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Abstract HER2 is a member of the ErbB/HER family of receptor tyrosine kinases
that promotes the proliferation of a subset of human breast cancers. HER2 is over-
expressed in 20-25% of breast cancers and high expression is associated with poor
clinical outcomes if not treated with an HER2-targeted drug. Although HER2 does
not have a known extracellular ligand, HER?2 is the preferred heterodimerization part-
ner for the other HER-family receptors and HER2-containing heterodimers have
increased affinity for ligands that bind to those heterodimer partners. The downstream
effect is strong signal transduction and tumor cell proliferation. Even in the absence
of a ligand, HER2 over-expression by itself can drive tumorigenesis and tumor
growth. Given its elevated expression and oncogenic activity, its preferred status as a
HER-family signaling partner, and the enhanced activity of HER2-containing het-
erodimers, HER?2 is a valuable pharmacological target for the treatment of HER2*
breast cancer. HER2-targeted agents fall into three general categories: therapeutic
antibodies, antibody-drug conjugates, and tyrosine kinase inhibitors. The resistance
mechanisms associated with each of these classes of drugs will be reviewed here.
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HER2 as a Therapeutic Target

The human HER (ErbB) gene family codes for four receptor tyrosine kinases
(RTKs): HER1 (EGFR, ErbB-1), HER2 (Neu, ErbB-2), HER3 (ErbB-3), and HER4
(ErbB-4). As typical RTKs, the receptors consist of an extracellular ligand binding
domain (except for HER2, which has no known ligand), a single transmembrane
domain, and an intracellular tyrosine kinase domain (except for HER3, which does
not have intrinsic kinase activity) (see Fig. 1). Growth factor ligand binding leads to
a series of conformational changes that result in homodimer and heterodimer activa-
tion and ensuing phosphorylation at specific tyrosine residues that reside in the
intracellular tail region of each receptor. This, in turn, leads to binding of SH2-
containing docking proteins, the links between activated receptors and their down-
stream signaling pathways, eventually producing enhanced proliferation, migration,
angiogenesis, and survival [1].

HER?2 was first described as an oncoprotein when the rat homolog (encoded by
neu) was identified as a 185 kDa receptor in a group of chemically-induced neuro-
blastomas and glioblastomas and shown to confer loss of contact inhibition when
expressed in mouse fibroblasts [2]. In humans, HER?2 is over-expressed in 20-25%
of breast cancers and high expression is associated with poor clinical outcomes if
not treated with an HER2-targeted drug [3]. Cell-surface HER2 exists in a constitu-
tively active configuration that allows it to homodimerize and stimulate downstream
signaling even without a known ligand [4]. At the same time, HER2 is the preferred
heterodimerization partner for the other HER family receptors and HER2-containing
heterodimers have increased affinity for the respective partner’s ligands, resulting in
strong downstream signaling activity by those heterodimers. HER2/HER3 heterodi-
mers are the most active signaling complex in the HER family and the most effective

Fig. 1 Diagrammatic representation of the HER2 receptor and its interaction with trastuzumab
(red antibody), pertuzumab (orange antibody), and tyrosine kinase inhibitors (blue hexagon). The
diagram illustrates trastuzumab’s inability (due to its binding location) to prevent HER2 dimeriza-
tion with HER3 (and HER1) compared to pertuzumab’s inhibition of ligand-mediated heterodi-
merization. The natural HER3 ligand, heregulin, is represented by the green triangle. The oblong
segments within each receptor represent folded domains and the yellow balls connected by lines
represent the plasma membrane of the cell
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N-lobe

Fig. 2 Molecular model of the HER2 kinase domain based on the crystal structure of the domain
in complex with SYR127063 (pdb ID 3PPO) [137]. SY127063 is a pyrrolo[3,2-d]pyrimidine-
based selective TKI of HER2, which binds HER2 in an active conformation. SY 127063 is shown
in CPK coloring format (left panel); the panel on the right has the TKI ligand hidden. The green in
both panels shows the C-helix; the yellow shows the A-loop; the blue shows the side chains of
amino acid residues, L755 and T798, which are known to affect lapatinib resistance when they are
mutated (see text)

activator of phosphatidylinositol 3-kinase (PI3K)/AKT, the crucial signal transduc-
tion pathway in HER2-positive breast cancer [5, 6]. Given its elevated expression
and oncogenic activity, its preferred status as an HER family signaling partner, and
the enhanced activity of HER2-containing heterodimers, HER?2 represents an attrac-
tive pharmacological target for the treatment of HER2-positive (HER2*) breast can-
cer. HER2-targeted agents fall into three general categories: therapeutic antibodies,
antibody-drug conjugates, and tyrosine kinase inhibitors (TKIs). The resistance
mechanisms associated with each of these classes of drugs will be reviewed here.
Figure 2 shows a diagrammatic representation of the most significant molecular
mechanisms described herein, using trastuzumab (antibody inhibitor) and lapatinib
(TKI) as the reference drugs. Table 1 provides a summary of molecular mechanisms
with literature citations.

Antibody Inhibitors

Trastuzumab (Herceptin)

Early studies showed that monoclonal antibodies directed at the extracellular
domain of HER2 can dramatically inhibit proliferation of HER2* breast cancer cells
in culture and reduce their growth as xenografts in animal models [7-10]. Using
HER2* breast cancer cell lines, later studies showed that a humanized form of an
anti-HER2 monoclonal antibody enhances the anti-tumor effect of cytotoxic che-
motherapy drugs cisplatin, paclitaxel, and doxorubicin [9, 11].
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Table 1 Molecular mechanisms of resistance
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Antibodies TKI Targeted combination
Resistance mechanism® (trastuzumab)® | (lapatinib)® | drugs®
Steric hindrance | p95 [25-28, 274] Lapatinib [229, 230]
A16HER-2 [29, 30]
MUC4 [31-33]
Kinase domain [146]
mutation
Alternative HER1 & HER3 [36-42] [147, 148, Pertuzumab [74,
receptors 153] 101-106, 130]
Other antibodies
[108-110]
T-DM1 [120-129]
Lapatinib [144, 189,
225,226]
Irreversible TKIs
[208-224]
IGF-1R [44-47] IGF-1R antibodies
[233-235]
IGF-1R TKIs [232,
234, 236]
IGF-1R/IR TKIs [234,
237, 238]
VEGFR [60-64] Bevacizumab [64, 243,
244]
Pazopanib [242]
MET, AXL [52, 55] [154, 155, Foretinib [239-241]
159]
Downstream PI3K/PTEN [66-69, 73-83] | [164, PI3K/mTOR inhibitors
effectors 166-170] [217, 247, 260, 261,
275]
PI3K inhibitors [262]
Akt inhibitors
[265-268]
mTOR [171-173] mTORCI inhibitors
[246, 247, 254, 255]
mTORC1/2 inhibitors
[172, 245, 256]
Src [38, 87, 88] [174-178]
p27kipa [91]
PKA [92, 93]
t-Darpp [36,92,94-96] | [276]
Estrogen [159, 165, ER antagonists [269]
receptor 186-189] Aromatase inhibitors

[270, 271]

2Shown are the most prominent resistance mechanisms
"Literature citations relevant to each mechanism as it pertains to trastuzumab and lapatinib, the
lead HER2-targeted antibody and TKI, respectively
‘Targeted drugs or drug classes being developed to combat trastuzumab and/or lapatinib resistance
mechanisms, typically used in combination with the primary drug, with corresponding literature

citations
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From these observations emerged the development of trastuzumab (Genentech,
Inc.), a humanized, recombinant IgG1 monoclonal antibody with high affinity to the
extracellular domain of HER2. Following a successful clinical trial that showed an
increase in both time to disease progression and response rate [12], trastuzumab was
approved by the U.S. Food and Drug Adminisration (FDA) for use, in combination
with the microtubule inhibitor paclitaxel, for first-line treatment of HER2* meta-
static breast cancer. Trastuzumab is also recommended for use in the adjuvant set-
ting for early breast cancer, either as monotherapy or in combination with
chemotherapy, and a number of trials point to benefit when trastuzumab is added to
neoadjuvant chemotherapy as well [13-16].

The mechanism by which trastuzumab acts in patients is still not entirely known,
but it most likely has a combination of effects subsequent to HER2 binding. The
most well-documented mechanisms are antibody-dependent cell-mediated cytotox-
icity (ADCC); inhibition of cleavage of the extracellular domain of HER2, which
prevents the formation of a p95 truncated form of HER?2 that is constitutively active
(and resistant to antibody binding); and inhibition of downstream signal transduc-
tion (predominantly through blockage of the PI3K/AKT pathway), which in turn
disrupts normal cell cycle control, survival/apoptosis responses, and DNA repair
[5]. These effects on apoptosis and DNA repair may be particularly important in
patients who are treated with conventional cytotoxic chemotherapy or radiation
along with trastuzumab, possibly accounting for synergistic effects of the combina-
tion therapies. Trastuzumab also appears to inhibit angiogenesis as a downstream
effect of signal transduction inhibition, by lowering levels of pro-angiogenic factors
such as VEGF, and upregulating the anti-angiogenic factor thrombospondin-1 (see
[17] for a recent review of trastuzumab mechanisms).

Despite significant impact on outcomes for HER2* breast cancers, inherent and
acquired resistance to trastuzumab remain a considerable clinical barrier.
Approximately 75-85% of patients fail to respond to trastuzumab monotherapy due
to inherent resistance [18-20]. Response rates increase to 50-75% when trastu-
zumab is combined with conventional chemotherapy [12, 18, 21], but most patients
who respond to monotherapy or combination therapies will nevertheless experience
disease progression and resistance within 1 year [12, 15, 22]. The mechanisms of
resistance are varied, but the bulk of findings from in vitro and pre-clinical model
systems indicate that sustained activation of the primary downstream signaling
pathway, PI3K/AKT, is crucial. The molecular mechanisms for achieving such sus-
tained signaling can be divided into three categories: (1) Steric effects that prevent
HER?2 inhibition — i.e., modification to the trastuzumab binding site due to changes
in the HER2 structure or masking of its extracellular binding site (2) Activation of
alternative receptors —i.e., compensation for blocking of HER?2 signaling by activa-
tion of other receptor tyrosine kinases and (3) Modification to downstream effec-
tors — i.e., alteration to effectors downstream of HER2, allowing for constitutive
activation of PI3K/AKT and other pro-survival pathways. Each of these will be
discussed next.
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Steric Effects

Elimination or masking of the extracellular region of HER2 can prevent trastu-
zumab from binding to the receptor and, thus, promotes resistance. An amino-
terminally truncated form of HER2, called p9SHER?2, results from the alternative
translation of HER2 mRNA and/or proteolytic shedding of the extracellular domain
of full-length HER?2 [23, 24]. This truncated variant has constitutive tyrosine kinase
activity and it appears to confer resistance to non-trastuzumab treatment. A retro-
spective study of specimens from breast cancer patients treated with non-trastuzumab
regimens found a reduced time for disease free survival (DFS) for patients with high
P9SHER?2 expression levels (median of 32 months) vs. patients with low p9SHER?2
expression levels (median of 139 months) (p < 0.0001) [25].

P9SHER?2 can heterodimerize with HER3, but not HER1, and trastuzumab is
ineffective against this receptor complex [26] and p9SHER?2 generally [27]. A ret-
rospective examination of metastatic tumors from patients treated with trastu-
zumab found a significant inverse relationship between p9SHER?2 expression and
responsiveness to trastuzumab [27]. Of nine patients with p9SHER?2 expression,
only one (11%) showed a partial response to trastuzumab therapy, whereas 19/37
(51%) of patients with tumors expressing full-length HER2 (and not p9SHER?2)
exhibited complete or partial response (p = 0.029). In a separate study, a specific
antibody targeting p9SHER?2 was used to quantify its expression in 93 specimens
from patients with trastuzumab-treated metastatic breast cancer. A correlation was
found between high p9SHER? levels and shorter progression-free survival (PFS)
(hazard ratio (HR) = 1.9; p < 0.05) and lower overall survival (OS) (HR = 2.2;
p <0.01) [28].

