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The HER2-targeted antibody-drug conjugate trastuzumab emtansine (T-DM1) is approved for the treatment of metastatic, HER2-
positive breast cancer after prior trastuzumab and taxane therapy, and has also demonstrated efficacy in the adjuvant setting in
incomplete responders to neoadjuvant therapy. Despite its objective activity, intrinsic and acquired resistance to T-DM1 remains a
major clinical challenge. T-DM1 mediates its activity in a number of ways, encompassing HER2 signalling blockade, Fc-mediated
immune response and payload-mediated microtubule poisoning. Resistance mechanisms relating to each of these features have
been demonstrated, and we outline the findings of these studies in this review. In our overview of the substantial literature on T-
DM1 activity and resistance, we conclude that the T-DM1 resistance mechanisms most strongly supported by the experimental data
relate to dysfunctional intracellular metabolism of the construct and subversion of DM1-mediated cell killing. Loss of dependence
on signalling initiated by HER2-HER2 homodimers is not substantiated as a resistance mechanism by clinical or experimental
studies, and the impact of EGFR expression and tumour immunological status requires further investigation. These findings are
instructive with respect to strategies that might overcome T-DM1 resistance, including the use of second-generation anti-HER2
antibody-drug conjugates that deploy alternative linker-payload chemistries.
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BACKGROUND

Trastuzumab emtansine (T-DM1, Kadcyla®) is an antibody-drug
conjugate (ADC) comprised of the humanised, monoclonal, anti-
HER2 antibody trastuzumab conjugated via a non-cleavable
maleimidomethyl cyclohexane-1-carboxylate (MCC) thioether lin-
ker to the highly potent cytotoxin DM1 (Fig. 1). DM1 is a derivative
of the naturally occurring maytansinoid toxin, which inhibits
tubulin polymerisation and induces death in proliferative cells.
DM1 has a narrow therapeutic window for oncology, but its
linkage to trastuzumab, with an average of 3.5 linker-payload
molecules per antibody (drug-antibody ratio [DAR] of 3.5),
selectively targets the cytotoxin to malignant cells that over-
express the HER2 receptor tyrosine kinase (RTK), thereby widening
its therapeutic window." T-DM1 gained European Medicines
Agency (EMA) and Food and Drug Administration (FDA) approval
in 2013 for the treatment, as a single agent, of HER2-positive
metastatic breast cancer in patients who have progressed despite
prior therapy with trastuzumab and a taxane (paclitaxel or
docetaxel).

Although treatment with T-DM1 significantly improves out-
comes in HER2-positive breast cancer, a substantial fraction of
patients are refractory to T-DM1 and, as with all drugs currently
indicated for metastatic breast cancer, acquired resistance to T-
DM1 almost always presents in initial responders.>® To address
this problem of resistance, considerable effort has been under-
taken to investigate the complex mechanisms of action of T-DM1

and to understand how evasion of these mechanisms can lead to
treatment failure. This review summarises the clinical activity of T-
DM1 in the treatment of HER2-positive breast cancer, outlines the
multiple mechanisms of action of T-DM1 and describes various
resistance mechanisms that relate to the actions of T-DM1. By
presenting the preclinical and clinical evidence that underpins
each proposed resistance mechanism, we identify the mechan-
isms that are most substantiated to contribute to T-DM1
resistance and discuss how understanding these resistance
mechanisms can assist novel strategies, including second-
generation HER2-targeting ADCs, to overcome T-DM1 resistance.

CLINICAL ACTIVITY OF T-DM1

The efficacy of T-DM1 as an adjuvant, neoadjuvant, first-line and
second-line metastatic therapy for HER2-positive breast cancer has
been evaluated in five randomised Phase 3 trials (Table 1).

The EMILIA study

The initial regulatory approval of T-DM1 was informed by the
EMILIA study, in which HER2-positive metastatic breast cancer
previously treated with trastuzumab and a taxane demonstrated
improvements in median overall survival (OS) and progression-
free survival (PFS) in the T-DM1-treated group compared with the
reference arm, which was treated with lapatinib and capecitabine,
the standard second-line therapy for metastatic breast cancer at
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Fig. 1 Structure of T-DM1. T-DM1 is comprised of the monoclonal
antibody trastuzumab conjugated via a non-cleavable MCC
thioether linker to 3-3.6 moieties of the potent tubulin polymerisa-
tion inhibitor mertansine (DM1).

that time.2 Notably, in this study, the most commonly occurring
adverse events in the T-DM1 cohort were changes in clinical
laboratory test results (e.g. thrombocytopenia and elevated levels
of liver enzymes), in contrast with symptomatic adverse events
(e.g. diarrhoea) observed in patients treated with lapatinib and
capecitabine, indicating that T-DM1 has a favourable safety profile
in late-stage patients.*

The TH3RESA study

A separate Phase 3 trial, TH3RESA, compared T-DM1 with the
treatment of physician’s choice in patients with advanced breast
cancer who had previously been treated with trastuzumab and
lapatinib in the advanced setting and a taxane in any setting.
Median OS and PFS were both significantly prolonged in the T-
DM1-treated group relative to the therapy of physician’s choice,

Table 1. Summary of Phase 3 clinical trial data for T-DM1.

