds have been registered for HER-2-positive tumour treatment: trastuzumab, a humanised
antibody directed against the HER-2 extracellular domain, and lapatinib, a small molecule
acting as a dual EGF-R and HER-2 tyrosine kinase inhibitor. Although both drugs improve
progression-free survival, many patients’ tumours will exhibit primary resistance, or develop
secondary resistance, to anti-HER-2 therapies. The recent significant improvement of survival
gained with pertuzumab (an antibody disrupting dimerisation of the receptor) or trastuzumab
emtansine (T-DM1, a cytotoxic drug vectored by trastuzumab binding) opened the way for
new registrations.
This review describes the molecular mechanisms by which tumour cells may adapt to and evade
HER-2 inhibition by HER-2-targeted therapies and discusses strategies to prevent and overcome
resistance to trastuzumab and lapatinib. These strategies may include the establishment of pre-
dictive markers, exploration of combination therapies and modulation of nodal targets.
� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The human epidermal growth factor receptor type 2
(HER-2) is overexpressed in about 20% of invasive
breast carcinomas and its gene amplification is associ-
ated with an increased metastatic potential and
decreased overall survival [1]. As others HER family
members (EGFR, HER-3 and HER-4), HER-2’s ecto-
domain consists of two IGF-like ligand-binding
domains (I–III) and two cysteine-rich domains (II–IV)
involved in the dimerisation process (Fig. 1). Notewor-
thy, HER-2 naturally displays a ligand-independent
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open conformation favouring its homo- or hetero-
dimerisation. Consequently, transphosphorylation at
the intracytoplasmic tyrosine kinase domain initiates a
signal transduction through the MAPK and phosphoin-
ositide 3-kinase (PI3K) pathways, which regulates cell
proliferation, apoptosis, differentiation and migration.
HER-3 is lacking the tyrosine kinase domain but is
strongly associated with the p85 regulatory subunit of
PI3K, and together with HER-2 or EGFR forms some
highly active complexes.

Until recently, two compounds were registered in the
metastatic setting, trastuzumab (Genentech, Roche), a
humanised monoclonal antibody directed against
HER-2 extracellular domain (ECD) [2,3] and lapatinib
(Glaxosmithkline), a dual intracellular tyrosine kinase
inhibitor (TKI) that blocks HER-2 and EGFR activa-
tion [4]. However, despite the progresses brought by
these drugs in the treatment of patients with HER-2-
positive breast cancer, many cancers develop resistance.
For instance, about 40% of HER-2-positive breast can-
cer patients may not respond to a first-line regimen
including trastuzumab, and most of them will develop
resistance within one year after initiation of trast-
uzumab treatment [2,3]. The recent FDA’s approval of
Pertuzumab (Genentech, Roche) and the survival bene-
fit obtained with trastuzumab emtansine (t-DM1) [5] in
trastuzumab-resistant metastatic breast cancer (MBC),
reward long-term efforts in the understanding of molec-
ular mechanisms of resistance to trastuzumab. This
review outlines the molecular mechanisms by which
Fig. 1. HER-2 structure (with the courtesy
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tumour cells may adapt to and resist HER-2 inhibition.
Based on identified mechanisms of resistance and the
discovery of new predictive markers, new strategies
may be developed to overcome it.
2. Mechanisms of resistance to anti-HER-2

Complex networks of intracellular signalling path-
ways are involved in HER-2 activation. Usually, resis-
tance mechanisms are classified according to genetic or
environmental alterations of receptors tyrosine kinase
(RTKs) and their downstream effectors (de novo resis-
tance) or the activation of alternative pathways, to by-
pass the HER-2 inhibition after anti-HER-2 exposure
(acquired resistance) [6]. Main clinical studies and cur-
rent trials in trastuzumab-resistant MBC patients are
summarised in Table 1.
2.1. De novo resistance

2.1.1. Alteration of receptor access

Cleavage of HER-2 leaves after the release of its ecto-
domain (ECD), a 95–100 kDa constitutively active
membrane bound form (648-CTF p95HER-2). This pro-
cess, mediated by the sheddase ADAM10 [7], might be a
source of resistance to trastuzumab [8] but not to lapat-
inib [9], since the constitutive intrinsic tyrosine kinase
activity would still be inhibited by lapatinib. ADAM
inhibitors such as INCB7839 demonstrated in vivo
and adapted from Penault-Llorca F).
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Table 1
Main clinical studies of single agent or combination in HER-2 positive metastastic breast cancer.

Strategy Agent(s) Phase N Main end-point Ref.

Combine anti-HER-2 and chemotherapy Trastuzumab III 469 OS 25.1 versus 20.3 months (P = 0.46) [3]
Lapatinib III 399 TTP 8.4 versus 4.4 months (P < .001) [66]

Combine anti-HER-2 T + L III 296 PFS 12.0 versus 8.1 weeks (P = .008) [72]

Target HER2/HER3 Pertuzumab III 808 PFS 18.5 versus 12.4 months (P < .001) [40]
MM-111 I 21 Recruiting NCT01097460

Irreversible dual HER1/2 inhibitor Neratinib II 136 PFS prior/naı̈ve T 22.3 versus 39.6 weeks [67]
II 480 Ongoing NCT00915018

Afatinib II 41 ORR 12% (n = 4/34 evaluable) [68]

HER-2 targeting immunotoxin T-DM1 II 112 ORR 25.9% (95% CI, 18.4–34.4%) [81]
III 1092 Recruiting NCT01120184
III 980 Recruiting NCT00829166

Combine multiple pathways targeting

PI3K/Akt mTOR inhibitor Everolimus I 33 ORR 44% [23]
GDC-0941 Ib 60 Recruiting NCT00928330
BEZ235 I/II 140 Not yet recruiting NCT01471847
INK-128 I 95 Recruiting NCT01351350

ER pathway Letrozole III 219 PFS 8.2 versus 3.0 months (P = .019) [54]
Anti-angiogenic Bevacizumab II 50 ORR 48% [57]
IgF-1-R Cixutumumab II 154 Recruiting NCT00684983

Inhibit anti-HER-2 degradation Tanespimycin I/II 31 ORR 22% [82]
Retaspimycin II 29 Ongoing NCT00817362