A second variant, AI6HER-2, is created by a splice variant of HER2 mRNA that
encodes a receptor with an altered conformation in the extracellular domain.
A16HER-2 forms stable homodimers that are highly oncogenic and resistant to
trastuzumab binding and growth inhibition, with possible coupling to Src kinase as
an important mediator of A16HER-2 efficacy [29, 30]. AI6HER-2 has been detected
in 52% of HER2* primary breast cancers and 89% of A16HER-2* patients present
with lymph node-positive disease [30]. The association between A16HER-2 and
patient response to trastuzumab has not been reported.

A steric effect on trastuzumab binding can also be achieved by over-expression
of non-receptor proteins such as Mucin-4 (MUC4), an O-glycosylated membrane
protein that binds to HER2 [31]. MUC4 over-expression in breast cancer cell lines
has been shown to decrease the accessibility of trastuzumab to HER?2 through par-
tial masking of its extracellular domain [31, 32]. A recent retrospective analysis of
78 HER2" patients who had received adjuvant trastuzumab therapy found that
MUC4* tumors are associated with significantly shorter DFS in univariate analysis
(HR = 4.40; p = 0.018) and MUCH4 is an independent predictor of poor DES in
multivariate analysis after adjusting for stage and nodal status (HR = 5.43;
p =0.008) [33].
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Activation of Alternative Receptors

Another mechanism for sustained PI3K/AKT signaling in the face of trastuzumab is
through compensatory activation of alternative RTKs, either other members of the
HER family or non-HER receptors that signal through the same or parallel pathways
(see [34] for a recent review).

HERI and HER3

Perhaps the most likely compensatory receptors for HER2 inhibition are family
members HER1 and HER3, both of which are seen to be up-regulated in different
models of trastuzumab resistance [35-38]. These receptors can function either as
HERI/HER1 homodimers or as HER1/HER3 heterodimers but there is also evi-
dence to suggest that HERI/HER2 and HER2/HER3 heterodimer levels are an
important determinant of both primary (de novo) and acquired trastuzumab resis-
tance [39]. Increased HER1 and HER3 levels in resistant cells are often accompa-
nied by increased levels of their specific ligands, resulting in increased signaling
through these receptors and increased sensitivity to their respective HER inhibitors
(tyrosine kinase inhibitors or antibodies). This is true in cultured cell lines (in vitro
selection) and in xenografts (in vivo selection) [35, 37, 40]. Several studies have
shown a synergistic or enhanced effect of HERI inhibition in combination with
trastuzumab on trastuzumab-resistant breast cancer cell lines [35, 36, 41], further
suggesting that compensatory signaling through HER1 is part of the resistance
mechanism. Additional evidence comes from the efficacy of HER2-targeted drugs
that also inhibit HER1 or prevent ligand-dependent HER2/HER3 signaling, which
will both be discussed later.

The implication from the observations about HER1 and HER3 compensatory
signaling is that relative HER family expression levels (not just HER2), and possi-
bly their dimerization patterns, could be important in determining the primary
response to trastuzumab and HER-targeted combinations, as well as the response to
these agents in the relapse/resistance setting. Clinical data on this point are scarce.
In the primary setting, only HER?2 is used for therapeutic decision-making, and
clinical trials testing newer HER2-targeted antibodies or combinations of trastu-
zumab with small molecule HER inhibitors (both of which should prevent HER-
family compensatory activity) generally do not consider different HER expression
levels or dimerization patterns as part of the trial design. In an analysis of biomark-
ers in the TRYPHAENA trial — which looked at trastuzumab plus pertuzumab (see
below), sequential or simultaneous with chemotherapy, in the neoadjuvant setting —
high levels of membrane-bound HER1 correlated with lower pathological complete
response (pCR) rate (p = 0.0157 by chi-squared test) only when patients from all
arms of the study were pooled [42]. The conclusion from this small study was that
HERI is not a suitable biomarker for patient selection at this time, but larger studies
should be conducted before ruling out the importance of HER1 and HER3 as pre-
dictors of trastuzumab response.
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Insulin-Like Growth Factor-1 Receptor

The insulin-like growth factor-1 receptor (IGF-1R) is another alternative RTK that
can be activated to overcome HER?2 inhibition. IGF-1R is not a native dimeriza-
tion partner of HER2, but its signaling cascade shares several key features with
HER?2, most notably the PI3K/AKT pathway. IGF-1R over-expression commonly
occurs in breast tumors [43] and in trastuzumab-resistant cancer cells [38, 44].
Early indication of a connection to trastuzumab resistance came from a study of
MCFT7 cells (which naturally express high levels of IGF-1R) transfected with
HER2 cDNA. These cells show trastuzumab resistance in the presence but not the
absence of the IGF-1R ligand, IGF-1 [45]. This same study showed that exoge-
nous over-expression of IGF-1R in SK-Br-3 cells (which naturally express low
levels of IGF-1R and are HER2") is sufficient to confer trastuzumab resistance and
that resistance can be abrogated by adding IGFBP3, a protein that binds IGF-1 and
sequesters it from IGF-1R [45]. SK-Br-3 cells selected for trastuzumab resistance
do not have elevated IGF- 1R, but they do display a IGF-1R/HER2 dimer that is not
seen in parental SK-Br-3 cells [46]. In these cells, IGF-1R activation with IGF-1
results in HER2 phosphorylation/activation and specific IGF-1R tyrosine kinase
inhibitors reduce the HER2 activation state only in the resistant cells. Taken
together, these studies suggest that up-regulation or dysregulation of the IGF-1R
signaling could be a mechanism for conferring trastuzumab resistance.

The cross-talk between IGF-1R and HER?2 in trastuzumab-resistant cells in cul-
ture prompted investigation of the predictive value of IGF-1R expression for thera-
peutic response. However, at least four different studies have found no correlation
between IGF-1R or phospho-IGF-1R and survival or trastuzumab response/resis-
tance in treatment-naive patients (see [47]). It is possible that IGF-1R is more
important as a mechanism of acquired resistance, rather than being a determinant of
initial response, but there have been no reports to date on possible changes in
IGF-1R levels or activity after trastuzumab therapy and the possible contribution of
IGF-1R to the acquired resistance phenotype.

MET

The mesenchymal-epithelial transition (MET) RTK and its ligand, hepatocyte
growth factor (HGF), are often over-expressed in breast cancer and MET over-
expression is an independent predictor of poor prognosis in breast cancer [48-52].
A subset of HER2" breast cancers is positive for MET over-expression and there is
evidence that co-expression might contribute to a more invasive phenotype [53, 54].
Similar to the IGF-1R story, ligand-mediated activation of MET confers resistance
to trastuzumab in HER2* cell lines and MET inhibition sensitizes them to the drug.
MET activation results in increased signaling through AKT in the presence of
trastuzumab, suggesting that MET signaling is able to compensate for HER2 inhibi-
tion as a mechanism for MET’s involvement in drug resistance [52]. In a retrospec-
tive analysis of 130 HER2* metastatic breast cancers, increased c-MET and HGF
gene copy number, as determined by fluorescence in situ hybridization (FISH),
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were observed in about 25% of cases. c-MET FISH-positivity (n = 36) was associ-
ated with higher trastuzumab failure rate (p = 0.0001) and shorter time to progres-
sion (HR = 1.74; p = 0.001), compared to c-MET FISH-negative cases. HGF
FISH-positivity (n = 33) was associated with higher trastuzumab failure rate
(p =0.007), compared with HGF FISH-negative cases [55].

VEGFR

The angiogenesis pathway stimulated by vascular endothelial growth factor
(VEGF) and its receptor (VEGFR) is strongly implicated in HER2* breast cancer
growth and trastuzumab’s mechanism of action. HER2 expression and signaling
are associated with high VEGF expression in cell lines [56]. Clinically, the major-
ity of HER2" breast cancers exhibit VEGF over-expression and co-expression of
HER?2 and VEGEF predicts worse clinical outcomes in patients with primary breast
cancer [57, 58]. As mentioned earlier, one mechanism of trastuzumab action
appears to be an inhibition of angiogenesis mediated by reduced levels of VEGF
and VEGEFR signaling [17, 59].

Further evidence of VEGF-mediated trastuzumab resistance comes from inhibitor
studies. Cell line models of inherent and acquired trastuzumab resistance have high
VEGF expression. Bevacizumab, a monoclonal antibody targeted to VEGF, or
sorafinib, a relatively non-specific inhibitor of VEGFR kinase activity, can reverse the
resistance phenotype in these cell line models, both in vitro and as xenografts [60-62].
Sunitinib, another non-specific inhibitor of VEGFR kinase, has shown activity in
patients with HER2* breast cancer who had previously received trastuzumab [63]. In
a phase I dose-escalation study of bevacizumab in combination with trastuzumab and
the dual HER1/HER? inhibitor lapatinib (see below for a further discussion of lapa-
tinib), 50% of the 26 breast cancer patients had partial response, complete response or
stable disease for >6 months. This was true even for the patients who had received
therapy with trastuzumab and/or lapatinib within the previous year [64].

Modification to Downstream Effectors

The same effect achieved through activation of parallel RTKs to compensate for
HER?2 inhibition can be achieved by modifying downstream effectors of their com-
mon signaling pathways in a way that allows for signal transduction even when
HER?2 and other receptors are inhibited. There are several key regulators of HER2
signaling that are associated with trastuzumab resistance.

PI3K and PTEN

PI3K activates the AKT signaling pathway by phosphorylating the signaling lipid
phosphatidylinositol-4,5-bisphosphate (PIP,)and convertingittophosphatidylinositol-
3,4,5-trisphosphate (PIP;), which in turn phosphorylates and activates AKT (for a
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review, see [65]). The PI3K family consists of multiple members divided into three
main classes. HER2 exerts its oncogenic function primarily through the p110x cata-
lytic isoform encoded by the PIK3CA gene [66—68]. Activating mutations in PIK3CA,
including “hotspot” mutations in exons 9 and 20, are found in approximately 20% of
HER2* tumors, and there is preclinical evidence linking such mutations to trastu-
zumab resistance [66].

Phosphatase and tensin homolog (PTEN) is a lipid phosphatase that
dephosphorylates PIP; and is thus an inhibitor of the PI3K/AKT pathway [65].
Activating mutations in PI3K or loss of PTEN function result in hyperactive PI3K/
AKT signaling that should counteract HER2 inhibition by trastuzumab. PTEN
activity is crucial to AKT dephosphorylation following treatment with trastuzumab.
Trastuzumab resistance can be achieved in cell culture and in mouse xenografts by
antisense-mediated inhibition of PTEN and the resistance phenotype can be rescued
by inhibition of PI3K [69]. Moreover, a large-scale RNA interference screen per-
formed on the HER2* BT474 cell line found that expression of a shRNA targeted to
PTEN leads to a decreased growth inhibitory effect of trastuzumab, which can be
reversed by the expression of constitutively active PI3K [66]. PTEN protein is lost
or low in approximately 40% of HER2* breast cancers [70, 71].

