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Opinion Statement

Antibody-drug conjugates are an elegant approach to cancer treatment that couples the
specificity of monoclonal antibodies to the cytotoxicity of classic chemotherapy agents,
permitting, at least in theory, increased activity and reduced toxicity. In breast cancer, the
early success of trastuzumab-emtansine (T-DM1) in the HER2-positive metastatic setting
led to great hopes, later dashed by results in the early setting (KRISTINE trial) and in
combination with pertuzumab (MARIANNE trial). Parallel to this, development of ADCs in
breast cancer has suffered other setbacks, including the recent failure of other agents
(MM-302) as well as the suspension of a few programs (XMT-1522, ADCT-502) with the
overall effect of dampening the impetus of this concept and halting/delaying the progress
of drugs associated with it, particularly when immunotherapy is at the center of so many
efforts. Numerous antibody-drug conjugates remain, however, in development, and could
prove successful. Critically, ADCs could permit the introduction of novel concepts such as
the expansion of potent anti-HER2 therapy to HER2-low breast cancer, treatment beyond
resistance to T-DM1, and synergy in combination with immune checkpoint blockade. In
the early setting, the ATEMPT trial may show that T-DM1 reduces toxicity while maintain-
ing good outcomes for lower risk HER2+ patients. ADCs based on bispecific antibodies are
also in development. Finally, breakthroughs are occurring in the orphan triple-negative
breast cancer subtype with agents targeting surface proteins. The recent results of
Sacituzumab govitecan suggest substantial activity in heavily pre-treated patients and
underscore the enduring relevance of antibody drug conjugates as a path towards better
outcomes.

http://crossmark.crossref.org/dialog/?doi=10.1007/s11864-019-0633-6&domain=pdf


Introduction

Breast cancer is themost common formof cancer among
women worldwide [1] and cure rates of early breast
cancer continue to improve [2]. Metastatic breast cancer,
on the other hand, remains incurable, despite recent
improvements in outcomes [3]. These gains are
connected to a deeper understanding of cancer biology
and to the development of a new generation of anti-
cancer agents designed to act upon specific molecular
targets [4]. The most important of these is the anti-
human epidermal growth factor receptor 2 (HER2) an-
tibody trastuzumab, which changed the natural history
of an aggressive subtype of breast cancer defined by its
reliance on signaling via HER2—dubbed HER2-positive
breast cancer [5].

Trastuzumab is remarkable for its specificity—its
ability to bind to only one receptor epitope [5]. This
specificity, largely absent in other target agent classes [6],

grants to trastuzumab its remarkable activity and favor-
able toxicity profile. This quality of antibodies has led to
interest in using them as the carriers of other less specific
anti-cancer drugs [7].

This principle has led to the creation of a new sub-
class of targeted agents, called antibody-drug conjugates
(ADCs), which combine the specificity of an antibody
and the cytotoxicity of classic chemotherapy agents [7].
The first agent in this class to come into clinical practice
in breast cancer, trastuzumab-emtansine (T-DM1), has
created great interest and pushed a myriad of new ADCs
into development [8]. In this article, we will review the
current state of the ADC field in breast cancer in both the
advanced and early disease setting, including a detailed
look on the most recent clinical data on ADCs currently
in development.

Antibody Drug Conjugates

ADCs are composed by three elements—monoclonal antibody, cytotoxic agent
(often referred to as the “payload”), and a linker. All three elements have impact
on the activity of an ADC. These have been extensively reviewed elsewhere
recently [7, 9]. We will briefly review here the core aspects of each of the three
elements as well as the so-called “bystander effect” and the factors which define
ADC toxicity.

Antibody
The antibody is responsible for hitting the specific molecular target. The target
receptor should be tumor specific and hyperexpressed—thereby increasing the
chance of binding. These target receptors, furthermore, can either be a vital part
of cancer cell signaling or not [10]. Other targets—in surrounding tumor-
associated cells or stroma, can also be used for the designing of ADCs [11].
Correspondingly, the antibody itself can be independently active as an anti-
cancer agent or not. Though many different proteins are hyperexpressed on the
surface of tumor cells, a more limited number have thus far proven to be useful
as targets [8]. Inter-tumoral and intra-tumoral heterogeneity present a challenge
to ADCs due to the presence of subpopulations which do not express the target
receptor [12].