Abbreviations: T = trastuzumab; L = lapatinib; OS = overall survival; PFS = progression-free survival; ORR = overall response rate; TTP = time
to progression.
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ability to reduce ECD HER-2 level and could poten-
tially enhance response to trastuzumab, particularly in
p95+ patients [10]. Alternative translation from internal
AUG codons also leads to truncated forms (611 and
678-CTF) corresponding to 100–115 kDa and 90–
95 kDa p95HER-2 fragments respectively. All these
truncated fragments display disparate levels of activity,
with a remarkable oncogenicity for the 611-CTF form
illustrated by transgenic mice models and the ability to
regulate a different subset of genes not involved in the
classical p185HER-2 pathway [11]. Despite a lot of
interest for this biomarker, it appears that the various
forms embedded in the term of p95HER-2 and corollary
the equivocality of available tools to detect them [12–14]
resulted in conflicting results, premature for clinical
practice. For instance, the poor outcomes observed
under trastuzumab in a cohort of metastatic HER-2-
positive patients with high levels of p95HER-2, as
assessed by the VeraTag assay on the primary samples
[14], were balanced by the results from the neo-adjuvant
GeparQuattro study, which unexpectedly showed a
higher response to trastuzumab in patients with
tumours overexpressing p95/611-CTF forms at baseline
[15]. Interestingly, a recent hypothesis argued that, a
decrease of the antigen steric hindrance may facilitate
the binding of trastuzumab to its epitope (on
p185HER-2) in the presence of a p95HER-2 contingent
[16]. Similarly, the preclinical model of higher sensitivity
to lapatinib for p95+ patients, in which overexpression
Please cite this article in press as: Thery J.-C. et al., Resistance to human ep
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of p95HER-2 induced in vitro an increase of EGFR
and its downstream signalling, and constitutive
activation of Erk-1/2 kinases [8], was disappointing in
various retrospective clinical studies [9,17]. Thus, p95
clearly awaits technical standardisation and clinical
validation.

2.1.2. FccRIIIa polymorphisms

Antibodies such as trastuzumab or pertuzumab,
through their constant fragment (Fc) can activate
antibody-dependent cytotoxicity (ADCC), involving
lymphokine-activated killer cells (LAK), and comple-
ment-dependent cytotoxicity [18]. Such an immune
mechanism might barely contribute to their therapeu-
tic effect, as illustrated by the enrichment of NK cells
and the presence of Granzyme B in the tumour infil-
trates after trastuzumab exposure in the neo-adjuvant
setting [19]. Polymorphisms on the FccRIIIa are
constitutively expressed on LAK [20], in particular
the 131 H/R and 158 V/F polymorphisms which
appear to exert a strong effect on IgG1 affinity for
FccR, and consequently on the ADCC-related activ-
ity [21]. In metastatic breast cancer, the FccRIIIa-
158 V/V and 131 H/H genotypes were significantly
correlated with better objective response rates (ORRs)
and progression-free survival (PFS) in patients treated
with trastuzumab [22]. However, a large genotyping
analysis failed to confirm these results [23].
idermal growth factor receptor type 2-targeted therapies, Eur J Cancer
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2.1.3. Changes in signal transmission

Changes in downstream signalling may lead to consti-
tutive activation of the pathways. In patients treated by
trastuzumab, loss or inactivating mutations of phospha-
tase and tensin homologue on chromosome 10 (PTEN),
or the oncogenic mutations of phosphatidylinositol 3
kinase catalytic subunit (PI3KCA) were associated with
poor response and survival [24,25]. Consequently, ever-
olimus an oral mTOR inhibitor was tested in combina-
tion with trastuzumab and chemotherapy [26,27].
Nonetheless, in the N9831 trial published recently [28]
no interaction between PTEN status and disease-free
survival was reported. Other strategies like PI3K inhib-
itors (GDC-0941) [29], dual PI3K/mTOR inhibitors
(BEZ235) [30] or a novel dual mTORC1/2 INK-128
[31] in combination with anti-HER-2 therapies are being
investigated. Such strategies might be expected to fail
with lapatinib, considering that sensitivity to lapatinib
was not dependent on PTEN expression or PI3K path-
way activation [32,33], however these results are unclear
in regard to some specific PI3KCA mutations [34,35].
Moreover, the anti-HER-2 effect of lapatinib appears
to be mediated preferentially through the MAPK
pathway, and resistance to lapatinib might be over-
come by a MEK inhibitor in the context of Ras
overexpression or mutation [36]. Finally, the co-amplifi-
cation of CCNE1 coding for Cyclin E, which occurs
in �20% of HER-2-amplified breast cancers and is
associated with poorer outcome under trastuzumab
[37], might be implicated in trastuzumab resistance
and lead to the potential effect of CDK2 inhibitors in
this situation [38].
2.2. Acquired resistance

2.2.1. Activation of HER-3 and HER-1 pathways

Overexpressions of other RTKs or their ligands are
also involved in trastuzumab and lapatinib resistance.
Junttila et al. [39] showed that the overexpression of
HER-3 along with HER-2 leads to the formation of
HER-2/HER-3 heterodimers, through the PI3K/Akt
pathway. Similarly, as demonstrated in vitro [40] and
in xenograft models [41], HER-1 overexpression or the
presence of its ligands might be also responsible for
acquired resistance to trastuzumab. Interestingly, trast-
uzumab resistance in SKBR3 and BT474 cell lines is
mediated by an inability to decrease HER2 phosphory-
lation, through a mechanism involving a dimerisation
with others RTKs consecutively to their ligands release
[42]. Under trastuzumab, the protein kinase B (PKB)
phosphorylation is decreased, as a result of a decrease
of HER3 phosphorylation. Pointing to a negative feed-
back loop from PKB to ADAM17, and the role of this
protease in the ligand release, this study hypothesised
that trastuzumab itself induces an ADAM17-mediated
up-regulation of HER ligands, and thus resistance.
Please cite this article in press as: Thery J.-C. et al., Resistance to human ep
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The dramatic antiproliferative effect of trastuzumab
combined to TAPI-1, an ADAM17 inhibitor, or to a
panHER inhibitor, reinforces this model and displays
promising development. Similarly, the increased expres-
sion of TGFa observed in trastuzumab-resistant tumour
cell lines may be involved in extending the stimulation of
HER-1 homo/heterodimers [43] and may induce resis-
tance to lapatinib [44].

These considerations of acquiring resistance through
the heterodimerisation of HER-2 drove the CLEO-
PATRA phase III study, in which the combination of
pertuzumab (which acts by disrupting heterodimerisa-
tion) with docetaxel plus trastuzumab regimen led to
an increase of 6.1 months in progression free survival
(HR = 0.62, 95% confidence interval (CI) [0.51–0.75],
p < 0.0001) and a strong trend in overall survival in
favour of the combination arm which supported the
FDA approval [45]. In the neo-adjuvant setting, pert-
uzumab plus trastuzumab with docetaxel yielded a sig-
nificant improvement of pathological complete
response (pCR) compared to the control group (45.8%
versus 29%, p = 0.0141). Noteworthy, the chemo-free
regimen gave interesting rates of pCR (16.8%, 95% CI
[10.3–25.3]) [46]. Similarly, data from in vitro and xeno-
graft models with a bispecific antibody targeting the
HER2/HER3/Heregulin complex (MM-111), displayed
promising activity, especially in combination with trast-
uzumab or lapatinib [47].
2.2.2. IGF-1-receptor pathway