Trial Endpoint Experimental therapy

Hazard ratio Reference

(95% CI)

Control arm

T-DM1 (n = 495)

Overall survival 30.9 months
Progression-free survival 9.6 months
Grade > 3 adverse events 48%

any setting)
T-DM1 (n = 404)

Overall survival 22.7 months
Progression-free survival 6.2 months
Grade > 3 adverse events 40%

Treatment exposure-adjusted rate of
grade > 3 adverse events

123.6/100 patient years

T-DM1 (n=367)

Progression-free survival 14.1 months

Grade > 3 adverse events 45.4%

Time to decrease in HRQOL 7.7 months
T-DM1 + pertuzumab (n
=363)

Progression-free survival 15.2 months

Grade > 3 adverse events 46.2%

Time to decrease in HRQOL 9.0 months

KRISTINE (HER2-positive breast cancer in the neoadjuvant setting)
T-DM1 + pertuzumab (n

=223)
Pathological complete response 44.3%
Grade > 3 adverse events 13%

T-DM1 (n=743)

Invasive disease-free survival 87.8%
Freedom from distant recurrence 89.5%
Overall survival 94.3%
Grade > 3 adverse events 15.4%

EMILIA (HER2-positive advanced breast cancer previously treated with trastuzumab and a taxane)

TH3RESA (HER2-positive advanced breast cancer previously treated with both trastuzumab and lapatinib in the advanced setting and a taxane in 3

MARIANNE (HER2-positive advanced breast cancer or previously untreated metastatic breast cancer)

KATHERINE (HER2-positive early breast cancer with residual invasive disease at surgery after neoadjuvant therapy with trastuzumab and a taxane)

Lapatinib + capecitabine (n = 496)

25.1 months 0.65 (0.55-0.77)
6.4 months 0.68 (0.55-0.86)
60%

Physician’s choice® (n = 198)

15.8 months 0.68 (0.54-0.85)
3.3 months 0.53 (0.42-0.66)
47%

278.4/100 patient years

Trastuzumab + taxane (n = 365)
13.7 months

54.1%

3.6 months

Trastuzumab + taxane (n = 365)

0.91 (0.73-1.13)°

13.7 months 0.87 (0.69-1.08)°
54.1%
3.6 months
67
Trastuzumab, pertuzumab, docetaxel
+ carboplatin (n =221)
55.7%
64%

1

Trastuzumab (n = 743)

77.8% 0.50 (0.39-0.64)
83.7% 0.60 (0.45-0.79)
92.5% 0.70 (0.47-1.05)
25.7%

HRQOL health-related quality of life

97.5% confidence interval (Cl)

?Physician’s choice included chemotherapy, hormonal therapy and HER2-directed therapy
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Mechanisms of action of T-DM1. T-DM1 exerts anti-tumour activity via at least three distinct mechanisms. As for trastuzumab,

engagement of HER2 receptors by T-DM1 inhibits downstream signalling pathways (via RAS-mitogen-activated protein kinase [MAPK] and
phosphatidylinositol 3-kinase [PI3K]-AKT-mammalian target of rapamycin [mTOR]) and ectodomain shedding while also eliciting immune
effector cell function (e.g. antibody-dependent cellular cytotoxicity) mediated via Fc receptors. T-DM1-HER2 complexes are also internalised
via receptor-mediated endocytosis, after which endocytic vesicles mature through the endosomal pathway for ultimate delivery to lysosomes.
Trastuzumab is proteolytically degraded in lysosomes, liberating lysine-MCC-DM1 for active transport into the cytoplasm, where it inhibits
tubulin polymerisation resulting in failure of the mitotic spindle and ultimate mitotic catastrophe.

demonstrating that T-DM1 is active in metastatic breast cancer
even after multiple lines of prior HER2-directed therapy.?

The MARIANNE study

The MARIANNE study investigated the use of T-DM1 alone or in
combination with the HER2 heterodimerisation inhibitor pertuzu-
mab as a first-line treatment for metastatic breast cancer.
Although T-DM1 monotherapy and T-DM1 plus pertuzumab did
not show statistically superior efficacy compared with trastuzu-
mab plus a taxane, both treatments did show improved
tolerability with a reduced frequency of grade 3 or higher adverse
events and an increase in health-related quality of life.® Interest-
ingly, there was a trend toward prolonged PFS for T-DM1 over
trastuzumab and a taxane in patients previously treated with
trastuzumab or lapatinib in neoadjuvant or adjuvant settings,
while therapy-naive patients showed no improvement in survival.

The KRISTINE trial

In the KRISTINE trial, T-DM1 plus pertuzumab was less efficacious
than the standard therapy of trastuzumab, pertuzumab, docetaxel
and carboplatin in the neoadjuvant setting, providing an inferior
rate of pathological complete responses (pCR).° A subgroup of 15
T-DM1 patients who had locoregional progression before surgery
showed high heterogeneity of HER2 immunostaining that was
associated with low levels of ERBB2 mRNA and HER2 protein
expression, which might have contributed to reduced event-free
survival in the T-DM1 treatment arm.” However, the fact that pCR
was achieved in 44% of patients who received T-DM1 plus
pertuzumab in KRISTINE and the Phase 2 PREDIX trial® without the
use of potentially toxic systemic chemotherapy is notable,
indicating that a subset of patients, particularly those with high
and homogeneous HER expression, might not require neoadju-
vant chemotherapy, and that their treatment could be de-
escalated.’ Other authors have considered why T-DM1 plus

pertuzumab does not provide greater efficacy than pertuzumab
and trastuzumab in combination with chemotherapy in the
metastatic and neoadjuvant settings, proposing tumour hetero-
geneity, clonal selection, bystander effects and receptor down-
regulation by competitive binding as potential biological
explanations.’®

The KATHERINE trial

An interim analysis of the ongoing KATHERINE trial in patients
with HER2-positive early breast cancer with residual invasive
disease in the breast or axilla after neoadjuvant treatment with
trastuzumab and a taxane revealed that use of adjuvant T-DM1
conferred a lower risk of recurrence of invasive breast cancer than
adjuvant trastuzumab, although with a higher rate of adverse
events.'" On the basis of these results, T-DM1 recently received
regulatory approval for this neoadjuvant indication.'?