The contribution of PI3K/PTEN alterations to clinical trastuzumab resistance
has been difficult to tease out. Activating mutations in PIK3CA or loss of PTEN
function would each result in increased PI3K/AKT signaling, so they are largely
mutually exclusive occurrences in cancer patients [72]. Attempts to correlate
PIK3CA mutation or PTEN loss with patient response or outcomes have produced
varying results, most likely due to small sample sizes, different treatment back-
grounds and tumor status of the patients, and different study designs. Several retro-
spective analyses of specimens from HER2* patients treated with trastuzumab-based
regimens have shown correlations between PTEN loss and poor trastuzumab
response or worse patient outcomes [66, 69, 73]. PIK3CA mutations by themselves
are not associated with patient outcomes, but the combination of PTEN loss and
PIK3CA mutation (i.e., PI3K pathway activation) is even more significantly associ-
ated with shorter PFS than PTEN loss alone [66]. Studies analyzing PTEN and
PIK3CA status in patients presenting with metastatic breast cancer and treated with
first-line trastuzumab-based regimens have generally reported associations between
PIK3CA mutation and/or PTEN loss and shorter time to progression or survival, to
varying degrees of statistical significance [74-76].

In the adjuvant setting, there might be a trend towards an association between
PTEN positivity and metastasis-free survival [77], but PIK3CA mutation does not
appear to be predictive of response or outcome [77-79]. Perhaps the most pertinent
results come from a set of neoadjuvant trials in which trastuzumab is compared with
lapatinib or the combination of trastuzumab + lapatinib, a small molecule inhibitor
of HER2 and HERI tyrosine kinase activity (see section ‘“Small-Molecule
Inhibitors” below). Data from the trastuzumab arms of those trials showed that low
PTEN or PIK3CA mutations are associated with lower pCR rate [80—82], but statis-
tical significance is achieved only when data for low PTEN and P/IK3CA mutation
are combined [80]. PIK3CA mutations alone are significantly associated with pCR
rate when data from multiple treatment arms (trastuzumab, lapatinib, trastuzumab +
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lapatinib) and trials are combined [81, 83]. A similar finding emerged from the
analysis of metastatic breast cancer patients treated with first-line trastuzumab or
trastuzumab + pertuzumab, an antibody that prevents HER2 dimerization with other
HER-family receptors and IGF-1R (see below). PIK3CA mutations are associated
with lower PFES with either treatment, but statistical significance is achieved only
when data from both treatments are combined [74].

Taken together, there is growing evidence to suggest a mechanistic role for the
PI3K pathway in trastuzumab response/resistance, with perhaps the greatest effect
when multiple HER receptors are inhibited by trastuzumab in combination with
other HER-targeted agents. The clinical value of PIK3CA or PTEN as predictive
biomarkers has yet to be definitively established, however.

Src

The Src tyrosine kinase lies downstream of multiple RTKs, including HER-family
receptors, and it is a common node in the PI3K/AKT, ERK, STAT3, and FAK path-
ways, thereby playing a role in major cellular functions such as proliferation, sur-
vival, angiogenesis, motility and adhesion [84, 85]. Its role in breast cancer has
recently been reviewed [86]. Src is activated in a number of cell line models of
acquired trastuzumab resistance, most likely downstream of RTK compensatory
signaling as described earlier [38, 87], and when resistance is artificially created by
PTEN knockdown [38]. In one recent model, trastuzumab resistance conferred by
physical contact between breast cancer cells and mesenchymal stem cells appears to
occur by Src activation [88]. Over-expression of either wild type Src or a constitu-
tively active Src mutant is sufficient to confer trastuzumab resistance, whereas
expression of a dominant-negative form of Src leads to enhanced trastuzumab sen-
sitivity. Saracatinib, a small molecule inhibitor of Src, reverses trastuzumab resis-
tance associated with RTK activation, PTEN knockdown, and constitutive Src
activation. In retrospective analyses of primary breast tumors from patients treated
with trastuzumab, high levels of Y416-phosphorylated (active) Src are found to be
associated with low clinical response rate and lower OS compared to tumors with
low levels of phosphorylated Src [38, 87].

p27kipl

As noted earlier, one of the downstream effects of trastuzumab is G, cell-cycle arrest.
This observation has been correlated to a dose-dependent effect of trastuzumab on
accumulation of the CDK2 inhibitor p27"! by mechanisms that involve multiple
signaling pathways known to be impacted by trastuzumab binding (including PI3K/
AKT) [89, 90]. Moreover, HER2* breast cancer cell lines selected for trastuzumab
resistance express lower levels of p27%P! and exogenous expression of p27%r! in
resistant cells renders them once again susceptible to growth inhibition by trastu-
zumab [91]. This indicates an important role for p274P! in trastuzumab-mediated cell
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cycle arrest and resistance and raises interesting questions about whether p27r!
might be used as a predictive or prognostic biomarker and whether one or more
mechanism of trastuzumab-mediated p27%P! accumulation can be exploited
therapeutically (see section “Implications for New Targets and Drug Combinations™).

Protein Kinase a (PKA) and t-Darpp

Microarray analysis of trastuzumab-resistant cell lines has revealed significant
differences, relative to trastuzumab-sensitive parental cells, in the expression of sev-
eral genes involved in the regulation of PKA signaling [92]. These same trastu-
zumab-resistant cells have increased PKA activity (as measured by CREB DNA
binding activity) and enforced down-regulation of a PKA regulatory subunit that
normally keeps PKA catalytic activity in check is sufficient to confer increased PKA
activity and partial trastuzumab resistance [92]. PKA activation was further impli-
cated in trastuzumab resistance in a screen that examined the effect of exogenously
expressing a panel of kinases on breast cancer cell proliferation in the presence of a
HER2-targeted shRNA [93]. This study suggested that PKA activation does not
result in increased signaling through the PI3K or ERK pathways, but rather confers
survival through inactivation of the proapoptotic protein BAD.

Another gene involved in PKA regulation is PPPIR1B, which codes for two tran-
scriptional variants, Darpp-32 and its truncated isoform known as t-Darpp. Several
studies have identified t-Darpp as being up-regulated in trastuzumab-resistant breast
cancer cell lines and over-expression of exogenous t-Darpp is sufficient to confer
trastuzumab resistance [92, 94-96]. Cells that over-express exogenous t-Darpp have
elevated PKA activity and trastuzumab-resistant PI3K/AKT signaling [95]. The
mechanism by which t-Darpp activates PKA and/or PI3K/AKT signaling and con-
fers trastuzumab resistance is not entirely known, but models involving stabilization
of HERI signaling, inhibition of apoptosis, and a direct effect on the PKA holoen-
zyme have all been proposed [36,94; D. Theile, manuscript in preparation].
Regardless of the mechanism, t-Darpp may ultimately represent a resistance-specific
factor and new target for overcoming or preventing trastuzumab resistance.

Pertuzumab

The breakthrough in targeted HER2 therapy achieved by trastuzumab and the
ensuing resistance to its growth inhibitory effects encouraged the development of a
second generation of HER2-targeted drugs. Pertuzumab (Genentech, Inc.) is one of
many second-generation antibody inhibitors of HER2. Unlike trastuzumab, which
only disrupts the ligand-independent homodimerization of HER2, pertuzumab
binds to the extracellular dimerization domain of the receptor and eliminates dimer-
ization with other HER-family receptors, as well as IGF-1R [46, 97-99].
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As discussed above, a key driver of trastuzumab resistance is increased signaling
by heterodimerization with HER3, HER1 and IGF-1R. Pertuzumab’s ability to
prevent such heterodimerization has made it a candidate for combination therapy
along with trastuzumab. Preclinical studies showed a synergistic effect of combin-
ing trastuzumab with pertuzumab in BT474 breast cancer cells [99] and in xeno-
grafts of HER2* breast cancer cells in mice [100]. The same xenograft study also
demonstrated that a combination of the two drugs can inhibit the growth of tumors
following acquired resistance to trastuzumab [100].

In early clinical trials, pertuzumab showed great potential as a second-line ther-
apy in patients who progressed on trastuzumab regimens, and results are even more
impressive when trastuzumab and pertuzumab are used in combination as second-
line therapy [101, 102]. In 2013, pertuzumab was approved by the FDA for first-line
treatment of metastatic, HER2* breast cancer in combination with trastuzumab +
docetaxel. This approval was granted following the CLEOPATRA phase III clinical
trial in which patients received either standard first-line treatment with trastuzumab
+ docetaxel (control arm) or a combination of pertuzumab + trastuzumab +
docetaxel. The pertuzumab arm of the study resulted in a PFS of 18.5 months and
80.2% objective response (OR) rate, compared to 12.4 months PFS and 69.3% OR
rate in the control arm (p < 0.001) [103]. A follow-up a year later also demonstrated
significant improvement in OS in patients treated with pertuzumab + trastuzumab +
docetaxel [104]. Pertuzumab + trastuzumab + docetaxel also showed significantly
improved pCR rate (p = 0.0141) and trends towards better 5-year PFS and DFS rates
over trastuzumab + docetaxel in neoadjuvant treatment of HER2+ breast cancer
patients in the NeoSphere trial [105, 106].

Taken together, the data on pertuzumab suggest that this antibody holds great
promise for treating trastuzumab-resistant disease or perhaps preventing a major
mechanism of resistance. The most common resistance mechanisms acquired by
tumors following treatment with trastuzumab involve activation of alternative sig-
naling pathways in order to maintain activity in the PI3K/AKT pathway. Pertuzumab
has the ability to overcome or prevent many of these mechanisms by denying HER2
heterodimerization with other receptors. This idea is supported by biomarker stud-
ies alluded to earlier, in which PIK3CA mutations, which act downstream of recep-
tor dimerization, were found to be associated with poorer response to pertuzumab/
trastuzumab regimens in the CLEOPATRA trial [74], consistent with earlier trends
seen in smaller trials, NeoSphere and TRYPHAENA [42, 107].

Other Antibodies

There are two new HER2-targeted antibodies currently in clinical trials for treatment
of HER2" cancers, with limited information on their efficacy and mechanisms of
resistance.
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Margetuximab

Margetuximab (MGAH22, MacroGenics, Inc.) is a HER2-targeted antibody with a
Fc-domain (non-targeting end of the antibody) engineered to bind to and activate
immune effector cells and induce ADCC. Preclinical trials have shown it can induce
ADCC better than HER2-targeted antibodies with wild type Fc domains [108].
Phase I clinical trials concluded that margetuximab treatment is tolerable at all
doses examined and shows promising activity in HER2* tumors, including breast
cancer [109]. Margetuximab efficacy is being examined in SOPHIA (clinicaltrials.
gov identifier NCT02492711), a phase III trial testing margetuximab in combina-
tion with chemotherapy compared to trastuzumab + chemotherapy for third-line
metastatic breast cancer, with no outcome data yet available [110].

FS102

FS102 (F-Star Biotechnology, Ltd. in partnership with Bristol-Myers Squibb) is a
HER2-targeted Fc fragment with an antigen binding domain that recognizes a
unique site on the HER2 receptor and induces programmed cell death and marked
HER?2 internalization and degradation. Preclinical studies have shown that SK-Br-3
cells exposed to FS102 go through apoptosis [111], as opposed to the G1 phase cell
cycle arrest that trastuzumab causes in these cells. Such studies have also demon-
strated complete tumor regression, apoptosis induction and reduction of HER2 lev-
els in patient-derived xenograft models of breast and gastric cancer. The effect of
FS102 is superior to the effects of trastuzumab or trastuzumab + pertuzumab stud-
ied in parallel and FS102 is able to inhibit the growth of xenografts that progress on
trastuzumab or trastuzumab + pertuzumab, suggesting non-overlapping mecha-
nisms of resistance to these agents [111]. FS102 is being tested in a dose-escalating
phase I clinical trial for treatment of HER2* solid tumors (NCT02286219).