The Insulin Growth Factor-1 receptor (IGF-1R)
plays an important role in cell proliferation and survival
via the PI3K pathway. By-passing the negative effect of
trastuzumab on p27 degradation, IGF-1R can degrade
it through the ubiquitin ligase Skp2, resulting in the abo-
lition of cdk2 inhibition and cell cycle blockage on the
G1/G0 phase [48,49]. Thus, cross-talk between IGF-
1R and HER-2 appears as a major potential mechanism
for acquired resistance to trastuzumab. A strong inter-
action between IGF-1R, HER-2 and HER-3 leading to
heterotrimeric complex formation was reported only in
trastuzumab-resistant breast cancer cells, and their dis-
ruption by a specific knockdown of HER-3 or IGF-1R
abrogated trastuzumab resistance [50]. In vitro, the phe-
nolic compound nordihydroguaiaretic acid (NDGA), a
dual cytotoxic IGF-1R/HER-2 inhibitor, exhibited
major antitumour activity and enhanced-trastuzumab
activity against trastuzumab-naı̈ve and resistant breast
cancer cells by reducing signal transduction via the
PI3K/Akt pathway [51]. Noteworthy, lapatinib was
shown to induce apoptosis in trastuzumab-resistant cells
by blocking Akt activation, increasing p27 expression
and inhibiting IGF-1R-mediated signal transduction,
independently of IGF1 [52]. No change in sensitivity
or resistance to lapatinib was detected in the presence
of the anti-IGF-1R aIR3 antibody, probably due to
idermal growth factor receptor type 2-targeted therapies, Eur J Cancer
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the direct inhibition of survivin independently of Akt
inhibition.
2.2.3. Others alternatives pathways

Met receptor tyrosine kinase may also contribute to
trastuzumab resistance, by revoking p27 induction
[53]. Cross-talks between HER-2 and oestrogen receptor
(ER) pathways may intervene in trastuzumab [54] and
lapatinib [55] resistance. In the neoadjuvant setting, a
lower pCR rate was reported in the ER+ subgroup
under lapatinib, trastuzumab or their combination
[56]. Conversely, an increase in ER signalling was
observed in patients with HER-2-positive/ER-positive
tumour treated with lapatinib monotherapy [55]. This
increase may involve the activation of FOXO3A, as a
result of inhibition of PI3K/Akt. Consistent with this,
the sensitivity to lapatinib was restored by fulvestrant
in vitro. Another mechanism involves AXL overexpres-
sion, silencing or inhibition of which by foretinib (a
multikinase inhibitor of AXL, MET and VEGFR) or
fulvestrant treatment reverse trastuzumab or lapatinib
resistance in vitro [57]. These data suggest that positive
hormonal receptor status might be a marker of lower
sensitivity to anti-HER-2 therapies and may go some
way to explain the successful combination of anti-
HER-2 therapy with endocrine therapy in the clinic
[58–60].

Previous data supported an up-regulation of the
VEGF pathway in HER-2-overexpressed MBC [61],
with a safe and promising first-line therapy combining
bevacizumab with either trastuzumab or lapatinib
[62,63]. The results of the BEVERLY 2 study combining
bevacizumab, trastuzumab and chemotherapy in pri-
mary inflammatory HER-2 positive breast cancer con-
firmed the safety and the efficacy of the regimen, with
high pCR rates (63.5%, 95% CI 49.4–77.5) [64]. The
BETH study (NCT00625898) randomising the addition
of bevacizumab to the current adjuvant setting in
HER-2 positive early breast cancer may define a new
standard of care.
3. Designing the best strategy

The knowledge of these mechanisms of resistance has
driven the development of new drugs or drugs combina-
tions (Fig. 2). Their best use will require definition of
predictive factors of resistance and rational sequences
of treatment. The search for targetable nodes, common
to multiple resistance pathways, is also appealing.
3.1. A better prediction of anti-HER-2 efficacy

As discussed earlier, numerous markers have been
proposed as predictive factors of de novo resistance,
but still warrant clinical validation [65]. In the Gepar-
Quattro study [66], multivariate analysis showed that
Please cite this article in press as: Thery J.-C. et al., Resistance to human ep
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ALDH1 and p4E-BP1 were significantly up-regulated
in resistant patients, suggesting that respectively partic-
ular features of stem cells and activation of the mTOR
pathway are involved in the mechanisms of resistance
to trastuzumab. Conversely, phosphorylated HER-2
receptor [65], or co-amplification of c-Myc and HER-2
[67] may be markers of sensitivity to trastuzumab or
lapatinib. Predictive value of some of these biomarkers
(c-Myc, p95HER-2, PTEN) is being prospectively inves-
tigated in the ALTTO (NCT00490139) and NeoALTTO
(NCT00553358) trials. Nonetheless, 20 years later, the
only fully validated prognostic and predictive marker
of anti-HER-2 therapies remains the over-expression
and/or amplification of HER-2. Such observation brings
one to consider that, contrary to colorectal or lung can-
cer, such a quest of de novo or acquired predictive factor
of resistance might be in vain.
3.2. Logical sequences of drugs combination

Several studies validated the efficacy of keeping ther-
apeutic pressure on HER-2 by maintaining trastuzumab
in association with a new chemotherapy after disease
progression following first line trastuzumab treatment
[68–70]. Currently, ongoing randomised studies THOR
(NCT00448279) and ML19944 (NCT00444587) are
evaluating the value of continuing trastuzumab beyond
progression.

Switching to another therapy was successful with the
approval of lapatinib by FDA as second-line anti-HER-
2 therapy in association with capecitabine, however
without any benefit in overall survival [4,71].

In a phase II trial, neratinib (HKI-272, Pfizer), an
irreversible ErbB receptor tyrosine kinase inhibitor,
yielded promising ORRs with 56% in naive patients
and 24% in previously trastuzumab-exposed amongst
patients HER-2-positive breast cancer patients [72].
Currently, its efficacy in early and advanced HER-2-
positive breast cancer is being evaluated in two clinical
trials (ExteNET (NCT00878709) and NEFERTT
(NCT00915018)). In another recent phase II study, afat-
inib (BIBW 2992), an irreversible dual erbB RTK inhib-
itor showed interesting clinical benefit (46%) in heavily
pretreated and trastuzumab-resistant MBC patients.
As with neratinib, the most frequent adverse events with
afatinib were diarrhoea and rash [73].

Different approaches focused on the reinforcement of
the anti-HER-2 pressure, by counteracting HER-2 and
its downstream effectors promoting their degradation.
In preclinical studies in vivo, chronic administration of
Hsp90 inhibitors led to a reduction in sustained expres-
sion of HER-2 and p95HER-2, downregulation of the
PI3K/Akt pathway, and inhibition of cell proliferation
by apoptosis induction [74]. Inhibitors such as tanespi-
mycin (KOS-953) and retaspimycin (IPI-504)
(NCT00817362) are currently under clinical develop-
idermal growth factor receptor type 2-targeted therapies, Eur J Cancer
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Fig. 2. Resistance pathways and corresponding drugs.
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ment. Similarly, in a in vitro study conducted on lapati-
nib-resistant cell lines, the combination of lapatinib with
bortezomib (Velcade�), a proteasome inhibitor, resulted
in apoptosis and inhibition of transmission of HER-2
signal, in both lapatinib-resistant and sensitive cell lines
[75].