MECHANISMS OF ACTION OF T-DM1

T-DM1 has multiple mechanisms of action, from the selective
delivery of DM1 to HER2-positive tumour cells through to
trastuzumab-mediated inhibition of HER2 signalling, inhibition of
HER2 extracellular domain shedding and induction of antibody-
dependent cell-mediated cytotoxicity (ADCC) (Fig. 2).

Tumour-selective delivery and cytotoxicity of DM1

The tumour selectivity of T-DM1 is conferred by the exquisite
specificity of trastuzumab to subdomain IV of the HER2 receptor
on the surface of antigen-positive cells. Following binding to this
extracellular epitope, the ADC-receptor complex is internalised
into early endosomes by receptor-mediated endocytosis. The
endocytic vesicles either mature and fuse with the lysosome or are
recycled to transport the ADC-receptor complex back to the
plasma membrane.'® Lysosomal degradation of the antibody
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Fig. 3 T-DM1 resistance arising from loss of trastuzumab-
mediated activity. A reduction in HER2 expression can impair T-
DM1 binding and internalisation, preventing the intracellular release
of DM1. Shedding of the extracellular domain of HER2 to generate
the truncated form, p95HER2, also can prevent T-DM1 binding and
DMT1 intracellular release. Mutations in PIK3CA and loss of function of
PTEN can lead to constitutive phosphatidylinositol 3-kinase (PI3K)-
AKT-mammalian target of rapamycin (mTOR) signalling despite T-
DM1-mediated inhibition of HER2. Heterodimerisation of HER2 with
HER3 or epidermal growth factor receptor (EGFR) can induce PI3K
and mitogen-activated protein kinase (MAPK) signalling in the
presence of T-DM1. Finally, immunosuppression can limit the
antibody-dependent cell-mediated cytotoxicity (ADCC) associated
with T-DM1.

b Reduced HER2
T-DM1 binding

a Reduced HER2
expression

component of T-DM1 results in the liberation of lysine-MCC-DM1,
which, as a lysine derivative, is positively charged at physiological
pH and therefore membrane-impermeable.'* As such, lysine-MCC-
DM1 requires active transport to efficiently cross the lysosomal
membrane before it can engage its molecular target in the
cytoplasm and also has a limited ability to diffuse to proximal,
antigen-negative cells to induce a cytotoxic bystander effect.'
Proteolysis of trastuzumab spares the MCC moiety on DM1, but
this retained linker does not impair payload potency, ensuring
that lysine-MCC-DM1 liberated from lysosomes binds efficiently to
tubulin to prevent microtubule polymerisation."'® Analogous to
vinca alkaloid chemotherapeutics, microtubule depolymerisation
by DM1 prevents the assembly of a functional mitotic spindle,
resulting in unattached kinetochores, cell-cycle arrest in meta-
phase with presentation of multinucleated cells and aberrant
mitotic figures, and ultimate mitotic catastrophe.'”

Trastuzumab-mediated mechanisms of action

In addition to DM1-mediated tubulin poisoning, T-DM1 has also
been demonstrated to retain the mechanisms of action of
trastuzumab, including blockade of HER2 signalling pathways,
inhibition of HER2 ectodomain shedding, and activation of innate
and adaptive anti-tumour immunity.'® The principal development
rationale for trastuzumab was to block the formation of
HER2-HER2  homodimers,  thereby  attenuating ligand-
independent activation of downstream phosphatidylinositol 3-
kinase (PI3K)-AKT-mammalian target of rapamycin (mTOR) and
RAS-mitogen-activated protein kinase (MAPK) signalling pathways
and inhibiting cell proliferation, survival, mobility and invasive-
ness.'® Trastuzumab also interferes with the extracellular domain

shedding of HER2?® that results in the generation of truncated
P95HER2 and constitutively activated signalling downstream of
the receptor.?’ ADCC and related immune effects are probably
major mechanisms of action for the clinical efficacy of trastuzu-
mab.?? The Fc domain of trastuzumab is recognised by cognate
Fcy receptors on natural killer cells, triggering ADCC and the lysis
or phagocytosis of trastuzumab-marked HER2-positive tumour
cells.?® Other proposed, but less clearly validated, mechanisms of
action of trastuzumab include inhibition of angiogenesis,
increased accumulation of the cyclin-dependent kinase inhibitor
p27XP! and inhibition of DNA repair.?*

The trastuzumab-dependent actions of T-DM1 might be
particularly important in contexts where the intracellular concen-
trations of I%/sine-MCC-DM1 are insufficient to directly induce
cytotoxicity.'® However, in considering their relative contribution
to the sum of anti-tumour activity, it is important to consider that
the trastuzumab exposures achieved in T-DM1-treated patients
are likely to be lower than those in trastuzumab-treated patients,
as the clinical dose of T-DM1 is typically lower than that of
trastuzumab (3.6 mg/kg g3w compared with 6 mg/kg g3w or
2 mg/kg qw). Consequently, it is plausible—although not explicitly
established—that trastuzumab-mediated actions might manifest
less strongly in patients treated with T-DM1.

MECHANISMS OF RESISTANCE TO T-DM1

As T-DM1 exerts its activity through both trastuzumab and DM1,
the observed inherent and acquired resistance to T-DM1 could
arise through interference with the action of either or both
constituents and, unfortunately, the pharmacological complexity
of this agent has confounded efforts to demarcate the clinically
important mechanisms. Various potential resistance mechanisms
to T-DM1 have been experimentally investigated, relating to the
subversion of trastuzumab-mediated effects (Fig. 3), the intracel-
lular trafficking and metabolism of T-DM1 (Fig. 4) and impairment
of DM1-mediated cytotoxicity (Fig. 5).