Payload
Few chemotherapy agents are suitable to be payloads. Theymust be particularly
potent considering the limited number of molecules which will enter the cell.
The two most commonly used payloads are auristatin and maytansine
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analogues, both classic cytotoxic agents that act upon microtubules and both
having proved to be prohibitively toxic to patients when used by themselves
[13]. The payload must also be resistant to classical efflux pump-based mech-
anism of resistance—such as MDR1-Pgp-mediated multi-drug resistance
(MDR), and retain its efficacy after linkage [9, 14].

Linker
The linker is responsible for binding monoclonal antibody to payload, and
affects solubility, stability during manufacturing, and release [15]. ADCs can be
divided between those which have cleavable linkers (e.g., SYD985) and those
with non-cleavable linkers (e.g., T-DM1). Cleavable linkers release the drug
depending on glutathione concentration, Ph, or via enzymatic proteolysis—and
this can translate into higher systemic release. Non-cleavable linkers require
degradation inside the lysosome after internalization, which increases specific-
ity but may limit efficacy [15].

The Bystander Effect
The bystander effect is the cytotoxic effect exerted by the payload or its metab-
olites upon populations of cells which are not the targets of the ADC. This can
occur due to multiple causes. The payload or its metabolites may be able, once
internalized and freed from the monoclonal antibody component, to cross the
cellular membrane and kill surrounding cells. Alternatively, cleavable linkers
may permit the release of a portion of the payload in the extracellular space,
leading to direct cytotoxic activity. It is important to note, however, that though
the bystander effect can in theory lead to increased activity on non-targeted
cancer cells, it can decrease activity on targeted cells (by decreasing the concen-
tration of the payload intracellularly) and, more importantly, lead to a worse
side effect profile which can limit the dose tolerable to patients [16].

ADC Toxicity
The “magic bullet” concept which underpins the ADC concept purports that
these agents will be less toxic than regular cytotoxic agents. This, however, is
often not the case with ADCs both on the market and in testing which show a
substantial incidence of side effects [17].

Toxicity in an ADC is determined by the physiological function and preva-
lence of the target in non-cancer tissue, by the nature of the linker, the number of
payloadmolecules and by the type of payload.Mostly, however, as shownby pre-
clinical models and a recent meta-analysis, the toxicities associated with current
ADCs are off-target and match the toxicity profile of the payload—and therefore
are associated with release of the drug into the bloodstream or plasma by sub-
optimal linkers or due to an excessively prominent bystander effect [17, 18].

Antibody Drug Conjugates Approved for Breast Cancer
Trastuzumab-Emtansine

T-DM1 is the only approved ADC thus far for use in breast cancer. It is built on
the monoclonal antibody trastuzumab, which binds to the HER2 receptor. The
payload is emtansine (DM1), a derivate of maytansine. DM1 is a potent
inhibitor of tubulin polymerization, necessary for cellular division, leading to
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apoptosis. Maytansine had been tested as an anti-cancer agent but demonstrat-
ed very limited efficacy with substantial toxicity [19]. DM1 is linked to a lysine
in trastuzumab through a non-reducible thioether and has an average drug anti-
body ratio (DAR) of 3.5. Lambert et al. have reviewed in depth the pre-clinical
development of T-DM1 [20]. Table 1 summarizes the results of the most
important trials with T-DM1.

Advanced Disease
Seven published phase I, II, and III trials provide evidence on the efficacy of T-
DM1 in advanced HER2-positive breast cancer [21, 24, 27, 30–33]. FDA/EMA
approval, however, is based principally on two pivotal phase III trials—EMILIA
and TH3RESA.