Another approach is to combine multiple HER-2 tar-
geted agents. Thus, the benefit of adding lapatanib to
trastuzumab has emerged from preclinical models show-
ing a synergistic effect [76]. This was confirmed in a ran-
domised phase III study in patients with heavily
pretreated trastuzumab-resistant HER-2-positive breast
cancer, with an increased PFS [77]. This combination
was also tested in a neoadjuvant strategy within the
framework of the NeoALTTO study, yielding better
pCR compared to each monotherapy associated with
chemotherapy [56].
3.3. Delivering cytotoxicity through HER-2

The emtansine trastuzumab (T-DM1), a HER-2-tar-
geting immunotoxin formed by conjugation of trast-
uzumab with maytansinoid cytotoxin DM1, a tubular
polymerisation inhibitor, recently succeed in the use of
trastuzumab as a vector for delivering cytotoxicity.
T-DM1 is specifically internalised in HER-2-overexpress-
ing cells and, after lysosomal degradation, releases
DM1, leading to cell death [78]. Obviously, the conju-
gated antibody preserves the mechanism of action of
trastuzumab [79]. The results of the EMILIA phase III
Please cite this article in press as: Thery J.-C. et al., Resistance to human ep
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study in a heavily pre-treated trastuzumab-refractory
patients were strongly in favour of the T-DM1 com-
pared to the conventional arm capecitabine-lapatinib,
with a respectively 35% and 32% significant improve-
ment of PFS and OS while grade 3/4 toxicities were less
frequent [5]. Another phase III study (MARIANNE,
NCT01120184) comparing T-DM1 plus placebo versus
T-DM1 plus pertuzumab versus trastuzumab plus tax-
ane, in first-line MBC is ongoing.
3.4. The ‘drug sedimentation theory’

All these compounds might improve progression or
relapse-free survival of HER-2 positive patients but
must be delivered with the best strategy, based on host
and tumour characteristics. Acquired resistance raise
the hypothesis of predictable, or more modestly, under-
standable models of resistance. Campone et al. [80] tried
to understand the natural history of HER-2 positive
breast cancer under a drug sedimentation theory. In this
model, the clones selected under anti-HER-2 therapy
pressure will display several acquired mechanisms of
resistance. As we reported earlier, acquired mechanisms
of resistance involved other addictive pathways such as
c-MET, IGF-1R, HER-1 and HER-3, or PI3K/Akt/
mTOR. All these pathways are secondary ‘addictive’
pathways, needing to be targeted as well as the HER-
2. Based on this theory, current and future designs will
associate in second line chemotherapy, an anti-HER-2
and a targeted therapy focusing on this secondary
idermal growth factor receptor type 2-targeted therapies, Eur J Cancer
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‘addictive’ pathway such as an anti-IGF-1R, and so on
for the further lines. The power of this theory should
come from identification of markers of resistance.
Unfortunately, as already discussed, no clear and robust
markers rose from clinical studies. Nonetheless, in order
to better address the additional targeted therapy, sys-
tematical biopsies at the time of relapse will be war-
ranted. The evident weakness of this theory is that
tumours are heterogeneous and may display concomi-
tantly several resistance mechanisms.
3.5. Overcoming HER-2 resistance by targeting node

common to multiple resistance pathways: the theory of the
‘Gordian knot’

As described in our review, resistance pathways are
multiple, interconnected but autonomous. Choosing to
address each resistance pathway by an additional drug
as proposed in the sedimentation theory might be chal-
lenged by the safety and cost considerations. The Holy
Grail is to identify a critical node amongst the down-
stream effectors of the RTKs, from which the targeting
would counteract or prevent multiple acquired resis-
tance pathways. Zhang et al. [6] may have identified
c-Src as one of these nodes. This tyrosine kinase appeared
hyper-activated in cell line models of acquired trast-
uzumab resistance, involving various alternative RTKs
pathways, suggesting a common node status. Interest-
ingly, c-Src activation might be a consequence of PTEN
loss, since Src Tyr416 is a direct substrate for PTEN
protein phosphatase activity. Thus, in this model, de

novo resistance directed by loss of PTEN may lead to
acquired resistance throughout c-Src activation. As a
confirmation, resistance to trastuzumab was reversed
in vivo and in vitro by exposure to the Src inhibitor
saracatinib combined with trastuzumab. Clinical valida-
tion of this model is warranted and might address to dif-
ferent concomitant mechanisms of HER-2 resistance.
4. Take home message

De novo or acquired resistance to trastuzumab and
lapatinib, for example those discovered in preclinical
studies, may lead to therapeutic failure in the clinic. Cur-
rently, different strategies are being explored, such as
maintaining the therapeutic pressure on the HER-2
pathway while targeting other key points of regulation
(as exemplified by the drug sedimentation concept).
Identification of node targets common to multiple resis-
tance pathways should revolutionise our understanding
and clinical approach. Finally, current studies, in partic-
ular neo-adjuvant trials, will help to better characterise
predictive factors of resistance, in order to individualise
HER-2-targeted strategy. Nonetheless, considering the
prolific but conflicting literature concerning mechanisms
of resistance to anti-HER-2 therapies and predictive
Please cite this article in press as: Thery J.-C. et al., Resistance to human ep
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factors of such resistance, it is possible that no dominant
marker will emerge and become useful for clinical
practice, nor even that the ADCC-mediated immune
mechanism of these antibodies constitutes their core
effect, making exciting research for the future.
Conflict of interest statement

None declared.

References

[1] Slamon DJ, Clark GM, Wong SG, Levin WJ, Ullrich A, McGuire
WL. Human breast cancer: correlation of relapse and survival
with amplification of the HER-2/neu oncogene. Science
1987;235(4785):177–82.

[2] Marty M, Cognetti F, Maraninchi D, et al. Randomized phase II
trial of the efficacy and safety of trastuzumab combined with
docetaxel in patients with human epidermal growth factor
receptor 2-positive metastatic breast cancer administered as
first-line treatment: the M77001 study group. J Clin Oncol
2005;23(19):4265–74.

[3] Slamon DJ, Leyland-Jones B, Shak S, et al. Use of chemotherapy
plus a monoclonal antibody against HER2 for metastatic breast
cancer that overexpresses HER2. N Engl J Med 2001;344(11):
783–92.

[4] Cameron D, Casey M, Press M, et al. A phase III randomized
comparison of lapatinib plus capecitabine versus capecitabine
alone in women with advanced breast cancer that has progressed
on trastuzumab: updated efficacy and biomarker analyses. Breast
Cancer Res Treat 2008;112(3):533–43.