Subversion of trastuzumab-mediated effects: reduced HER2
expression

A higher expression of HER2 in tumour cells relative to peripheral
tissues is a requirement for the safety and efficacy of trastuzumab
and T-DM1, and the loss of HER2 is a known resistance mechanism
for trastuzumab.”®> A reduction in HER2 expression would be
expected to impair T-DM1 binding and internalisation, limiting not
only trastuzumab-mediated anti-tumour activity but also the
intracellular release and cytotoxicity of DM1. Decreased HER2
expression relative to parental cells has been seen in a wide range
of cell lines selected for T-DM1 resistance by protracted
exposure.’?° In a T-DM1-resistant JIMT-1 breast carcinoma cell
line, restoring HER2 expression via transfection reversed the
resistance phenotype, providing experimental evidence that
target expression levels regulate T-DM1 sensitivity.>® However,
downregulation of HER2 has not been seen in all T-DM1 resistance
models, indicating that other mechanisms contribute to treatment
failure.3°32 Loss of HER2 amplification in tumour cells has been
observed in circulating tumour DNA from a small cohort of
patients and was found to be associated with T-DM1 resistance in
these patients.*?

Subversion of trastuzumab-mediated effects: reduced T-DM1
binding

The activity of trastuzumab is dependent on binding to HER2.
Truncation of HER2 into p95HER2 can decrease the binding affinity
of trastuzumab and limit its activity, although trastuzumab
treatment might prevent further truncation.?° It is not yet clear
whether HER2 truncation can similarly influence T-DM1 activity.
The glycoprotein MUC4 can also disrupt trastuzumab binding by
interacting directly with HER2,** and MUC4 knockdown has been
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Fig. 4 T-DM1 resistance arising from dysfunctional intracellular
trafficking and metabolism. HER2-T-DM1 complex internalisation
might be reduced by enhanced recycling of HER2-T-DM1 com-
plexes back to the plasma membrane, thereby promoting the efflux
of T-DM1. Altered expression of certain endocytic and cytoskeletal
proteins could impair normal transit of HER2-T-DM1 complexes
through the endosomal maturation pathway. Altered lysosomal pH
regulation resulting in decreased acidity of lysosomal vesicles can
reduce catabolism of HER2-T-DM1 to lysine-MCC-DM1 and prevent
the release of the active compound. Reduced expression of
lysosomal transporter proteins, such as SLC46A3, might also impair
the release of lysine-MCC-DM1 into the cytoplasm.

shown to increase sensitivity to trastuzumab in JIMT-1 cells.®® It is
unclear, however, whether an impairment in initial target
engagement is also a mechanism of T-DM1 resistance. In one
study, T-DM1-resistant NCI-N87 human gastric cells showed ~50%
reduced binding of T-DM1 to HER2 relative to parental cells,
despite equivalent levels of expression of the receptor in both cell
lines?®; the mechanism underlying reduced HER2 binding was not
established. By contrast, in another study, T-DM1-HER2 binding
was preserved in all three established T-DM1-resistant cell lines.?”

Subversion of trastuzumab-mediated effects: dysregulated PI3K
signalling

Activating mutations in PIK3CA or loss of function of PTEN are
prevalent oncogenic events in HER2-positive breast cancer,
occurring in 42 and 19% of patients, respectively.®® The resulting
derangement of PI3K-AKT-mTOR signalling subverts dependence
on HER2 dimerisation for maintenance of mitogenic signals and
can confer resistance to trastuzumab in preclinical models while
being associated with reduced treatment efficacy in some clinical
cohorts, particularly in the neoadjuvant setting.>” However, it has
emerged that PI3K pathway alterations might not be clinically
relevant determinants of resistance to T-DM1. Numerically lower
rates of pCR were seen in PIK3CA-mutant patients treated with
neoadjuvant T-DM1 and pertuzumab in the KRISTINE trial, but the
PIK3CA mutation rate was higher in tumours with low or
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Fig. 5 T-DM1 resistance arising from impairment of DM1-
mediated cytotoxicity. Increased expression of drug efflux trans-
porters for which DM1 is a substrate might promote the efflux of
lysine-MCC-DM1 from cells. Alternatively, cells might escape from
DM1-mediated mitotic catastrophe through reduced induction of
cyclin B1 or increased expression of polo-like kinase 1 (PLK1),
allowing cells to complete mitosis and avoid apoptosis despite
having an abnormal mitotic spindle.

heterogeneous HER2 expression.®® In the EMILIA trial, the
presence of PIK3CA mutations or loss of PTEN was associated
with shorter median OS, shorter median PFS and lower overall
response rate in patients receiving lapatinib and capecitabine, but
had no effect on T-DM1 efficacy. ° Similarly, in the TH3RESA trial,
T-DM1 conferred benefit regardless of PIK3CA mutation status.”® A
corresponding lack of influence on T-DM1 efficacy has also been
observed in PIK3CA-mutant and PTEN-null preclinical mod-
els.2%27*1 The apparent lack of impact of PI3K pathway alterations
on the activity of T-DM1 presumably reflects the pre-eminence of
DM1-mediated (and potentially immunological) effects of this
agent and highlights important differences in the resistance
mechanisms between trastuzumab and T-DM1.