Induction of apoptosis overcomes a serious flaw in the G1 arrest mechanism
mediated by trastuzumab. Cells arrested in G1 remain viable and can escape cell
cycle arrest by activating alternative signaling pathways or the HER2 signaling
pathway further downstream. Although not well studied, resistance to FS102, in
contrast, would likely arise through mechanisms of avoidance -- either through
modifications to the HER2 receptor or masking of the binding site -- or through
mechanisms of apoptosis inhibition. This, along with the preclinical studies with
patient-derived xenografts [111], raises the possibility that trastuzumab resistance
might not result in cross-resistance to FS102, thus allowing for FS102 as second-line
therapy or even in combination with standard first-line therapies.


http://clinicaltrials.gov
http://clinicaltrials.gov
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Antibody-Drug Conjugates

I-DM1

T-DM1 (Genentech, Inc.) is the prototypical antibody-drug conjugate that targets
HER2. The antibody component is trastuzumab and the drug component is emtan-
sine (DM1), a small molecule that binds tubulin and prevents microtubule assembly,
thus inducing mitotic arrest and cell death in dividing cells. DM1 is derived from
maytansine, which was originally found to be highly potent but with unacceptable
systemic toxicity due to lack of specificity to tumor cells [112—115]. DM1 was spe-
cifically designed to be used as a conjugate with trastuzumab, which allows for
more focused drug activity in the cytoplasm of target cells following HER2-
mediated endocytosis [116—118].

In the original pre-clinical studies of T-DM 1, it was found to be a potent inhibitor
of growth in an array of HER2* cells, regardless of whether those cells respond to
trastuzumab alone and by a mechanism that results in cell death. In HER2* xeno-
graft models, T-DM1 was shown to inhibit tumor growth and promote tumor regres-
sion [119]. Following these initial studies, a multitude of phase I/II clinical trials in
patients previously treated with trastuzumab reported significantly reduced toxicity,
compared to DM 1, with levels tolerable beyond the known clinical dose. These tri-
als also found an overall response rate of at least 40%, indicating the potential of
T-DM1 as second-line therapy of HER2* breast cancer [120-125].

The success of these trials led to EMILIA, a phase III trial testing the efficacy
and safety of T-DM1 in patients with locally-advanced or metastatic HER2* breast
cancer previously treated with trastuzumab + taxanes. The trial included 991
patients divided into two arms, one in which patients received a common second-
line therapy of lapatinib + capecitabine and the other in which patients received
T-DMI1 as second-line therapy. The study demonstrated improvements in both OS
(30.9 months with T-DM1 vs. 25.1 months in the control arm) and PFS (9.6 months
with T-DMI1 vs. 6.4 months in the control arm) while also exhibiting reduced toxic-
ity and adverse effects for patients [126, 127].

The EMILIA trial led to FDA approval of T-DM1 in February, 2013, for the
treatment of metastatic HER2* breast cancer. A more recent phase III trial named
TH3RESA compared the efficacy of T-DM1 to treatment of physician choice in
similar second-line therapy and reconfirmed the improved PFS, OS and tolerability
of T-DM1 compared to current treatment options, thus solidifying its position as the
standard second-line therapy for HER2* breast cancer patients [128].

The MARIANNA trial examined the efficacy of T-DMI1 alone and
T-DMI + pertuzumab in first-line therapy of HER2* breast cancer, compared with
the current standard of care of trastuzumab + taxane. Although the results did show
reduced toxicity of T-DM, it failed to show superiority in either PFS or OS to the
current standard regimen [129]. Taking in consideration the results of the
CLEOPATRA trials discussed above, which show superiority of pertuzumab to
trastuzumab + taxane therapy, T-DMI1 is unlikely to be used as first-line standard of
care for HER2* breast cancer [130].
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The overall response rate to T-DM1 is 80% in patients with HER2* breast cancer
who progress on prior HER2-directed therapy [121]. This suggests that primary
resistance to T-DM1 is relatively infrequent, but all of the clinical trials discussed
above indicate that patients eventually cease to respond to T-DM1 therapy due to
acquired resistance. Since T-DM1 is a relatively new drug, little is known about the
mechanisms involved in acquired resistance. However, we can speculate on some
likely resistance factors, based on what is known about the molecular mechanism of
T-DMI action:

a) Reduced binding and internalization. Since T-DM1 is dependent on binding to
HER?2 and receptor-mediated endocytosis to enter the cytoplasm, any changes to
HER?2 that prevent trastuzumab from binding to the extracellular region would
result in reduced sensitivity to T-DM1 as well. As discussed earlier, mechanisms
that affect binding to HER?2 include expression of the p9SHER?2 or A16HER-2 iso-
forms and over-expression of MUC4 that result in masking of the trastuzumab bind-
ing site. In addition, the internalization of HER2 following trastuzumab binding is
a regulated process that depends on clathrin activity (see [131] for a review on
HER?2 trafficking), suggesting that inhibition or down-regulation of clathrin-
dependent endocytosis would also lower intracellular levels of DM1.

b) Reduced lysosomal processing. Following internalization of the T-DM1/
HER2 complex into endosomes, DM needs to be released from trastuzumab by
lysosomal degradation and accumulate in the cytoplasm at a concentration that
meets the threshold needed to promote cell death. Changes to endosomal traffick-
ing, which are known to occur following endocytosis-mediated therapy [132, 133],
could result in increased re-shuttling of the complex to the plasma membrane and
decreased lysosomal trafficking. At the same time, modification to the lysosomal
degradation machinery could result in decreased degradation of T-DMI1. Both
mechanisms would result in reduced cytoplasmic concentrations of DMI.

c) Reduced intracellular activity. Once in the cytoplasm, DM1 binds to tubulin
and inhibits microtubule polymerization. Any modifications to tubulin or to
enzymes involved in the microtubule dynamics could impact the efficacy of the
drug [112, 134]. DM is also a substrate for the efflux pump P-glycoprotein
encoded by the MDR1 gene [135]. MDR1 over-expression may result in reduced
sensitivity to DM1 as is the case for several other drugs that are exported from the
cell via efflux pumps [136].

Small-Molecule Inhibitors

Pharmacological and clinical activity of antibody-based drugs mainly relies on their
extracellular interaction with HER2. An alternative approach is to inhibit the kinase
moiety located intracellularly, especially under certain conditions of trastuzumab
resistance. The kinase domains of the HER family are structurally quite similar to
other kinases [137, 138]. They contain two large lobes (called the N-lobe and the
C-lobe), with the actual kinase activity site located in the cleft (called the hinge
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region) between the two lobes. The kinase activity site harbors an ATP-binding
pocket, a flexible substrate binding site, and two regulatory regions called the acti-
vation loop (A-loop) and the C-helix (see Fig. 2). In the inactive conformation of the
kinase domain, the activation loop hinders the binding of substrates. Upon activa-
tion, the loop is structurally altered leading to an open substrate binding site.

In the early 1990s, natural compounds such as erbstatin and synthetic biosimilars
like the ‘tyrphostins’ were shown to inhibit HER-family function, but they were
found to interact with the substrate binding pocket [139] and had rather poor HER
kinase selectivity [140]. Subsequent enzymological studies of HER1 determined
that an intermediate ternary complex forms during catalysis, in which the kinase
domain interacts with the y-phosphate of ATP and a tyrosyl hydroxyl and tyrosyl
aromatic ring of the peptide substrate (the target of the RTK phosphorylating activ-
ity) [141]. This information was used to search a database of predicted three-
dimensional structures for compounds that mimic these interactions. The goal was
to identify compounds that act similarly to and compete with ATP but do not lead to
receptor phosphorylation. From this, the 4-anilino-quinazolines emerged as low
nanomolar ATP-competitive inhibitors of HER1 [142]. Because the kinase domains
of the four HER receptors show a high degree of identity (59%—81%), inhibitors
that selectively inhibit only one of the four potential kinase activities are hard to
design [143]. Structure-activity relationship studies determined that substitutions on
the 4-anilino ring of the 4-anilino-quinazolines play a role in selectivity, with large
substitutions being correlated with increased affinity for HER2 [142]. At least four
other classes of bicyclic compounds — pyridopyrimidines, pyrrolopyrimidines, pyr-
rolotriazines, and cyanoquinolines — have been developed as HER kinase inhibitors.
Although less is known about their structure-activity relationships, they appear to
follow the same principles for target binding as the quinazolines. In the following
sections we will review the dominant small molecule drugs targeting HER2 and
other HER family members.

Lapatinib (See Fig. 3)

Lapatinib targets HER2 and HER1 and was the first TKI approved by the FDA for
the treatment of patients with metastatic HER2* breast cancer. Numerous clinical
trials evaluated its efficacy in various patient cohorts (HER2* or HER2"; early or
advanced breast cancer; pretreated or therapy-naive). Taken together, these studies
(recently reviewed in [144]) showed that (1) monotherapy with lapatinib is effective
in heavily pre-treated HER2* but not HER2™ patients; (2) lapatinib shows some, but
rather minor, clinical efficacy in trastuzumab-resistant advanced or metastatic breast
cancer; (3) lapatinib enhances the efficacy of other concurrently administered cyto-
toxic drugs that target different sites within the cell (e.g. taxanes, capecitabine etc);
(4) when directly compared to mono-ty of molecular mechanisms with literature
citationst cancer without prior therapy, lapatinib is equally effective as trastuzumab;
but (5) trials evaluating lapatinib + chemotherapy vs. trastuzumab + chemotherapy
in HER2* advanced breast cancer revealed that the latter is superior. Based on these
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clinical trials, lapatinib is currently mostly used in combination with capecitabine
for palliation of patients who were previously treated first-line with a combination
of trastuzumab, an anthracycline (doxorubicin or epirubicin) and a taxane (docetaxel
or paclitaxel).

Thus, although lapatinib is a potent inhibitor of HER?2 kinase activity, its clini-
cal impact, over and above that of trastuzumab, is limited. This is in part due to
the compensatory nature of HER3 upregulation and its heterodimerization with
HER?2, leading to activation of PI3K/AKT signaling despite HER?2 inhibition (see
below). As a consequence, supra-therapeutic concentrations would be needed for
a complete inhibition of HER2/HER3 signaling by lapatinib. Such high concen-
trations are not tolerable given the severe dermatologic and gastro-intestinal tox-
icities that result from HER1 and HER?2 inhibition by lapatinib. Dividing doses
into two applications per day, in contrast to once daily dosing, has been suggested
to increase total drug exposure while minimizing toxicity. Even 7000 mg per day
can be safely administered in this manner without evidence of dose-limiting tox-
icity and there is preliminary indication of therapeutic efficacy [145].

Given these findings and the considerable amount of pre-clinical work done with
lapatinib, it is worth exploring the mechanisms of lapatinib resistance that probably
represent mechanisms that will be shared by other less-studied TKIs as well. We
describe molecular mechanisms of resistance, as we did in Sections “Antibody
Inhibitors” and “Antibody-Drug Conjugates”, and also discuss pharmacological
factors that affect drug efficacy in the clinical setting.

Steric Effects

Since lapatinib targets the kinase domains of HER1 and HER2, mutations that
render the kinases constitutively active or prevent TKIs from binding are likely
mechanisms of resistance. Experimental approaches screening for HER2 muta-
tions associated with lapatinib resistance have revealed amino acid substitutions at
16 different HER2 residues, with 12 mutated amino acids mapping to the kinase
domain [146]. Mutations with the highest impact on lapatinib efficacy cluster in
the N-lobe and hinge region. L755S and T798I mutations are associated with con-
siderable lapatinib resistance. Notably, a T790 M mutation in HER1 also confers
resistance to lapatinib at a level that is comparable to the T798I mutation (the
analogous site) in HER2. The L755S and T798I amino acid substitutions most
likely lead to steric hindrance of the lapatinib-receptor interaction and diminish the
structural flexibility of the drug binding site. As a result, the inactive conformation
of the kinase domain required for lapatinib binding becomes energetically unfa-
vorable and, thus, is less likely to form. Interestingly, EXEL-7647, an experimen-
tal TKI that targets both inactive and active receptor confirmations, potently
inhibits receptor function and downstream signaling by wild type but also mutant
forms of HER2 [146].
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Activation of Alternative Receptors

There is a large body of evidence indicating that alternative receptor pathways are
switched on to compensate for lapatinib’s inhibitory effect on HER2 signaling. The
most salient of these are discussed here.