[5] Verma S, Miles D, Gianni L, et al. Trastuzumab emtansine for
HER2-positive advanced breast cancer. N Engl J Med
2012;367(19):1783–91.

[6] Zhang S, Huang WC, Li P, et al. Combating trastuzumab
resistance by targeting SRC, a common node downstream of
multiple resistance pathways. Nat Med 2011;17(4):461–9.

[7] Liu PC, Liu X, Li Y, et al. Identification of ADAM10 as a major
source of HER2 ectodomain sheddase activity in HER2 over-
expressing breast cancer cells. Cancer Biol Ther 2006;5(6):657–64.

[8] Scaltriti M, Rojo F, Ocana A, et al. Expression of p95HER2, a
truncated form of the HER2 receptor, and response to anti-HER2
therapies in breast cancer. J Natl Cancer Inst 2007;99(8):628–38.

[9] Scaltriti M, Chandarlapaty S, Prudkin L, et al. Clinical benefit of
lapatinib-based therapy in patients with human epidermal growth
factor receptor 2-positive breast tumors coexpressing the trun-
cated p95HER2 receptor. Clin Cancer Res 2010;16(9):2688–95.

[10] Friedman S, Levy R, Scherle P, et al. Clinical benefit of
INCB7839, a potent and selective inhibitor of ADAM10 and
ADAM17, in combination with trastuzumab in metastatic HER2
positive breast cancer patients. Cancer Res 2009;69(24):12345
[abstract N� 5056, thirty-second annual CTRC-AACR San
Antonio Breast Cancer Symposium].

[11] Pedersen K, Angelini PD, Laos S, et al. A naturally occurring
HER2 carboxy-terminal fragment promotes mammary tumor
growth and metastasis. Mol Cell Biol 2009;29(12):3319–31.

[12] Arribas J, Baselga J, Pedersen K, Parra-Palau JL. P95HER2 and
breast cancer. Cancer Res 2011;71(5):1515–9.

[13] Leitzel K, Teramoto Y, Sampson E, et al. Elevated soluble c-
erbB-2 antigen levels in the serum and effusions of a proportion of
breast cancer patients. J Clin Oncol 1992;10(9):1436–43.

[14] Sperinde J, Jin X, Banerjee J, et al. Quantitation of p95HER2 in
paraffin sections by using a p95-specific antibody and correlation
with outcome in a cohort of trastuzumab-treated breast cancer
patients. Clin Cancer Res 2010;16(16):4226–35.
idermal growth factor receptor type 2-targeted therapies, Eur J Cancer

http://refhub.elsevier.com/S0959-8049(14)00012-4/h0005
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0005
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0005
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0005
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0010
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0010
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0010
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0010
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0010
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0010
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0015
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0015
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0015
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0015
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0020
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0020
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0020
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0020
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0020
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0025
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0025
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0025
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0030
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0030
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0030
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0035
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0035
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0035
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0040
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0040
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0040
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0045
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0045
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0045
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0045
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0050
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0050
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0050
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0050
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0050
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0050
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0055
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0055
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0055
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0060
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0060
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0065
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0065
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0065
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0070
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0070
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0070
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0070
http://dx.doi.org/10.1016/j.ejca.2014.01.003


8 J.-C. Thery et al. / European Journal of Cancer xxx (2014) xxx–xxx
[15] loibl S, Bruey J, Von Minckwitz G, Huober JB, Press MF, Darb-
Esfahani S, et al. Validation of p95 as a predictive marker for
trastuzumab-based therapy in primary HER2-positive breast
cancer: a translational investigation from the neoadjuvant
GeparQuattro study. J Clin Oncol 2011;29(Suppl.):530 [abstr.
530].

[16] Recupero D, Daniele L, Marchio C, et al. Spontaneous and
pronase-induced HER2 truncation increases the trastuzumab
binding capacity of breast cancer tissues and cell lines. J Pathol
2013;229(3):390–9.

[17] Han SW, Cha Y, Paquet A, et al. Correlation of HER2,
p95HER2 and HER3 expression and treatment outcome of
lapatinib plus capecitabine in her2-positive metastatic breast
cancer. PLoS One 2012;7(7):e39943.

[18] Carter P. Improving the efficacy of antibody-based cancer
therapies. Nat Rev Cancer 2001;1(2):118–29.

[19] Arnould L, Gelly M, Penault-Llorca F, et al. Trastuzumab-based
treatment of HER2-positive breast cancer: an antibody-depen-
dent cellular cytotoxicity mechanism? Br J Cancer 2006;94(2):
259–67.

[20] Koene HR, Kleijer M, Algra J, Roos D, von dem Borne AE, de
Haas M. Fc gammaRIIIa-158V/F polymorphism influences the
binding of IgG by natural killer cell Fc gammaRIIIa, indepen-
dently of the Fc gammaRIIIa-48L/R/H phenotype. Blood
1997;90(3):1109–14.

[21] Shields RL, Namenuk AK, Hong K, et al. High resolution
mapping of the binding site on human IgG1 for Fc gamma RI, Fc
gamma RII, Fc gamma RIII, and FcRn and design of IgG1
variants with improved binding to the Fc gamma R. J Biol Chem
2001;276(9):6591–604.

[22] Musolino A, Naldi N, Bortesi B, et al. Immunoglobulin G
fragment C receptor polymorphisms and clinical efficacy of
trastuzumab-based therapy in patients with HER-2/neu-positive
metastatic breast cancer. J Clin Oncol 2008;26(11):1789–96.

[23] Hurvitz SA, Betting D, Stern HM, et al. Analysis of Fcc receptor
IIA & IIIA polymorphisms: correlation with outcome in trast-
uzumab-treated HER2/Neu amplified early and metastatic breast
cancer patients. In: 32nd annual San Antonio Breast Cancer
Symposium, San Antonio, Texas, USA; December 9–13, 2009
[abstract 64].

[24] Berns K, Horlings HM, Hennessy BT, et al. A functional genetic
approach identifies the PI3K pathway as a major determinant of
trastuzumab resistance in breast cancer. Cancer Cell
2007;12(4):395–402.

[25] Nagata Y, Lan KH, Zhou X, et al. PTEN activation contributes
to tumor inhibition by trastuzumab, and loss of PTEN predicts
trastuzumab resistance in patients. Cancer Cell 2004;6(2):117–27.

[26] Jerusalem G, Fasolo A, Dieras V, et al. Phase I trial of oral
mTOR inhibitor everolimus in combination with trastuzumab
and vinorelbine in pre-treated patients with HER2-overexpressing
metastatic breast cancer. Breast Cancer Res Treat
2011;125(2):447–55.

[27] Andre F, Campone M, O’Regan R, et al. Phase I study of
everolimus plus weekly paclitaxel and trastuzumab in patients
with metastatic breast cancer pretreated with trastuzumab. J Clin
Oncol 2010;28(34):5110–5.