Subversion of trastuzumab-mediated effects: signalling through
alternative RTKs

Trastuzumab blocks the ligand-independent homodimerisation of
HER2 but does not inhibit ligand-induced HER2 heterodimerisa-
tion.”” Consequently, epidermal growth factor receptor
(EGFR)-HER2 and HER2-HER3 heterodimerisation can occur in
the presence of trastuzumab to initiate PI3K and MAPK signalling.
Indeed, co-expression of HER2 with other HER-family members
has been associated with shorter OS in trastuzumab-treated
patients, which can be improved with the addition of pertuzumab
to inhibit the homodimerisation and heterodimerisation of
HER2.** However, there is insufficient evidence to suggest that
signalling through other RTKs can reduce the efficacy of T-DM1.
Although exogenous administration of the HER3 ligand
neuregulin-1B can suppress T-DM1-mediated cytotoxicity in
HER2-positive cell lines, and this effect can be reversed by the
addition of pertuzumab,** neither HER3 expression,®>*° nor the
addition of pertuzumab®® significantly altered the activity of T-
DM1 in randomised clinical trials.

Genetic suppression of EGFR and treatment with the anti-EGFR
antibody cetuximab did not restore sensitivity to T-DM1 in T-DM1-
resistant KPL-4 cells despite increased expression of this receptor
relative to parental cells, and the addition of the EGFR ligand
transforming growth factor a (TGFa) was unable to confer T-DM1
resistance in parental cells.>® However, in the EMILIA trial, greater
than median EGFR mRNA expression was associated with a shorter
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median PFS and OS in T-DM1-treated patients.3® More research is
therefore required to understand the role of EGFR in T-DM1
resistance.

Subversion of trastuzumab-mediated effects: the tumour immune
set point

Clinical data compellingly demonstrate that the immunological
status of tumours has a major bearing on the activity of
trastuzumab. An inferior response to trastuzumab was seen in
HER2-positive breast cancer patients with high levels of infiltrating
immunosuppressive regulatory T cells,** high expression of
CD73" and expression of the immune checkpoint programmed
cell death protein 1 (PD-1) and its ligand PD-L1.*” Although
analogous clinical data for the response to T-DM1 remain limited,
combination therapy with T-DM1 and therapeutic antibodies
against both PD-L1 and cytotoxic T-lymphocyte-associated anti-
gen 4 (CTLA-4, another immune checkpoint protein) in the Fo5
HER2-overexpressing transgenic mouse model markedly increased
efficacy relative to monotherapy. Combination therapy resulted in
cures in nearly 100% of animals, with those free of disease
immune to tumour re-challenge, indicating the occurrence of
treatment-induced T-cell memory.*® Interestingly, immune-
mediated cytotoxicity has been seen in a trastuzumab-resistant
tumour model in response to T-DM1 but not to trastuzumab,
suggesting the action of DM1 might independently trigger
immune activation.*® Understanding the role of the immune set
point in determining the activity of T-DM1 is a key priority. In a
Phase 2 study, the addition of the PD-L1 inhibitor atezolizumab to
T-DM1 induced a numerical increase in median PFS in previously
treated PD-L1-positive HER2-positive advanced breast cancer
patients,** while a Phase 1b study to evaluate the safety,
tolerability and activity of the PD-1 inhibitor pembrolizumab with
T-DM1 in HER2-positive metastatic breast cancer is underway (Trial
ID: NCT03032107).

Intra-tumour heterogeneity in HER2 expression and accessibility
The impact of intra-tumour heterogeneity in HER2 expression on
the efficacy of T-DM1 without concurrent chemotherapy was
alluded to in our discussion of the KRISTINE trial. This phenom-
enon was investigated prospectively in a single-arm Phase 2
neoadjuvant study of T-DM1 plus pertuzumab.’® Among the ten
(out of 157 evaluable) patients in this trial determined to exhibit
intra-tumour HER2 heterogeneity (defined as either HER2 positiv-
ity by FISH in 5-50% of tumour cells in at least one of six cores per
tumour, or presence of a HER2-negative tumour area), none
showed pathological complete responses (pCR), meeting the
primary endpoint for this association. Target heterogeneity was
also explored in the ZEPHIR trial, which utilised #Zr-trastuzumab
PET to assess intra-/inter-patient heterogeneity in HER2 expression
in the metastatic setting.’’ Of the 56 patients assessed, 46%
showed %9Zr-trastuzumab avidity in less than half of their FDG-
PET/CT tumour volume and experienced shorter time to treatment
failure.

Altered internalisation of HER2-T-DM1 complexes

Once T-DM1 has engaged the HER2 receptor, the complex
requires internalisation into endosomes prior to transitioning to
lysosomes. However, increased recycling of HER2-containing
endosomes back to the plasma membrane might divert T-DM1
from trafficking to the lysosome and thus attenuate its DM1-
mediated anti-tumour activity. Rapid recycling is a feature of HER2
and has been observed upon trastuzumab binding.>®> Moreover,
enhanced recycling of HER2-T-DM1 complexes has been
observed in T-DM1-resistant JIMT-1 cells and was associated with
reduced DM1 intracellular release.?® However, overall levels of
HER2 protein were lower in the resistant cells, which might also
have contributed to the resistance phenotype. In other T-DM1-
resistant cell lines, minimal changes in the magnitude and rate of

HER2-T-DM1 internalisation have been observed, demonstrating
incomplete  penetrance  of this potential  resistance
mechanism.?’303

Internalisation and degradation of HER2-trastuzumab com-
plexes, as opposed to recycling back to the membrane, can be
promoted by the endocytic scaffolding protein endophilin A2
(encoded by SH3GL1),*" and would be expected to generate
intracellular release of DM1 and consequently induction of cell
death. Knockdown of SH3GL1 in HER2-positive HCC1954 and SK-
BR-3 breast cancer cells reduced HER2 internalisation and
markedly suppressed T-DM1-mediated cytotoxicity.*' Endophilin
A2 might, therefore, provide an effective marker of intrinsic
sensitivity to T-DM1 given its potential role in T-DM1 internalisa-
tion and the association of SH3GL1 expression with poor relapse-
free survival and OS in patients with node-positive, HER2-positive
breast cancer;*' however, further investigation in additional
experimental models is required.