HERI and HER3

As with trastuzumab, the most effective means of compensating for HER2 inhibition
by lapatinib most likely comes from the HER family of receptors themselves and
several lines of evidence support this idea. Apart from the receptors themselves,
over-expression of their respective ligands can mediate lapatinib resistance. Using a
comprehensive set of protein- and DNA-based methodologies, one study showed
that lapatinib-resistant cells have up-regulated expression of the HER3 ligand
heregulin (HRG) and that this functions in an autocrine fashion to stimulate signal
transduction [147]. The observation in this system is that HER?2 is inhibited by lapa-
tinib, but HER1 phosphorylation is only partially inhibited in the lapatinib-resistant
cells. This slightly sustained HER1 signaling is apparently sufficient to detour sig-
naling to a HRG-driven HERI/HER3 pathway. Gefitinib and erlotinib, two HER1-
specific TKIs, cannot overcome HRG-HER3-mediated activation of HERI1, nor
reverse lapatinib resistance in this model system, whereas neratinib, an irreversible
pan-HER TKI (see below), can overcome lapatinib resistance [147]. This same
report suggests the clinical relevance of HRG expression. In a study of 204 HER2*
breast cancers, HRG mRNA levels were found to correlate significantly with risk of
recurrence (p = 0.0036) and there is a statistically significant association between
high HRG expression and decreased DFS. High HRG expressers have a median
DFES of 2.84 years and intermediate + low expressers have a median DFS of
10.04 years (p = 0.0034) [147].

Other HER ligands have been implicated in lapatinib resistance. For example,
exposing SK-Br-3 cells to transforming growth factor-o (TGF-a) increases phos-
phorylation of HER1 and its downstream targets and decreases the sensitivity of
these cells to lapatinib [148]. Notably, high serum levels of TGF-a and amphi-
regulin, another HER1 ligand, predict poor response to gefitinib in patients with
advanced non-small cell lung cancer [149]. Thus, it is possible that high TGF-a
levels could also associate with poorer outcome in breast cancer patients treated
with lapatinib. Indeed, in a study of 64 patients treated with lapatinib +
capecitabine, the response rate was found to be higher in individuals with low
serum TGF-a compared to those with high levels (p = 0.001). There was a trend
towards shorter time-to-progression in patients with high serum TGF-a compared
to low TGF-a (p = 0.067) [148].

Other means of activating HER1 have also been implicated in resistance. For
example, heparanase has been suggested to modulate lapatinib efficacy by pro-
moting signaling through HER1. Heparanase is an endoglycosidase that cleaves
heparin sulfate to biologically active fragments that promote proliferation or
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angiogenesis, and this activity has been implicated in metastatic potential, mostly
to the brain [150, 151]. Heparanase can also affect HER1 phosphorylation by a
mechanism that appears to be independent from its enzymatic activity [152], sug-
gesting that heparanase could play a role in lapatinib resistance. Such a role was
demonstrated using a potent inhibitor of heparanase activity, Roneparstat, and a
cell line that over-expresses HER1 and HER2 and was selected for lapatinib
resistance. These cells have elevated heparanase levels, activity and secretion,
compared with lapatinib-sensitive parental cells, and elevated signaling through
HER1, FAK and ERK /2 pathways, even in the presence of lapatinib. Roneparstat
inhibits HER1 phosphorylation and downstream signaling through FAK and
ERK1/2, thereby reversing the lapatinib resistance phenotype, both in vitro and
in mice [153]. This study again underlines the importance of alternative signal-
ing/survival pathways that cancer cells use to withstand HER2 or HER1 inhibi-
tion by lapatinib. The clinical significance of heparanase has been determined
and a variety of heparanase inhibitors are being studied as therapeutic agents
[150, 151], but a link between heparanase and clinical lapatinib resistance has not
yet been established.

MET and AXL

MET, described earlier in the context of trastuzumab resistance, also appears to
affect response to lapatinib. MET’s ability to mediate lapatinib resistance was dem-
onstrated in gastric cancer cells. Exposure of these cells to HGF induces MET phos-
phorylation and leads to ERK and AKT signaling and lapatinib resistance, whereas
down-regulation or selective inhibition of MET re-sensitizes resistant cells to lapa-
tinib [154]. Although these data pertain to HER2" gastric cancer cells, it seems
probable that the same mechanism of lapatinib resistance also occurs in breast can-
cer, where MET and HER?2 are frequently co-expressed and appear to compensate
for each other in activating downstream signaling [155].

AXL is an RTK that exhibits tumorigenic potential, most likely related to its
kinase domain that can be activated independent of ligand binding by simple over-
expression [156—-158]. AXL over-expression is associated with poor prognosis of
numerous human cancers including tumors of the breast, colon, esophagus, thyroid,
ovaries, stomach, kidney, brain, or lung [159]. Increased AXL expression might
potentially play a role in resistance to a c-KIT TKI, imatinib, in gastrointestinal
stromal tumors that express c-KIT [160] and in chemotherapy resistance in acute
myeloid leukemia [161], lung cancer [162] and ovarian cancer [163]. In addition,
when HER2* breast cancer cells (BT474) are exposed to lapatinib for long periods
of time, surviving lapatinib-resistant subclones significantly over-express
AXL. Subsequent inhibition of AXL expression by RNAIi or function by treatment
with foretinib (a multi-kinase inhibitor of AXL, MET, and VEGFR) restores
lapatinib sensitivity in this model, whereas more specific MET and VEGFR inhibi-
tors do not [159]. Interestingly, AXL expression can also be diminished and lapa-
tinib sensitivity restored when cells are deprived of estrogen or treated with the
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estrogen receptor (ER) antagonist fulvestrant, indicating that the ER pathway stimu-
lates AXL expression and in turn promotes lapatinib resistance. Indeed, up-regula-
tion or enhancement of the ER pathway is considered a redundant survival
mechanism contributing to lapatinib resistance [165] (see below).

Modification to Downstream Effectors
PI3K and PTEN

Mutations in downstream mediators of HER2 signaling can play a significant role
in lapatinib resistance. For instance, PTEN loss and/or PIK3CA mutations not only
mediate trastuzumab resistance, as described earlier, but they also cause lapatinib
resistance. The E545K and H1047R amino acid substitutions in PI3K have repeat-
edly been associated with lapatinib resistance, both in vifro and in animal models
[166, 167]. Notably, expression of the H1047R mutant markedly up-regulates HRG,
discussed earlier as a HER3 ligand that contributes to lapatinib resistance, and cor-
responding cells have elevated phospho-HER3 levels [168]. However, such cells
actually maintain cell growth and AKT activation through a pathway that does not
completely depend on HER3 [168]. Only combined inhibition of PI3K and HER2
with BEZ235 (see Section “Implications for New Targets and Drug Combinations™)
and lapatinib, respectively, completely inhibits growth of cells with PTEN defi-
ciency or PIK3CA mutation [166, 168].

The role of increased PI3K activity in lapatinib’s clinical efficacy is not entirely
clear. On the one hand, activation of the PI3K pathway (through activating PIK3CA
mutations or PTEN loss) was found to be associated with lower lapatinib efficacy in
patients with metastatic breast cancer treated with lapatinib + capecitabine. Clinical
benefit rate was 36% and OR rate was 9% in patients with PI3K activation (n = 22),
compared to 61% and 31%, respectively, in PI3K non-activated tumors (n = 35)
[164]. On the other hand, PTEN status was not associated with response in a phase
II trial of lapatinib monotherapy in patients with recurrent HER2* inflammatory
breast cancer [169, 170]. The potential involvement of PI3K activation in lapatinib
response has nevertheless prompted the idea that combined inhibition of PI3K and
HER?2 could be a preferred approach against cancers that contain both HER2 gene
amplification and PIK3CA activating mutations (see Section 5).

mTOR, the primary downstream mediator of PI3K/AKT signaling, can be a
marker of enhanced signaling through this pathway due to alternative RTK activa-
tion or PI3K/PTEN mutation, and mTOR thereby becomes a potential target for
overcoming HER2-targeted resistance (see Section 5). But there also appears to be
arole for mTOR in lapatinib resistance that is independent of upstream modulators
of mTOR activity. This was shown originally in a SK-Br-3 cell line selected for
lapatinib resistance [171] and recently confirmed in an AU565 cell lines selected for
lapatinib resistance [172], and it may also be the case in a MCF7-based model of
acquired lapatinib resistance [173]. The resistant SK-Br-3 and AU565 cells show
sustained activation of mTOR that does not depend on signaling through upstream
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RTKSs or PI3K/AKT, or modulation of other known PI3K/AKT-independent regula-
tors of mTOR activity (Erk, IKKp, AMPK, RHEB, GSK-3f, and PRAS40, among
others). Importantly, lapatinib resistance in these systems is reversible with pharma-
cological inhibitors of mTOR [171, 172]. The mechanism by which mTOR is con-
stitutively activated in these lapatinib-resistant cells is not known but it does not
appear to involve mutation of mTOR or its known regulators [172].

Src

In several examples of breast cancer cell lines selected for lapatinib resistance,
HER?2 auto-phosphorylation is inhibited by lapatinib but considerable signaling via
the PI3K/AKT axis is nevertheless sustained through a mechanism that involves
up-regulated Src and Src family kinases [174, 175]. In such cells, Src inhibition by
saracatinib abolishes PI3K/AKT signaling and re-sensitizes cells and their respec-
tive tumor xenografts to lapatinib. The importance of Src for lapatinib resistance has
been confirmed in breast cancer and esophageal cancer cell lines and xenografts
[176, 177]. On a molecular level, certain activating mutations in Src can mediate
lapatinib resistance. In one model system, breast cancer cells selected for lapatinib
resistance carry an E527K mutation in Src and ectopic expression of this mutant is
sufficient to confer lapatinib resistance in previously lapatinib-sensitive cells [178].
Besides constitutive activation through mutation, Src can be activated via signals
from integrin proteins such as B1-integrin [179], a mechanoreceptor that promotes
breast cancer initiation and progression and may be coupled to the HER1/HER?2
pathway when breast cancer cells are grown in 3-dimensional systems [180]. A role
for B1-integrin in lapatinib resistance was demonstrated by diminishing 1-integrin
activity (anti-p1 antibody or RNAi), with subsequent restoration of lapatinib effi-
cacy, although a mechanistic connection to Src was not made in this study [181].

Ras

The Ras family of small GTP binding proteins represents another well-known
mechanism of malignant transformation that might also mediate lapatinib resis-
tance. Mutations in Ras can affect its GTP binding property and thus lead to con-
stitutively active Ras proteins, eventually leading to tumorigenesis through
activation of MEK and ERK (see [182]). Although Ras mutations are rarely seen in
breast cancer, elevated Ras signaling is frequently observed in HER2* breast can-
cers [183, 184]. Ras might be a mediator of lapatinib resistance given the high
likelihood that the MEK/ERK axis is an alternative signaling pathway when HER2/
PI3K/AKT signaling is disrupted [86]. Over-expression of either a wild type H-Ras
or an oncogenic H-Ras allele (Ras G12 V) is sufficient to reduce lapatinib efficacy
in two different HER2* cell lines and resistance can be reversed by a MEK inhibi-
tor (U0126) [185].
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Estrogen Receptor

Signaling through the ER pathway as a mechanism of acquired lapatinib resistance
has been observed both in tissue culture and in mice. Unlike trastuzumab, lapatinib
causes up-regulation of ER and progesterone receptor (PR) expression and activity.
In breast cancer cell lines (UACC-812 and BT474), ER mRNA levels are increased
6-fold and PR levels are increased 15-fold by lapatinib. This up-regulation is also
reflected at the protein level. Fulvestrant, an ER-targeted agent that blocks estrogen
binding and causes ER degradation, accordingly suppresses elevated ER levels
induced by lapatinib and re-sensitizes lapatinib-resistant cells and xenografts to
lapatinib. Alternative approaches to deplete cells of estrogen (estrogen-free cell cul-
ture media) confirm ER signaling as a mediator of de novo or acquired lapatinib
resistance [159, 186].