[28] Perez EA, Dueck AC, McCullough AE, et al. Impact of PTEN
protein expression on benefit from adjuvant trastuzumab in early-
stage human epidermal growth factor receptor 2-positive breast
cancer in the North Central Cancer Treatment Group N9831
trial. J Clin Oncol 2013;31(17):2115–22.

[29] Yao E, Zhou W, Lee-Hoeflich ST, et al. Suppression of HER2/
HER3-mediated growth of breast cancer cells with combinations
of GDC-0941 PI3K inhibitor, trastuzumab, and pertuzumab. Clin
Cancer Res 2009;15(12):4147–56.

[30] Rodon J, Infante J, Burris H, et al. A dose–escalation study with a
special drug delivery system (SDS) of BEZ235, a novel dual PI3K/
mTOR inhibitor, in patients with metastatic/advanced solid
Please cite this article in press as: Thery J.-C. et al., Resistance to human ep
(2014), http://dx.doi.org/10.1016/j.ejca.2014.01.003
tumors. In: Proceedings of the 33d annual CTRC-AACR San
Antonio Breast Cancer Symposium, San Antonio, Texas, USA;
2010 [abstract P6-15-07].

[31] Garcia-Garcia C, Ibrahim YH, Serra V, et al. Dual mTORC1/2
and HER2 blockade results in antitumor activity in preclinical
models of breast cancer resistant to anti-HER2 therapy. Clin
Cancer Res 2012;18(9):2603–12.

[32] O’Brien NA, Browne BC, Chow L, et al. Activated phosphoin-
ositide 3-kinase/AKT signaling confers resistance to trastuzumab
but not lapatinib. Mol Cancer Ther 2010;9(6):1489–502.

[33] Xia W, Husain I, Liu L, et al. Lapatinib antitumor activity is not
dependent upon phosphatase and tensin homologue deleted on
chromosome 10 in ErbB2-overexpressing breast cancers. Cancer
Res 2007;67(3):1170–5.

[34] Chakrabarty A, Rexer BN, Wang SE, Cook RS, Engelman JA,
Arteaga CL. H1047R phosphatidylinositol 3-kinase mutant
enhances HER2-mediated transformation by heregulin produc-
tion and activation of HER3. Oncogene 2010;29(37):5193–203.

[35] Eichhorn PJ, Gili M, Scaltriti M, et al. Phosphatidylinositol 3-
kinase hyperactivation results in lapatinib resistance that is
reversed by the mTOR/phosphatidylinositol 3-kinase inhibitor
NVP-BEZ235. Cancer Res 2008;68(22):9221–30.

[36] Zoppoli G, Moran E, Soncini D, et al. Ras-induced resistance to
lapatinib is overcome by MEK inhibition. Curr Cancer Drug
Targets 2010;10(2):168–75.

[37] Keyomarsi K, Tucker SL, Buchholz TA, et al. Cyclin E and
survival in patients with breast cancer. N Engl J Med
2002;347(20):1566–75.

[38] Scaltriti M, Eichhorn PJ, Cortes J, et al. Cyclin E amplification/
overexpression is a mechanism of trastuzumab resistance in
HER2+ breast cancer patients. Proc Natl Acad Sci U S A
2011;108(9):3761–6.

[39] Junttila TT, Akita RW, Parsons K, et al. Ligand-independent
HER2/HER3/PI3K complex is disrupted by trastuzumab and is
effectively inhibited by the PI3K inhibitor GDC-0941. Cancer Cell
2009;15(5):429–40.

[40] Dua R, Zhang J, Nhonthachit P, Penuel E, Petropoulos C, Parry
G. EGFR over-expression and activation in high HER2, ER
negative breast cancer cell line induces trastuzumab resistance.
Breast Cancer Res Treat 2010;122(3):685–97.

[41] Ritter CA, Perez-Torres M, Rinehart C, et al. Human breast
cancer cells selected for resistance to trastuzumab in vivo over-
express epidermal growth factor receptor and ErbB ligands and
remain dependent on the ErbB receptor network. Clin Cancer Res
2007;13(16):4909–19.

[42] Gijsen M, King P, Perera T, et al. HER2 phosphorylation is
maintained by a PKB negative feedback loop in response to anti-
HER2 herceptin in breast cancer. PLoS Biol 2010;8(12):e1000563.

[43] Valabrega G, Montemurro F, Sarotto I, et al. TGFalpha
expression impairs trastuzumab-induced HER2 downregulation.
Oncogene 2005;24(18):3002–10.

[44] Rhee J, Han SW, Cha Y, et al. High serum TGF-alpha predicts
poor response to lapatinib and capecitabine in HER2-positive
breast cancer. Breast Cancer Res Treat 2011;125(1):107–14.

[45] Baselga J, Cortes J, Kim SB, et al. Pertuzumab plus trastuzumab
plus docetaxel for metastatic breast cancer. N Engl J Med
2012;366(2):109–19.

[46] 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.
Lancet Oncol 2012;13(1):25–32.

[47] McDonagh CF, Huhalov A, Harms BD, et al. Antitumor activity
of a novel bispecific antibody that targets the ErbB2/ErbB3
oncogenic unit and inhibits heregulin-induced activation of
ErbB3. Mol Cancer Ther 2012;11(3):582–93.

[48] Lu Y, Zi X, Pollak M. Molecular mechanisms underlying IGF-I-
induced attenuation of the growth-inhibitory activity of trast-
idermal growth factor receptor type 2-targeted therapies, Eur J Cancer

http://refhub.elsevier.com/S0959-8049(14)00012-4/h0075
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0075
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0075
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0075
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0075
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0075
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0080
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0080
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0080
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0080
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0085
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0085
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0085
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0085
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0090
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0090
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0095
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0095
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0095
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0095
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0100
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0100
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0100
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0100
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0100
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0105
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0105
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0105
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0105
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0105
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0110
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0110
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0110
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0110
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0120
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0120
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0120
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0120
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0125
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0125
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0125
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0130
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0130
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0130
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0130
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0130
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0135
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0135
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0135
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0135
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0140
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0140
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0140
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0140
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0140
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0145
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0145
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0145
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0145
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0155
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0155
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0155
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0155
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0160
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0160
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0160
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0165
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0165
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0165
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0165
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0170
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0170
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0170
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0170
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0175
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0175
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0175
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0175
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0180
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0180
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0180
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0185
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0185
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0185
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0190
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0190
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0190
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0190
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0195
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0195
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0195
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0195
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0200
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0200
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0200
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0200
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0205
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0205
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0205
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0205
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0205
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0210
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0210
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0210
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0215
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0215
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0215
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0220
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0220
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0220
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0225
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0225
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0225
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0230
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0230
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0230
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0230
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0230
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0235
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0235
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0235
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0235
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0240
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0240
http://dx.doi.org/10.1016/j.ejca.2014.01.003


J.-C. Thery et al. / European Journal of Cancer xxx (2014) xxx–xxx 9
uzumab (Herceptin) on SKBR3 breast cancer cells. Int J Cancer
2004;108(3):334–41.