Abnormal transit of HER2-T-DM1 through the endosomal
maturation pathway

The cellular machinery that mediates the internalisation of
HER2-T-DM1 complexes remains poorly understood. One possible
mechanism of resistance identified by Sung et al,?® might be
conferred by caveolin-mediated endocytosis, which could facil-
itate internalisation of T-DM1 but limit its subsequent journey into
lysosomes. In this in vitro study, proteins involved in caveolae
formation and endocytosis, caveolin-1 and cavin-1, showed
elevated expression in T-DM1-resistant NCI-N87 cells, with
increased co-localisation of caveolin-1 and T-DM1 and decreased
lysosomal sequestration of T-DM1 in resistant cells relative to
parental cells. However, the role of caveolin-mediated endocytosis
in T-DMT1 resistance is contentious as, in the same study, shRNA-
mediated knockdown of caveolin-1 (CAV1) was insufficient to re-
sensitise resistant NCI-N87 cells to T-DM1.2% Furthermore, Chung
et al.>*** reported opposing findings: overexpression of CAVT in
BT-474 breast cancer cells or upregulation through pre-treatment
with trastuzumab or metformin increased T-DM1 sensitivity, while
siRNA-mediated CAV7 knockdown in HER2-positive SK-BR-3 cells
reduced sensitivity. Further research is required to confirm the
relevance of the role of caveolin-mediated endocytosis in the
clinical resistance of T-DM1.

Elevated expression of additional proteins involved in vesicle
transport or cytoskeletal remodelling, such as RAB GTPase-
activating protein 1 (RABGAP1), p21-activated kinase 4 (PAK4)
and HECT domain E3 ubiquitin protein ligase 1 (HECTD1), has
been reported in T-DM1-resistant JIMT-1 cells,®® although it is
unclear whether these changes are a cause or consequence of
drug resistance. Altered cell adhesion and prostaglandin signalling
have also been observed in T-DM1-resistant oesophageal carci-
noma cells.>® These changes might promote migration, survival or
MAPK signalling, which could affect T-DM1 transit or the response
of the cell to microtubule depolymerisation, but the translatability
of findings in oesophageal cancer models to HER2-positive breast
cancer might be limited.

Derangement of lysosomal catabolism of HER2-T-DM1 complexes
Lysosomes are specialised acidic compartments, and their
catabolic capacity relies on the vacuolar H"-ATPase (V-ATPase)
proton pump for pH regulation. As T-DM1 requires lysosomal
proteolysis, it is notable that T-DM1-resistant NCI-N87 gastric
carcinoma cells showed diminished lysosome acidification and
reduced intracellular concentrations of lysine-MCC-DM1 relative to
parental cells.®' Moreover, small-molecule inhibition of V-ATPase
antagonised the activity of T-DM1 in wild-type NCI-N87 cells but
not in resistant NCI-N87 cells, suggesting that aberrant V-ATPase
activity can decrease T-DM1 metabolism and promote resistance.
Similarly, T-DM1-resistant BT-474 clones showed an accumulation
of T-DM1 in lysosomes with elevated pH, as well as decreased



activity of cathepsin B, a pH-dependent lysosomal proteolytic
enzyme.>? As with NCI-N87 cells, raising lysosomal pH in wild-type
BT-474 cells by V-ATPase inhibition reduced their sensitivity to T-
DM1, demonstrating that lysosomal function is crucial in
determining intrinsic cellular sensitivity to T-DM1.

Impaired lysosomal release of lysine-MCC-DM1

Due to its positive charge, lysine-MCC-DM1 is unable to passively
diffuse across the lysosomal membrane and therefore requires
active transport before it can inhibit tubulin polymerisation in the
cytoplasm.’ In a functional genomic screen of 2601 candidate
transporter genes, SLC46A3 was identified to encode a lysosomal
membrane protein capable of transporting maytansine-based
linker-drug catabolites.*® Its knockdown reduced the potency of T-
DM1 and other DM1-armed ADCs regardless of linker chemistry
but did not affect alternative payloads, indicating that DM1 itself,
rather than the linker or lysine component, is likely to be a
substrate for SLC46A3. Two independent studies reported loss of
SLC46A3 expression in T-DM1-resistant BT-474 and NCI-N87 cells,
in which sensitivity to the agent could be restored by forced
expression of SLC46A3, and in a T-DM1-resistant HER2-positive
invasive ductal carcinoma patient-derived xenograft model.>**’
Functionally, knockdown of SLC46A3 in BT-474 or knockout in SK-
BR-3 cells markedly reduced sensitivity to T-DM1. SLC46A3
expression, which is high in breast cancer cell lines but varies
between other tumour types, might, therefore, be a predictor of T-
DM1 sensitivity and has been proposed as a potential patient
selection biomarker, with patients or cancer types (e.g. multiple
myeloma) that express low levels of SLC46A3, and therefore
potentially less sensitive to T-DM1, being more suited to
alternative payloads that do not require SLC46A3-mediated
transport.>’

Impairment of DM1-mediated cytotoxicity: increased expression of
drug efflux transporters