Molecularly, the mechanism by which ER signaling can lead to lapatinib resis-
tance has not been directly demonstrated, but it seems reasonable to suggest that this
occurs through ER’s effect on genes that promote the cell cycle, proliferation and
anti-apoptosis [187]. In BT474 cells, 24-hour exposure to lapatinib leads to
increased ER signaling (increased levels of ER-target genes such as PR and bcl-2)
that appears to be mediated by induction of FOXO3a (a transcription factor that
promotes ER expression and is inactivated by PI3K/AKT signaling) in response to
the acute inhibitory effect of lapatinib on PI3K/AKT activity [165]. These same
molecular changes (increased FOXO3a and enhanced ER signaling activity) are
seen in BT474 cells selected for lapatinib resistance and in early-stage breast tumors
after 14 days of neoadjuvant lapatinib therapy [165].

Hormone receptor status (ER and PR) seems to be of general clinical relevance
in the context of lapatinib response. In a retrospective analysis of HER2* metastatic
breast cancer patients treated with lapatinib + paclitaxel, event-free survival in
women with HER2* and concurrently ER*/PR* tumors was only 5.7 months, com-
pared to a previous study showing 8.3 months for women with HER2* but ER”/
PR~ tumors [188]. Moreover, the pCR rate during neoadjuvant treatment with
lapatinib is clearly lower in patients with ER*/PR* cancers (16.1%) than in women
with ER7/PR™ tumors (33.7%). This does not seem to be restricted to lapatinib, as
the same negative influence of ER/PR expression is seen with trastuzumab alone
and with the combination of trastuzumab + lapatinib [189].

Pharmacological Factors of Resistance

Several clinical pharmacological factors can also contribute to ineffectiveness of
HER2-targeting small molecules such as lapatinib. Although the exposure-response
relationship for lapatinib is not entirely clear, preliminary data from clinical trials
suggest that there is a threshold level for therapeutic efficacy. In a phase I dose-
escalation study evaluating women with advanced HER2* breast cancer, a relation-
ship between lapatinib plasma concentration and clinical response or biological
activity (transient tumor reduction during lapatinib therapy) was reported [145]. The
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most striking responses were seen in patients who achieve a maximum lapatinib
plasma concentration (C,,,,) approaching 10,000 ng/ml, whereas patients with lapa-
tinib C,,,x levels of 3500 ng/ml all had progressive disease at 2 months after the start
of treatment [145]. This suggests a dose-response relationship, although definite
conclusions cannot be drawn because C,,,x does not reliably indicate drug exposure.
A trial evaluating heavily pretreated patients with HER1* and/or HER2* metastatic
cancers (breast, colorectal, head and neck, lung, and ovarian cancers) demonstrated
that steady-state trough levels (C,;,) of lapatinib below 1000 ng/ml are associated
with non-response [190], again suggesting a threshold level of lapatinib exposure
that needs to be met for minimum clinical efficacy and consistent with the idea that
ineffectiveness can arise from under-exposure (plasma concentrations below effi-
cient levels). The factors that might limit plasma concentrations are discussed next.

Non-adherence

Non-adherence to orally administered anti-cancer drugs is frequently observed and
well documented. Non-adherence occurs when drug doses are skipped, additional
doses are taken, or doses are taken in the wrong quantity or at the wrong time [191].
Incidence of non-adherence among patients taking orally administered anti-cancer
drugs range from 0% to 84% [191, 192], depending on the definition of non-
adherence, the tool used to measure non-adherence, and the type of therapy (therapy
complexity; patterns and kind of adverse drug effects).

Although studies evaluating non-adherence and associated outcomes among
breast cancer patients on lapatinib have not been reported, some indication of the
importance of non-adherence for efficacy of the general class of TKIs comes from
trials with chronic myeloid leukemia (CML) patients given imatinib [193]. For
instance, in a study of 87 patients with chronic-phase CML treated with imatinib for
6 years, adherence rates monitored during a three-month period significantly
(p < 0.001) correlated with the 6-year probability of a 1000-fold reduction in BCR-
ABL (imatinib target) transcripts. Such a reduction is considered to be a major
molecular response and an important predictor of overall survival. Multivariate
analysis additionally identified adherence as an independent predictor for major
molecular response (relative risk, 11.7; p = 0.001). Moreover, no molecular
responses were observed when adherence was below 80% (p < 0.001). It was con-
cluded that in patients with CML treated with imatinib, poor adherence might be the
predominant reason for inability to obtain adequate molecular responses [194].
Educational or behavioral approaches are recommended to ensure high therapy
adherence of patients treated with oral TKIs [191].

Pharmacokinetics
Pharmacokinetic disturbances can also lead to underexposure and thus potentially

mediate clinical resistance to TKIs. TKIs show high inter-individual variability in
pharmacokinetics and are expected to exhibit considerable pre-systemic clearance
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(first-pass effect) and, thus, poor oral bioavailability [195, 196]. Data on absolute
bioavailability is scarce, however, given the lack of drug formulations suitable for
intravenous delivery for most TKIs. All TKIs (including lapatinib) are extensively
metabolized by the cytochrome P-450 isoenzyme 3A4 (CYP3A4) [197]. Given the
high propensity for CYP3A4 to be induced or inhibited by co-medications, drug-drug
interactions with concomitantly administered therapeutics or over-the-counter drugs
are very likely. Since under-exposure is most relevant for clinical non-responsiveness,
drug-drug interactions with inducers of lapatinib disposition are highlighted here.
Anti-epileptic drugs substantially lower exposure to lapatinib. For example, when
patients with recurrent glioblastoma multiforme are treated with lapatinib, its appar-
ent oral clearance increases by about ten-fold when patients are also treated with
CYP3A4-inducing anti-epileptics such as phenytoin or carbamazepine [198]. The lat-
ter has been confirmed to lower lapatinib exposure in a study examining the effect of
carbamazepine titrated up to 200 mg (BID) over 20 days on a single 250 mg dose of
lapatinib. Carbamazepine decreases lapatinib area under the time-concentration curve
(AUC) by 72%, C,,,x by 59% and absorption rate by 28%, but has no effect on drug
half-life [199]. This suggests that the major site of interaction is the intestine, with
only minor effects on hepatic drug metabolism. A likely explanation is that carbam-
azepine also induces P-glycoprotein, the product of the MDRI1 gene that is a drug
efflux pump and a known transporter of lapatinib [200]. Assuming dose-linear phar-
macokinetics, the magnitude of carbamazepine-lapatinib interaction (72% AUC
decrease) might also be critical when clinical doses of lapatinib (>1250 mg per day)
are administered.

The aqueous solubility of lapatinib declines when pH is >4 [201, 202], suggest-
ing that acid-reducing drugs might also lower absorption, exposure and subsequent
efficacy of lapatinib. When women with metastatic HER2* breast cancer are treated
with 1250 mg lapatinib once daily in the morning with or without esomeprazole (a
proton pump inhibitor) before bed time, AUC of lapatinib is significantly decreased
by 26% (ranging from 6% to 49%) in the patients receiving esomeprazole [202].
Although the magnitude of this effect might have only minor clinical relevance, the
time point of dosing should be considered when co-administration of acid-reducing
drugs is needed. For example, concurrent dosing might avoid this interaction
because the stomach (where the drugs are most likely to interact) has a pH <4,
where lapatinib is most soluble.

Herbal drugs are commonly consumed by cancer patients to increase quality
of life or to manage adverse effects of therapy. A survey of 2000 cancer patients
reported that 49% of breast cancer patients consume herbal drugs [203]. The most
relevant herbal drug for lapatinib is St. John’s Wort, which has substantial impact
on CYP3A4- and CYP2C9-mediated metabolism and P-glycoprotein-mediated
drug transport. St. John’s Wort can lower exposure of co-administered drugs by
up to 70%. A considerable interaction between St. John’s Wort and imatinib has
been demonstrated, and interactions with other TKIs are likely, but current evi-
dence is limited [204].

Given the high inter-individual variability of TKI pharmacokinetics and the
suggested concentration threshold for efficacy, adjustment of drug dosing accord-
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ing to therapeutic drug monitoring (TDM) leading to optimization of lapatinib
pharmacotherapy seems appropriate in some circumstances. Indeed, TDM has
been suggested for a subset of TKIs, albeit with different levels of evidence sup-
porting its routine clinical application. Although there is good evidence for the
meaningful role of imatinib TDM, for other TKIs, including lapatinib, data is
insufficient to incorporate TDM into clinical routine. The use of TDM during tar-
geted therapy regimens might best be reserved for situations pertaining to lack of
therapeutic response, unexpected toxicity, anticipated drug-drug interactions or
concerns over treatment adherence. In the future, concentration—effect relation-
ships should be evaluated in more detail. For example, performing randomized
trials comparing classic dosing with pharmacokinetics-guided adaptive dosing will
help to establish target plasma concentrations and eventually individualize phar-
macotherapy to maximize efficacy and prevent toxicity [205].

Other Small Molecule Inhibitors

Because significant mechanisms of TKI resistance arise from pathway switching
and over-expression of targeted receptors and their ligands (leading to auto-
activation), along-lasting inhibition of the RTK kinase activity is desired. Irreversible
TKIs are considered advantageous compared to reversible inhibitors in this regard
[206]. Several irreversible inhibitors of HER2 are currently under investigation for
their clinical efficacy, although little information is so far available on mechanisms
of resistance to these newer agents. Following is a summary of findings with three
irreversible inhibitors that have particular relevance to HER2* breast cancer.

Neratinib

Neratinib (HKI-272, Puma Biotechnology) is an irreversible, pan-HER (HERI,
—2, —4) TKI [207-209]. In pre-clinical studies, neratinib was shown to overcome
trastuzumab resistance, both in cell culture and in xenograft models [210]. In the
clinic, neratinib has shown substantial activity in patients with advanced HER2*
breast cancer (78% 16-week PFS rate, median PFS of 39.6 weeks, OR rate of 56%
in a cohort of 64 patients who had not received prior trastuzumab therapy).
Response rates are lower for patients who previously received trastuzumab (16-
week PFS of 59%, median PFS of 22.3 months, 24% OR rate among a cohort of 63
patients) [211]. This perhaps suggests a trastuzumab resistance mechanism in
these patients that is downstream of HER?2 and thus shared by neratinib. This low
response was also evident in a phase II randomized trial of HER2* breast cancer
patients with locally advanced or metastatic disease and prior trastuzumab therapy
that compared lapatinib + capecitabine (n = 116) with neratinib (n = 117) as sec-
ond-line therapy. Median OS for the neratinib arm was 19.7 months vs. 23.6 months
for the lapatinib + capecitabine arm and clinical benefit rate was lower with nera-
tinib (44% versus 64%; p = 0.003) [212]. In a phase III trial comparing neratinib
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(n = 1420) with placebo (n = 1420) in patients with HER2" breast cancer who had
previously received neoadjuvant or adjuvant trastuzumab, neratinib was associated
with improved two-year invasive DFS (HR = 0.67, p=0.0091). There was a greater
benefit to patients with ER*/PR* tumors (HR = 0.51, p = 0.0013 relative to placebo)
than patients with ER/PR~ tumors (HR = 0.93, p = 0.74) (Dinteraction = 0.054) [213].
OS data from this trial have not yet been reported.