[49] Lu Y, Zi X, Zhao Y, Mascarenhas D, Pollak M. Insulin-like
growth factor-I receptor signaling and resistance to trastuzumab
(Herceptin). J Natl Cancer Inst 2001;93(24):1852–7.

[50] Huang X, Gao L, Wang S, et al. Heterotrimerization of the
growth factor receptors erbB2, erbB3, and insulin-like growth
factor-i receptor in breast cancer cells resistant to herceptin.
Cancer Res 2010;70(3):1204–14.

[51] Rowe DL, Ozbay T, Bender LM, Nahta R. Nordihydroguaiaretic
acid, a cytotoxic insulin-like growth factor-I receptor/HER2
inhibitor in trastuzumab-resistant breast cancer. Mol Cancer Ther
2008;7(7):1900–8.

[52] Nahta R, Yuan LX, Du Y, Esteva FJ. Lapatinib induces
apoptosis in trastuzumab-resistant breast cancer cells: effects on
insulin-like growth factor I signaling. Mol Cancer Ther 2007;6(2):
667–74.

[53] Shattuck DL, Miller JK, Carraway 3rd KL, Sweeney C. Met
receptor contributes to trastuzumab resistance of Her2-over-
expressing breast cancer cells. Cancer Res 2008;68(5):1471–7.

[54] Munzone E, Curigliano G, Rocca A, et al. Reverting estrogen-
receptor-negative phenotype in HER-2-overexpressing advanced
breast cancer patients exposed to trastuzumab plus chemother-
apy. Breast Cancer Res 2006;8(1):R4.

[55] Xia W, Bacus S, Hegde P, et al. A model of acquired autoresis-
tance to a potent ErbB2 tyrosine kinase inhibitor and a
therapeutic strategy to prevent its onset in breast cancer. Proc
Natl Acad Sci U S A 2006;103(20):7795–800.

[56] Baselga J, Bradbury I, Eidtmann H, et al. Lapatinib with
trastuzumab for HER2-positive early breast cancer (Neo-
ALTTO): a randomised, open-label, multicentre, phase 3 trial.
Lancet 2012;379(9816):633–40.

[57] Liu L, Greger J, Shi H, et al. Novel mechanism of lapatinib
resistance in HER2-positive breast tumor cells: activation of
AXL. Cancer Res 2009;69(17):6871–8.

[58] Huober J, Fasching PA, Barsoum M, et al. Higher efficacy of
letrozole in combination with trastuzumab compared to
letrozole monotherapy as first-line treatment in patients with
HER2-positive, hormone-receptor-positive metastatic breast
cancer – results of the eLEcTRA trial. Breast 2012;21(1):
27–33.

[59] Johnston S, Pippen Jr J, Pivot X, et al. Lapatinib combined with
letrozole versus letrozole and placebo as first-line therapy for
postmenopausal hormone receptor-positive metastatic breast
cancer. J Clin Oncol 2009;27(33):5538–46.

[60] Kaufman B, Mackey JR, Clemens MR, et al. Trastuzumab plus
anastrozole versus anastrozole alone for the treatment of post-
menopausal women with human epidermal growth factor recep-
tor 2-positive, hormone receptor-positive metastatic breast
cancer: results from the randomized phase III TAnDEM study.
J Clin Oncol 2009;27(33):5529–37.

[61] Konecny GE, Meng YG, Untch M, et al. Association between
HER-2/neu and vascular endothelial growth factor expression
predicts clinical outcome in primary breast cancer patients. Clin
Cancer Res 2004;10(5):1706–16.

[62] Hurvitz SA, Pegram MD, Lin L-S, et al. Final results of a phase II
trial evaluating trastuzumab and bevacizumab as first line
treatment of HER2-amplified advanced breast cancer. In: 32nd
annual San Antonio Breast Cancer Symposium, San Antonio,
Texas, USA; December 9–13, 2009 [abstract 6094].

[63] Rugo HS, Jo Chien A, Franco SX, et al. A phase II study of
lapatinib and bevacizumab as treatment for HER2-overexpress-
ing metastatic breast cancer. Breast Cancer Res Treat
2012;134(1):13–20.

[64] Pierga JY, Petit T, Delozier T, et al. Neoadjuvant bevacizumab,
trastuzumab, and chemotherapy for primary inflammatory
HER2-positive breast cancer (BEVERLY-2): an open-label,
single-arm phase 2 study. Lancet Oncol 2012;13(4):375–84.
Please cite this article in press as: Thery J.-C. et al., Resistance to human ep
(2014), http://dx.doi.org/10.1016/j.ejca.2014.01.003
[65] Ross JS, Slodkowska EA, Symmans WF, Pusztai L, Ravdin PM,
Hortobagyi GN. The HER-2 receptor and breast cancer: ten years
of targeted anti-HER-2 therapy and personalized medicine.
Oncologist 2009;14(4):320–68.

[66] Huober J, Loibl S, Untch M, et al. New molecular biomarkers for
resistance to trastuzumab in primary HER2 positive breast cancer
– a translational investigation from the neoadjuvant GeparQuat-
tro study. In: 33rd annual San Antonio Breast Cancer Sympo-
sium, San Antonio, Texas, USA; December 9–13, 2010 [PD02-06].

[67] Perez EA, Jenkins RB, Dueck AC, et al. C-MYC alterations and
association with patient outcome in early-stage HER2-positive
breast cancer from the north central cancer treatment group
N9831 adjuvant trastuzumab trial. J Clin Oncol 2011;29(6):651–9.

[68] Hamberg P, Bos MM, Braun HJ, et al. Randomized phase II
study comparing efficacy and safety of combination-therapy
trastuzumab and docetaxel vs. sequential therapy of trastuzumab
followed by docetaxel alone at progression as first-line chemo-
therapy in patients with HER2+ metastatic breast cancer:
HERTAX trial. Clin Breast Cancer 2011;11(2):103–13.

[69] Inoue K, Nakagami K, Mizutani M, et al. Randomized phase III
trial of trastuzumab monotherapy followed by trastuzumab plus
docetaxel versus trastuzumab plus docetaxel as first-line therapy
in patients with HER2-positive metastatic breast cancer: the
JO17360 Trial Group. Breast Cancer Res Treat 2010;119(1):
127–36.

[70] von Minckwitz G, du Bois A, Schmidt M, et al. Trastuzumab
beyond progression in human epidermal growth factor receptor 2-
positive advanced breast cancer: a German breast group 26/breast
international group 03-05 study. J Clin Oncol 2009;27(12):
1999–2006.

[71] Geyer CE, Forster J, Lindquist D, et al. Lapatinib plus
capecitabine for HER2-positive advanced breast cancer. N Engl
J Med 2006;355(26):2733–43.