Since DM1 and other maytansinoids are substrates for multidrug-
resistance transporters,”® the upregulation of these transporters
could promote the efflux of DM1 from cells and confer cellular
resistance to T-DM1. Upregulation of ABCC1 (which encodes
multidrug-resistance-associated protein 1 [MRP1]), ABCC2 (MRP2),
ABCC4 (MRP4), ABCB1 (multidrug-resistance protein 1 [MDR1, P-
glycoprotein)] and ABCG2 (breast cancer resistance protein
[BCRP]), promoting DM1 efflux, has been reported in T-DM1-
resistant cell lines.?*?°*° In these studies, pharmacological
inhibition of MRP1, MRP2 and MDR1 reversed T-DM1 resistance,
whereas BCRP inhibition and ABCC4 knockdown did not.
Separately, inhibition of MDR1 but not MRP1 or BCRP enhanced
the potency of an MCC-DM1 ADC, while extrusion by MDR1 was
reduced by altering the linker group, which prevented MDRI1-
mediated resistance in MDR1-expressing cells and xenografts.”®
However, other studies have reported minimal changes in the
expression of drug efflux transporters in T-DM1-resistant cells, 3>
suggesting that lysine-MCC-DM1 extrusion is unlikely to be a
major mechanism of resistance in all cases.

Impairment of DM1-mediated cytotoxicity: escape from mitotic
catastrophe and apoptosis

The cytotoxicity of DM1 depends on the cell attempting to
undergo mitosis in the context of incomplete spindle formation,
resulting in mitotic catastrophe and apoptosis.”* Cells that avoid
this process might gain resistance to T-DM1. One manner in which
cells have been reported to avert T-DM1-induced mitotic
catastrophe is through the reduced induction of cyclin B1, a
protein that is essential for the activation of cyclin-dependent
kinase 1 (CDK1) and progression into M-phase, with degradation
required for exit from mitosis.°® This mechanism of resistance to
mitosis-targeting agents has been termed ‘mitotic slippage’.
Despite a defective mitotic spindle, reduced induction of cyclin
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B1/CDK1 results in an inability to halt cell-cycle progression,
consequently leading to mitotic exit and cytokinesis, and thus
avoidance of mitotic catastrophe. This scenario promotes the
accumulation of genetic instability and a more malignant
phenotype, as daughter cells inherit karyotypic atypia due to
improper chromosome segregation at anaphase.®’

In two separate studies, T-DM1 treatment increased the fraction
of HCC1419, HCC1954, SK-BR-3 and BT-474 cells that became
arrested in the G,/M phase through elevated cyclin B1 expression,
but in resistant clones of the same cell lines, no increase in cyclin
B1 expression or CDK1 activity was observed, with minimal G,/M
phase arrest and attenuation of mitotic catastrophe and
apoptosis.”’?® Knockdown of CDC20 to promote cyclin Bl
expression increased the sensitivity of two T-DM1 resistant cell
lines to T-DM1, whereas knockdown of cyclin B1 (CCNBI) in
parental cells induced T-DM1 resistance.”” Expression of the
mitotic kinase polo-like kinase 1 (PLK1) has been reported to be
significantly increased in T-DM1-resistant SK-BR-3 and BT-474 cells
compared with their wild-type counterparts and has been
hypothesised to play a role in the completion of mitosis despite
the presence of an abnormal mitotic spindle by preventing CDK1
activation.®® Inhibition of PLK1 with volasertib reversed T-DM1
resistance, inducing growth inhibition with mitotic arrest and DNA
dama3ge profiles equivalent to those reported in T-DM1-sensitive
cells.

STRATEGIES FOR OVERCOMING T-DM1 RESISTANCE
Resistance to T-DM1 remains a major clinical challenge, and the
results of preclinical studies described in this review indicate
strategies that could be explored to overcome resistance. A
synthesis of the current literature supports the view that
resistance mechanisms with the strongest evidence base relate
to derangement of intracellular transport and metabolism of T-
DM1 and to attenuation of lysine-MCC-DM1-mediated cytotoxi-
city, although evidence for mechanisms related to internalisation,
abnormal transit, lysosomal catabolism and drug efflux have been
observed in a limited number of experimental models that were
not patient-derived. Mechanisms relating to insensitivity to
HER2 signalling blockade are less strongly supported, although
the role of EGFR and immunological phenomena require further
investigation. Accordingly, approaches to circumvent resistance
that are strongly aligned with the experimental evidence include
the use of alternative linker-payload chemistry to generate more
effective second-generation ADCs (e.g. trastuzumab deruxtecan,
trastuzumab duocarmazine) that can also obviate the T-DM1
resistance mechanisms that appear specific to lysine-MCC-DMT,
and the use of combination therapies that target the molecular
circuitry implicated in the loss of DM1 sensitivity.

Trastuzumab deruxtecan (DS-8201a)

Trastuzumab deruxtecan (DS-8201a; Daiichi Sankyo) is an ADC that
comprises a humanised monoclonal IgG1 anti-HER2 antibody
produced using an identical amino acid sequence to trastuzumab,
linked by a self-immolative maleimide linker to the topoisomerase
| inhibitor, DXd, a derivative of exatecan.®> The DAR for
trastuzumab deruxtecan is much higher than for T-DM1 (7.7
versus 3.5), allowing for greater payload delivery per antigen
engagement event while avoiding rapid in vivo clearance, which
can occur with high DAR and result in off-target toxicities through
increased exposure to the payload in plasma.®® Trastuzumab
deruxtecan has shown activity in T-DM1-resistant cell lines and
patient-derived xenograft models and has been proposed to be a
suitable treatment option for tumours with low HER2 expression
that are less sensitive to T-DM1.°°%? The agent is currently in
Phase 2 and 3 trials for the treatment of HER2-positive metastatic
breast cancer, gastric, colorectal, uterine and non-small cell lung
cancers plus carcinosarcoma, following evidence of anti-tumour
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activity from Phase 1 data, in which 81 out of 160 evaluated
patients showed durable RECIST-confirmed responses in HER2-
positive metastatic breast cancer treated with prior T-DM1, HER2-
positive gastric cancer treated with prior trastuzumab, HER2-low
metastatic breast cancer and other HER2-expressing solid
tumours®3~%%