Canertinib

Canertinib (CI-1033, Pfizer) is a 4-anilinoquinazoline that irreversibly inhibits
HERI, HER2 and HER4 through interaction with the ATP binding site of the respec-
tive receptor kinase domains, leading to inhibition of receptor auto-phosphorylation
when cell lines are stimulated with EGF (HER1) or HRG (HER2, HER3, HER4)
[214-216]. Canertinib inhibits tumor growth in xenograft models and it was the first
pan-HER inhibitor to undergo clinical trial. Canertinib resistance appears to occur
by sustained PI3K/AKT/mTOR signaling, with the dual PI3K/mTOR inhibitor
BEZ235 able to overcome the resistance phenotype [217]. In a randomized, phase
II, dose-finding study of patients with measurable, progressive or recurrent meta-
static breast cancer, HER2* patients who received 450 mg canertinib once daily for
14 days every 21 days had a response rate of 18.8% and one-year OS rate of 86.7%.
The drug was well tolerated only at the 50 mg dose, however, thus potentially limit-
ing the clinical utility of this drug [218].

Afatinib

Afatinib (BIBW-2992, Boehringer Ingelheim) also binds covalently to HERI,
HER?2 and HER4 and inhibits signaling through all HER-family homodimers and
heterodimers [86, 216, 219]. Afatinib is currently approved for first-line treatment
of metastatic non-small cell lung carcinomas that contain HER 1 mutations known
to sensitize the receptor to TKI inhibition [219]. In the HER2" breast cancer set-
ting, afatinib has shown modest clinical benefit in phase II studies of women with
metastatic disease who had progressed during or after trastuzumab and/or lapa-
tinib therapy [220, 221]. The DAFNE phase II trial looked at neoadjuvant afatinib
+ trastuzumab + conventional chemotherapy in previously untreated HER2*
patients (n = 65) [222]. The overall pCR rate was 49.2%, below the target rate of
55% that would have advanced the regimen to phase III trials. ER/PR™ patients
(n =19; pCR = 63.2%) performed slightly better than ER*/PR* patients (n = 46;
PCR =43.5%), a difference that did not achieve statistical significance (p =0.153),
and there was no statistical difference between PIK3CA-wild type (n = 48;
PCR = 54.2%) and PIK3CA-mutant (n = 13; pCR = 38.5%) patients (p = 0.363).
Statistical significance in these cases might have been compromised by the small
number of patients in the study. In a smaller neoadjuvant trial comparing afatinib
(n = 10) to trastuzumab (n = 11) and lapatinib (n = 8), the objective response was
seen in 8 of the afatinib-treated patients, comparable to lapatinib (6 objective
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responses) and better than trastuzumab (4 objective responses), but the study was
terminated early due to slow enrollment [223]. Finally, in a phase III study of
patients with HER2* metastatic breast cancer who had progressed on trastuzumab
(n = 508), afatinib + vinorelbine (a tubulin-targeted drug) did not improve PFS or
OS and was less tolerable than trastuzumab + vinorelbine [224]. Hormone
receptor status did not affect outcomes in either treatment arm.

Implications for New Targets and Drug Combinations

Understanding mechanisms of resistance raises the possibility of using corresponding
mechanism-based inhibitors either to prevent the initial development of resistance
or to restore HER2-targeted drug efficacy once resistance has emerged. Only a rela-
tively small number of such mechanism-based inhibitors have made it into clinical
phases of development and most of these newer agents are being tested in combina-
tion with trastuzumab, either as front-line combination therapy or in patients who
have progressed from prior trastuzumab therapy. This is because of pre-clinical and
clinical evidence that trastuzumab-resistant cell lines and tumors continue to be
dependent on HER?2 signaling and that combining trastuzumab with other targeted
agents is clinically beneficial in patients who have progressed on trastuzumab [35,
225-228]. The possibility of combining three or more targeted agents is also being
explored. The following sections describe the mechanism-based targets and corre-
sponding drugs that are the most promising in the setting of HER2* breast cancer.
Several other proteins discussed earlier as resistance mechanisms are not included
in this section either because corresponding drugs have not yet advanced clinically
or because such drugs have not shown enough clinical benefit to warrant further
development for treating HER2* breast cancer.

Targeting Alternative Receptors
HERI1 and HER3

Pan-specific agents that target HER2 plus HER1 and/or HER3 have been discussed
earlier in the context of possible resistance mechanisms pertaining to these multi-
receptor agents. The trials testing combinations of such drugs are too numerous to
summarize in the current chapter, but the predominant drugs to date have been per-
tuzumab and lapatinib. Pertuzumab showed clear clinical benefit when added to
trastuzumab, both in patients who had progressed on prior trastuzumab and in
trastuzumab-naive patients [101, 103, 104], leading to FDA approval for use in
combination with trastuzumab to treat HER2* breast cancer in the neoadjuvant and
metastatic settings. Likewise, lapatinib + trastuzumab was shown to be beneficial in
patients who had progressed on trastuzumab [189, 225, 226] and it is notably effec-
tive in patients with p9SHER?2, a key resistance factor for trastuzumab [229, 230].
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Lapatinib, in combination with capecitabine, was approved in 2007 for the treat-
ment of advanced HER2" breast cancer.

IGF-1R

IGF-1R can confer trastuzumab resistance but it does not appear to be involved in
lapatinib resistance. Recent reviews of development and clinical trials of IGF-1R
inhibitors can be found in [231-235]. These inhibitors include monoclonal antibodies
and TKIs, the most notable of which in the context of breast cancer and trastuzumab
resistance are cixutumumab (IMC-A12, ImClone) and BMS-754807 (Bristol-Myers
Squibb). Cixutumumab is a monoclonal antibody with high selectivity and affinity
for IGF-1R. It has undergone phase II clinical trial (NCT00684983) in combination
with capecitabine + lapatinib in HER2* metastatic breast cancer patients who had
progressed on trastuzumab-based regimens [235]. BMS-754807 is a selective, non
ATP-competitive IGF-1R TKI that shows strong synergy with trastuzumab in inhibit-
ing proliferation of a HER2* breast cancer cell line and with lapatinib in inhibiting a
lung cancer cell line [236]. A phase I/II trial (NCT00788333) evaluated BMS-
754807 in combination with trastuzumab in patients with HER2* metastatic breast
cancer. Results from NCT00684983 and NCT00788333 are still pending.

A newer TKI, KW-2450 (Kyowa Kakko Kirin Co. Ltd.), inhibits IGF-1R and
insulin receptor kinases with similar efficacy in vitro [237]. It showed promise in an
initial phase I trial (NCT00921336), with four of 10 evaluable patients having stable
disease as best response [238]. However, a follow-on phase I/II trial (NCT01199367)
to evaluate KW-2450 in combination with lapatinib + letrozole in patients with
advanced or metastatic HER2+ breast cancer was terminated in phase I because a
well-tolerated dose permitting further phase II study was not identified.

MET, AXL, VEGFR

MET, AXL and VEGFR are RTKs that have all been implicated in trastuzumab
and/or lapatinib resistance, as described earlier. Foretinib (GSK1363089,
GlaxoSmithKlein), which inhibits all three receptors, has proven effective in vitro
(see above) [159]. In phase I and II trials, efficacy was highly variable, ranging
from stable disease as best response [239, 240] to 43% of head and neck cancer
patients experiencing tumor shrinkage [241]. Foretinib was considered to be of
potential clinical value, especially when combined with other (HER-targeting)
drugs [241]. Pazopanib, another multi-kinase inhibitor that targets VEGFR,
PDGFR and FGFR, has shown clinical activity in combination with lapatinib
[242]. In this study, patients with HER2* breast cancer who had not previously
received trastuzumab or chemotherapy were treated with pazopanib + lapatinib
(n = 69) or lapatinib alone (n = 72). The 12-week response rate was 36.2% for the
combination treatment arm vs. 22.2% for the lapatinib treatment arm but the
week-12 progressive disease rates, PFS and OS rates were not statistically differ-
ent between the two arms [242].
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In an attempt to target the VEGFR pathway more specifically, several clinical
trials have evaluated the efficacy of bevacizumab, a VEGF-targeted monoclonal
antibody, in combination with lapatinib or trastuzumab. A phase II study of lapa-
tinib + bevacizumab in HER2" metastatic breast cancer patients (n = 52, 90% of
whom had received prior trastuzumab therapy) found a 12-week PFS rate of 69.2%
and median PFS of 24.7 weeks. The conclusion from this trial was that lapatinib +
bevacizumab is active in patients with HER2* breast tumors [243]. Efficacy of
lapatinib + bevacizumab was even higher when combined with trastuzumab: half
of the 23 patients in the study showed complete response, partial response or sta-
ble disease for more than 6 months. This relatively high rate of stable disease was
not negatively influenced by prior treatment with any of the study drugs [64].

AVEREL (NCT00391092) is a large (n = 424) phase III trial testing the addition
of bevacizumab to first-line trastuzumab + docetaxel therapy in patients with locally
recurrent or metastatic HER2* breast cancer who had not received prior therapy for
their metastatic disease. At a median follow-up of 26 months, there was a trend
towards longer PFS (16.5 months in the bevacizumab arm vs. 13.7 months in the
non-bevacizumab arm; HR = 0.82) that did not reach statistical significance
(p =0.0775) [244]. Further analysis of this trial’s outcomes is pending.

Targeting Downstream Effectors
PI3BK/AKT/ mTOR

As described earlier, the PI3K/AKT pathway is an attractive target to inhibit cancer
cell growth or to restore efficacy in HER2* breast cancers that have become resistant
to HER2-targeted drugs. mTOR is the primary downstream effector of PI3K/AKT
signaling and is thought to be a key target for short-circuiting multiple mechanisms
of HER2-related drug resistance [245-248]. mTOR is the catalytic subunit of
mTOR complex-1 (mTORC1) and mTOR complex-2 (mTORC?2), both of which act
downstream of PI3K/AKT to regulate cell growth. n”TORC1, the target of the origi-
nal mTOR inhibitor known as rapamycin, phosphorylates S6 K1 ribosomal protein
and 4EBP1 translation initiation factor to promote mRNA translation. mTORC2
phosphorylates AKT and controls the cytoskeletal network, and it is critical for
cancer survival and progression [249-252]. mMTORC1 and mTORC?2 are both valid
targets in the context of breast cancer and HER2-based therapies [253]. Inhibitors
of PI3K, AKT, mTOR and dual PI3K/mTOR inhibitors have all been explored clini-
cally and are discussed here in the context of HER2" breast cancer.

mTOR Inhibitors

The most advanced mTOR-targeted drug is everolimus (RADOO1, Novartis
Pharmaceuticals), which functions as an allosteric inhibitor of mTOR in the context
of mTORCI. Everolimus inhibits the growth of HER2* breast cancer cell lines and
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enhances the effectiveness of trastuzumab and lapatinib in cell lines and human
xenografts in mice [246, 247]. Two phase III clinical trials, Bolero-1 and Bolero-3,
have demonstrated clear clinical benefit of combining everolimus with trastuzumab,
most particularly for patients with ER/PR™ tumors. In Bolero-3 (n = 569) the addi-
tion of everolimus to trastuzumab + vinorelbine prolongs PES in patients with
trastuzumab-resistant advanced HER2* breast cancer [254]. Median PES in the
everolimus group was 7.00 months compared with 5.78 months in the placebo
group (HR =0.78; p=0.0067). The benefit is seen in ER*/PR* and ER"/PR~ patients
but was more pronounced in the ER™/PR~ group (HR = 0.65 in the ER7/PR™ group;
HR = 0.93 in the ER*/PR" group). Bolero-1 (n = 719) studied the effect of adding
everolimus (vs. placebo) to trastuzumab + paclitaxel as first-line treatment for
advanced HER2* breast cancer [255]. The addition of everolimus had only a modest
effect on PES in the entire population of patients (median PFS of 14.95 months in
the everolimus group vs. 14.49 months in the placebo group) that was not statisti-
cally significant (HR = 0.89; p = 0.1166). The benefit of everolimus was much more
profound in the ER/PR™ sub-population -- median PFS of 20.27 months for the
everolimus group versus 13.08 months for the placebo group (HR = 0.66;
p =0.0049). Taken together, the findings from these two studies suggest that mTOR
is most important as a mechanism of trastuzumab resistance when the ER/PR path-
way is not available as an alternative signaling pathway, and that the use of mTOR-
targeted drugs should be confined to this group of patients.