[72] Burstein HJ, Sun Y, Dirix LY, et al. Neratinib, an irreversible
ErbB receptor tyrosine kinase inhibitor, in patients with advanced
ErbB2-positive breast cancer. J Clin Oncol 2010;28(8):1301–7.

[73] Lin NU, Winer EP, Wheatley D, et al. A phase II study of
afatinib (BIBW 2992), an irreversible ErbB family blocker, in
patients with HER2-positive metastatic breast cancer progressing
after trastuzumab. Breast Cancer Res Treat 2012;133(3):1057–65.

[74] Chandarlapaty S, Scaltriti M, Angelini P, et al. Inhibitors of
HSP90 block p95-HER2 signaling in Trastuzumab-resistant
tumors and suppress their growth. Oncogene 2010;29(3):325–34.

[75] Ma C, Niu X, Luo J, Shao Z, Shen K. Combined effects of
lapatinib and bortezomib in human epidermal receptor 2 (HER2)-
overexpressing breast cancer cells and activity of bortezomib
against lapatinib-resistant breast cancer cells. Cancer Sci
2010;101(10):2220–6.

[76] Konecny GE, Pegram MD, Venkatesan N, et al. Activity of the
dual kinase inhibitor lapatinib (GW572016) against HER-2-
overexpressing and trastuzumab-treated breast cancer cells. Can-
cer Res 2006;66(3):1630–9.

[77] Blackwell KL, Burstein HJ, Storniolo AM, et al. Randomized
study of Lapatinib alone or in combination with trastuzumab in
women with ErbB2-positive, trastuzumab-refractory metastatic
breast cancer. J Clin Oncol 2010;28(7):1124–30.

[78] Lewis Phillips GD, Li G, Dugger DL, et al. Targeting HER2-
positive breast cancer with trastuzumab-DM1, an antibody-
cytotoxic drug conjugate. Cancer Res 2008;68(22):9280–90.

[79] Junttila TT, Li G, Parsons K, Phillips GL, Sliwkowski MX.
Trastuzumab-DM1 (T-DM1) retains all the mechanisms of action
of trastuzumab and efficiently inhibits growth of lapatinib
insensitive breast cancer. Breast Cancer Res Treat 2011;128(2):
347–56.

[80] Campone M, Juin P, Andre F, Bachelot T. Resistance to HER2
inhibitors: is addition better than substitution? Rationale for the
hypothetical concept of drug sedimentation. Crit Rev Oncol
Hematol 2011;78(3):195–205.
idermal growth factor receptor type 2-targeted therapies, Eur J Cancer

http://refhub.elsevier.com/S0959-8049(14)00012-4/h0240
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0240
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0245
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0245
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0245
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0250
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0250
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0250
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0250
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0255
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0255
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0255
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0255
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0260
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0260
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0260
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0260
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0265
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0265
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0265
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0270
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0270
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0270
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0270
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0275
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0275
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0275
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0275
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0280
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0280
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0280
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0280
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0285
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0285
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0285
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0290
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0290
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0290
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0290
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0290
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0290
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0295
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0295
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0295
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0295
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0300
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0300
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0300
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0300
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0300
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0300
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0305
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0305
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0305
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0305
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0315
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0315
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0315
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0315
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0320
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0320
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0320
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0320
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0325
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0325
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0325
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0325
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0335
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0335
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0335
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0335
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0340
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0340
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0340
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0340
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0340
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0340
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0345
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0345
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0345
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0345
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0345
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0345
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0350
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0350
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0350
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0350
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0350
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0355
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0355
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0355
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0360
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0360
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0360
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0365
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0365
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0365
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0365
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0370
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0370
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0370
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0375
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0375
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0375
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0375
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0375
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0380
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0380
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0380
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0380
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0385
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0385
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0385
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0385
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0390
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0390
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0390
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0395
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0395
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0395
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0395
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0395
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0400
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0400
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0400
http://refhub.elsevier.com/S0959-8049(14)00012-4/h0400
http://dx.doi.org/10.1016/j.ejca.2014.01.003


10 J.-C. Thery et al. / European Journal of Cancer xxx (2014) xxx–xxx
[81] Burris HA, Rugo HS, Vukelja SJ, Vogel CL, Borson RA,
Limentani S, et al. Phase II study of the antibody drug conjugate
trastuzumab-DM1 for the treatment of human epidermal growth
factor receptor 2 (HER2)-positive breast cancer after prior
HER2-directed therapy. J Clin Oncol 2011;29(4):398–405.
Please cite this article in press as: Thery J.-C. et al., Resistance to human ep
(2014), http://dx.doi.org/10.1016/j.ejca.2014.01.003
[82] Modi S, Stopeck A, Linden H, Solit D, Chandarlapaty S, Rosen
N, et al. HSP90 inhibition is effective in breast cancer: a phase II
trial of tanespimycin (17-AAG) plus trastuzumab in patients with
HER2-positive metastatic breast cancer progressing on trast-
uzumab. Clin Cancer Res 2011;17(15):5132–9.
idermal growth factor receptor type 2-targeted therapies, Eur J Cancer

http://refhub.elsevier.com/S0959-8049(14)00012-4/h1395
http://refhub.elsevier.com/S0959-8049(14)00012-4/h1395
http://refhub.elsevier.com/S0959-8049(14)00012-4/h1395
http://refhub.elsevier.com/S0959-8049(14)00012-4/h1395
http://refhub.elsevier.com/S0959-8049(14)00012-4/h1395
http://refhub.elsevier.com/S0959-8049(14)00012-4/h1555
http://refhub.elsevier.com/S0959-8049(14)00012-4/h1555
http://refhub.elsevier.com/S0959-8049(14)00012-4/h1555
http://refhub.elsevier.com/S0959-8049(14)00012-4/h1555
http://refhub.elsevier.com/S0959-8049(14)00012-4/h1555
http://dx.doi.org/10.1016/j.ejca.2014.01.003

	Resistance to human epidermal growth factor rece
	1 Introduction
	2 Mechanisms of resistance to anti-HER-2
	2.1 De novo resistance
	2.1.1 Alteration of receptor access

	2.1.2 FcγRIIIa polymorphisms
	2.1.3 Changes in signal transmission

	2.2 Acquired resistance
	2.2.1 Activation of HER-3 and HER-1 pathways
	2.2.2 IGF-1-receptor pathway
	2.2.3 Others alternatives pathways


	3 Designing the best strategy
	3.1 A better prediction of anti-HER-2 efficacy
	3.2 Logical sequences of drugs combination
	3.3 Delivering cytotoxicity through HER-2
	3.4 The ‘drug sedimentation theory’
	3.5 Overcoming HER-2 resistance by targeting node common to multiple resistance pathways: the theory of the ‘Gordian knot’

	4 Take home message
	Conflict of interest statement
	References