Several plausible explanations could account for the apparent
activity of trastuzumab deruxtecan in tumours that progressed on
prior T-DM1. First, owing to the differences in linker-payload
chemistry, trastuzumab deruxtecan is unlikely to be affected by
resistance mechanisms that are specific to DM1.2° Secondly, the
DXd payload might not be extruded as efficiently by efflux
transporters as DM1 > Thirdly, trastuzumab deruxtecan, but not T-
DM1, has shown a bystander effect, whereby neighbouring HER2-
negative cells incurred cytotoxicity in vitro and in vivo, most
probably due to the enhanced membrane permeability and thus
transcellular diffusion of the DXd payload relative to DM1.'> This
bystander effect might be significant in suppressing the outgrowth
of some resistant clones by no longer requiring target expression
and intracellular payload release within each cell for cytotoxicity.

Trastuzumab duocarmazine (SYD985)

[vic-Jtrastuzumab duocarmazine (SYD985, Synthon), another
HER2-targeting ADC, comprises a valine-citrulline-seco duocarmy-
cin hydroxybenzamide azaindole (vc-seco-DUBA) payload con-
jugated to trastuzumab by a cleavable linker at a DAR of 2.8.°” vc-
seco-DUBA is a potent duocarmycin analogue that binds to the
minor groove of DNA causing irreversible DNA alkylation and cell
death. Preclinically, SYD985 is active against a range of HER2-
expressing cell lines and tumour models, including breast, ovarian
and uterine carcinomas. Like trastuzumab deruxtecan, SYD985 is
also active in cell lines and tumour models expressing low levels of
HER2, potentially owing to the bystander effect of its payload,
where degradation of the cleavable linker in tumour cells by
proteases such as cathepsin B releases the membrane-penetrant
payload to passively diffuse to proximal antigen-negative or
antigen-low cells.%®%° SYD985 has shown promising efficacy in
Phase 1 trials in heavily pre-treated patients with HER2-positive, T-
DM1-resistant and HER2-low metastatic breast cancer’® and is
currently undergoing Phase 3 evaluation for HER2-positive,
unresectable, locally-advanced or metastatic breast cancer.

Combination therapies to limit T-DM1 resistance

Although second-generation HER2-targeting ADCs are showing
promising early-phase clinical activity, many of the T-DM1
resistance mechanisms that limit the action of trastuzumab or
Fc-mediated ADCC are likely to apply to these agents, and
additional resistance mechanisms relevant to their respective
linker-payloads might well arise in advanced disease. As such, the
extent to which the clinical activity of these second-generation
HER2-targeting ADCs will be limited by drug resistance remains to
be seen. An alternative approach to overcoming T-DM1 resistance
is to use this drug in combination with agents that perturb the cell
biological pathways implicated in T-DM1 resistance, an approach
that might be feasible given the wide therapeutic index of T-DM1.
Multiple agents that target canonical trastuzumab-resistance
mechanisms, such as signalling through alternative RTKs (e.g.
neratinib, pertuzumab), PI3K pathway activation (e.g. alpelisib),
HER2 truncation (e.g. tucatinib) and immune checkpoints (e.g.
pembrolizumab, atezolizumab) have been tested clinically in
combination with T-DM1, as has the CDK4/6 inhibitor ribociclib for
co-inhibition of targets downstream of the HER2 pathway,”’ with
some studies showing promising activity.”>”®> Limiting DM1-
mediated resistance could potentially also be achieved by
combination therapy with small-molecule inhibitors of
multidrug-resistance transporters; however, these inhibitors have
seen limited clinical application due to the wide role of efflux
transporters in xenobiotic elimination and their abundant

expression in non-tumour tissue.”* Another potential approach
is to pharmacologically target mechanisms that promote escape
from mitotic catastrophe, as demonstrated by the ability of the
combination of T-DM1 and the PLK1 inhibitor volasertib to
overcome T-DM1 resistance by inducing mitotic arrest in vitro,>
which warrants further research.

CONCLUSIONS

T-DM1 is a safe and effective therapy for HER2-positive breast
cancer, but its clinical activity is limited by intrinsic and acquired
resistance. Most evidence points to altered trafficking/metabolism
of T-DM1 and impairment of lysine-MCC-DM-1-mediated cytotoxi-
city being the predominant mechanisms of T-DM1 resistance, but
subversion of trastuzumab-mediated effects, particularly ADCC
and HER2/EGFR expression, is also implicated. Despite various
mechanisms of resistance having been proposed, further under-
standing is required to develop therapeutic strategies to over-
come this resistance and to assess whether any of the resistance
mechanisms could provide biomarkers for patient stratification for
T-DM1 therapy. Alternative therapeutic approaches include the
use of second-generation HER2-targeting ADCs that utilise distinct
payloads and cleavable linkers that mediate activity in HER2-low
cells, as well as therapeutic combinations to overcome
trastuzumab-mediated or DM1-mediated resistance. These strate-
gies are already showing promise in clinical trials and have the
potential to provide further survival improvements for patients
with HER2-positive cancer.
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