There are several newer mTOR inhibitors that compete with ATP binding to
mTOR and thereby inhibit both mTORC1 and mTORC?2. These include AZD8055
(AstraZeneca), AZD2014 (AstraZeneca), TAK-228 (developed by Millenium, also
known as MLNOI and INK-228), CC-223 (Celgene), and the recently described
MTI-31 (Chinese Academy of Sciences), some of which have been shown to restore
sensitivity to trastuzumab or lapatinib in cell line models of resistance [172, 245]. A
phase I clinical trial of CC-223 identified PR or stable disease in two of three
patients with advanced breast cancer (unknown HER?2 status) [256]. Nevertheless,
mTOR inhibitors by themselves might be of relatively minor clinical value in
HER?2* breast cancer.

PI3K/mTOR Inhibitors

Most PI3K inhibitors are actually dual inhibitors of PI3K and mTOR. The dual
inhibition is both for the purpose of short-circuiting multiple mechanisms of PI3K/
AKT/mTOR activation and for the apparent need to inhibit feedback up-regulation
of PI3K signaling when mTOR is blocked [247, 257-259]. Most of these dual PI3K/
mTOR inhibitors are still early in their clinical testing, but we describe several here
because of the importance of the PI3K/mTOR pathway and the promise shown for
this class of drugs overall. We also include brief discussion of a pan-PI3K inhibitor
that is not in the dual PI3K/mTOR class because of its potential relevance to HER2*
breast cancer.
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BEZ235 (Novartis Pharmaceuticals) is an early example of a dual PI3K/mTOR
inhibitor. Pre-clinical studies with this agent indicated that BEZ235 is a potent
inhibitor of breast cancer cell lines across a spectrum of molecular sub-types, includ-
ing lines with inherent and acquired trastuzumab resistance. Growth inhibition is via
growth arrest and apoptosis. The drug also inhibits tumor progression in xenograft
models, both as a single agent and even more effectively in combination with trastu-
zumab [247]. Although several early-phase trials of BEZ235 have been conducted,
no results from trials with HER2* patients have been reported and clinical efficacy
with BEZ235 appears to be limited to disease stabilization. Although BEZ235 is
considered to be of minor clinical value and is no longer in clinical development, it
nevertheless represents an important advance in targeted efforts to manage trastu-
zumab (and other drug) resistance resulting from PI3K/AKT activation.

SAR245409 (Sanofi) is another PI3K/mTOR inhibitor. When it was combined
with erlotinib, an HER1-targeted TKI, in a phase I trial with 46 patients (mostly
lung cancer), stable disease (in 37% of patients) was the best response. Analysis of
pharmacodynamic markers in serial skin samples showed that the maximum inhibi-
tion of PI3K, HER1 and MAPK pathways was only between 37% and 75%. Based
on these results, it was speculated that other dosing regimens leading to higher
systemic drug exposure might be needed to achieve better clinical efficacy [260].

PKI-587 (PF-05212384, Pfizer) is a dual PI3K/mTOR inhibitor that was evalu-
ated in a phase I trial with 77 solid tumor patients, including four with breast
cancer [261]. Treatment with PKI-587 lowered pAKT levels in post-treatment
biopsies compared with paired pre-treatment biopsies, as well as other PI3K/
mTOR pathway markers to varying degrees. Two patients experienced objective
PR and 27 exhibited stable disease, with eight patients having stable disease for
>6 months. PKI-587 is currently under investigation in phase II trials in endome-
trial and non-small cell lung cancer patients and should perhaps be tested in breast
cancer settings as well.

Buparlisib (BKM 120, Novartis Pharmaceuticals) is a pan-class 1A PI3K inhibi-
tor that was combined with carboplatin + paclitaxel in a phase I trial that included
patients with solid tumors [262]. Of 25 patients with measurable disease, five exhib-
ited objective responses (one CR, four PR) and the three patients with known loss
of PTEN expression all benefited from the treatment. Dose-limiting toxicities
included paclitaxel-typical uncomplicated neutropenia. It was concluded from this
trial that addition of buparlisib to carboplatin + paclitaxel is safe and might increase
the efficacy of this cytotoxic combination therapy, especially in tumors with loss of
PTEN expression. NeoPHOEBE is a phase II trial (NCT01816594) investigating
the effect of adding buparlisib to trastuzumab + paclitaxel for the neoadjuvant treat-
ment of HER2* primary breast cancer. Results are still pending.

AKT Inhibitors

AKT is a serine-threonine kinase that lies downstream of PI3K and upstream of
mTORCI1. AKT phosphorylation results in a cascade of downstream molecular
events that ultimately result in cell proliferation and survival, and the turning off
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of AKT phosphorylation is an essential element of effective HER2 inhibition
mediated by the HER2-targeted drugs described in this chapter. Initial enthusiasm
for development of AKT-targeted drugs was perhaps dampened by the discovery
that AKT inhibition causes release of a negative feedback loop on expression and
phosphorylation of multiple upstream RTKSs, including IGF-1R and the HER fam-
ily of receptors [263, 264]. The end result in the context of HER2* breast cancer
is increased levels of ligand-activated HER1, HER3 and HER4, and increased
dimerization with and signaling through HER2. Importantly, trastuzumab and
lapatinib are both capable of reversing the feedback effect and the combination of
AKT inhibition with HER2 inhibition is effective in reducing the growth of HER2*
cells in culture and as xenografts in mice [263, 264]. Based on this, a few AKT-
targeted drugs are in development for use in combination with HER?2 targeting.

The most advanced AKT inhibitor is MK-2206 (Merck), which shows potent and
selective inhibition of AKT and anti-proliferation activity both in vitro and in vivo
against HER2* cells and xenografts [265, 266]. Its growth inhibitory effect is
enhanced in cells with PTEN loss or PIK3CA mutation [266], which perhaps are
more dependent on PI3K/AKT signaling for proliferation. Phase I clinical trials
tested MK-2206 in combination with trastuzumab [267] or trastuzumab + lapatinib
[268] in patients who had progressed on HER2-targeted therapy. Results showed
that the combinations are safe and demonstrate some clinical activity in a pre-treated
patient population, thus warranting further investigation. Ongoing clinical trials
include NCT01042379 (a phase II trial testing MK-2206 with or without trastu-
zumab, along with several other targeted drugs, using a tumor’s molecular profile to
assign each patient to a selected protocol) and NCT01277757 (a phase II trial test-
ing MK-2206 in patients with stage III or stage IV breast cancer who have failed
prior therapy and have tumors with a PIK3CA mutation, an AKT mutation, and/or
PTEN loss/PTEN mutation).

ER Pathway

Given the role of ER in lapatinib resistance described earlier, combining anti-
HER?2 drugs with therapeutics targeting the ER pathway (ER modulators such as
tamoxifen or fulvestrant; aromatase inhibitors such as anastrozole, letrozole or
exemestane) might be a promising approach in HER2*/ER* cancers. In one such
trial, adding lapatinib to fulvestrant did not improve PFS or OS, but patients with
ER*/PR*/HER2" and ER*/PR*/HER2~ tumors were all included in the trial, mean-
ing that outcomes might have been affected by the non-expression of one of the
main targets of lapatinib (HER2) [269]. In an earlier trial, letrozole showed a ben-
eficial effect in combination with lapatinib (enhanced PFS and clinical benefit rate)
in patients with metastatic breast cancer that is both ER*/PR* and HER2* [270].
Thus, the combination of lapatinib and letrozole seems to be a rational and clini-
cally effective strategy to improve outcomes in patients with HER2*, ER*/PR*
breast cancer and potentially to combat ER-mediated resistance against HER2-
directed therapies [271]. Additional discussion of ER pathway inhibitors and resis-
tance can be found in the chapter on “Resistance to Endocrine Therapy”.
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Concluding Remarks

This review chapter has focused on molecular mechanisms of resistance, but clinical
resistance is ultimately a manifestation of a selection process that happens at the
cellular level based on the phenotype(s) conferred by an accumulation of molecular
changes in a population of malignant cells. In our case, the molecular changes
include mutations and gene expression or activity alterations that compensate for
the therapy-mediated inactivation of HER2. In a pre-treatment cancer, intratumor
heterogeneity -- the varied molecular landscape that results from genomic instability
in all cancers -- hinders the efficacy of therapeutics that are targeted to a single
oncogenic driver (such as HER2). Even when a targeted therapy is initially effective,
a subset of cells in the population with the greatest growth advantage — due to their
particular combination of pre-existing and adaptive molecular changes — will emerge
as therapy-resistant disease. This, too, is heterogeneous in nature, due to the multi-
ple molecular mechanisms that can promote survival [272, 273].

Proper analysis of inherent and adaptive heterogeneity will likely be required to
develop effective patient-specific therapeutics. To be most effective, such analysis
should occur at multiple time points to account for ongoing selection/evolution as
patients undergo treatment [273]. This is becoming increasingly feasible with the
development of fast and inexpensive sequencing techniques, even at the single cell
level. Thus we are poised to make further advances in cancer therapy based on
molecular characterizations, a concept now known as precision medicine. Indeed,
knowledge about particular molecular mechanisms of resistance described in this
chapter — and our ability to detect such mechanisms — has led to the identification of
new targets and corresponding new drugs to prevent or counteract resistance in
patients with HER2* breast cancer. Agents like pertuzumab and lapatinib arose from
an understanding that HER1 and HER3 are significant compensatory signaling
mechanisms that contribute to trastuzumab resistance. Given the central role of
common downstream nodes in multiple signaling pathways, proteins such as PI3K/
AKT and mTOR represent the next generation of targets for combating resistance.

We still have much to learn about the best combinations to use in the clinic and
whether to deploy the combinations concurrently as a means of preventing the
emergence of one or more resistance mechanism, or sequentially as a way to over-
come acquired resistance. It can be argued that both approaches will be necessary,
depending on the molecular details of an individual cancer at the time of diagnosis
and the likely mechanisms of resistance that will emerge as an adaptation to first-
line therapy. The presence of PI3K/AKT aberrations in a primary tumor, for exam-
ple, might argue for concurrent treatment with a HER2-targeted drug and a PI3K/
AKT/mTOR inhibitor. On the other hand, this first-line approach might simply lead
to the emergence of other, unknown resistance mechanisms against which we have
no therapeutic options. Given the evolutionary nature of resistance, it has been sug-
gested that it might be more effective to take a sequential approach, in an attempt
to anticipate the evolution of a cancer and maintain it in a state that is treatable with
available drugs to known adaptive mechanisms of resistance [273]. In this latter
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case, it will be important to customize second- and third-line therapies to the
molecular features of resistance in each individual and to optimize timing of the
sequential deliveries. The solutions to these therapeutic problems will only come
from further understanding of mechanisms of drug action and resistance that we
discern from laboratory studies and of drugs’ clinical activity, tolerability and phar-
macokinetic interactions that we discern from clinical trials. The future of precision
medicine will thus depend on a better knowledge of the evolution of resistance
mechanisms and knowing how to apply that information to the selection and admin-
istration of targeted drugs.
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