In EMILIA, 991 patients with advanced HER2-positive breast cancer having
previously received only one line of treatment with a taxane and trastuzumab
(or having failed adjuvant trastuzumab within 6 months of completion) were
randomized between T-DM1 and capecitabine + lapatinib. Primary outcome
results showed the superiority of T-DM1 with a median progression-free sur-
vival (PFS) of 9.6 months, vs 6.4 months, an absolute gain of 3.2 months, with
a hazard ratio (HR) of 0.65, 95% confidence interval (CI) 0.55 to 0.77,
p G0.001 [21]. The response rate (ORR) also favored the T-DM1 arm (43.6%
vs 30.8%, 95%CI 26.3 to 35.7, p G0.001), and themedian duration of response
(DoR) was longer (12.6 months vs 6.5 months) in the T-DM1 arm [21]. More
recently, mature OS data was published showing an advantage to T-DM1 use
(29.9 months vs 25.9 months, HR 0.75, 95%CI 0.64–0.88) [22••].More grade
3 or higher events occurred in the capecitabine + lapatinib arm (57% vs 40.8%).
Nausea (39.2%), fatigue (35.1%), thrombocytopenia (28%), diarrhea (23.3%),
and elevated AST (22.4%) were the most commonly reported adverse events in
the T-DM1 arm [21]. Quality of life (QoL) was also better in the T-DM1 arm,
with longer times to deterioration (7.1 months vs 4.6 months, HR 0.80, 95%
CI 0.67 to 0.95, p =0.012) and a trend favoring T-DM1 in symptom improve-
ment (55.3% vs. 49.4%, p =0.0842) [23].

In TH3RESA, 602 patients with advanced HER2+ breast cancer having
received trastuzumab and lapatinib previously were randomized between T-
DM1 and physician’s choice (PC). Most patients in the PC arm received che-
motherapywith trastuzumab (68%)with vinorelbine being themost common-
ly used chemotherapy base (32%) and 67% of patients in the T-DM1 arm had
received four or more lines of treatment. Primary outcomes results favored the
T-DM1 arm, with a PFS of 6.2 months vs 3.3 months, HR 0.528, 95% CI
0.422–0.661, p G0.0001 [24]. Mature OS data likewise favors the T-DM1 arm,
with a median of (22.7 months vs 15.8 months, HR 0.68, 95% CI 0.54–0.85,
p =0.0007) [25••]. Once again, T-DM1 was shown to be less toxic—with less
grade 3 or more adverse events (32% vs 43%) and less discontinuations due to
adverse events (7% vs 11%) [24]. QoL favored numerically the T-DM1 arm,
with a higher proportion of patients reported improvements in global health
(57.8% vs 47.1%) [26].

Following these results, however, the MARIANNE study testing T-DM1 in
first-line failed to attain its primary objective. In MARIANNE, 1095 patients in
first line were randomized between trastuzumab + taxane, T-DM1 + placebo, or
T-DM1 + pertuzumab. The T-DM1 arms had similar survival results to the
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taxane + trastuzumab arms with better tolerance [27]. PFS was 13.7 months for
taxane + trastuzumab, 14.1 months with T-DM1 + placebo, and 15.2 months
with T-DM1 plus pertuzumab.

Several relevant open questions remain regarding T-DM1 use in the
advanced setting [34•]. Considering that the standard of care today in first
line is trastuzumab + pertuzumab + taxane [35], the actual efficacy of T-
DM1 is unclear, though available data suggests that it is still meaningful,
while diminished [36–39]. Biomarkers able to select patients who can
benefit from T-DM1 have thus far not been identified despite significant
translational efforts based on samples collected in the registration trials
[40–42]. Finally, some data suggests that T-DM1 may cross the blood-
bra in barr ie r and have a di rect therapeut ic e f fec t on bra in
metastasis—coming from sub-analysis of EMILIA and KAMILLA and small
case series [43–45].

Early Setting
The success of T-DM1 in the advanced setting created significant excitement
surrounding the results of the KRISTINE and KAITLIN (NCT01966471) trials,
which tested T-DM1 in the neoadjuvant and adjuvant settings, respectively.

In KRISTINE, 444 patients were randomized between docetaxel, carboplatin,
and trastuzumab + pertuzumab (TCHP) or T-DM1 + pertuzumab. Primary
outcome results have shown the superiority of the TCHP arm—pathologic
complete response (pCR) 55.7% vs 44.4%. Toxicity favored the T-DM1 arm
substantially, however, with only 13% of patient experiencing grade 3 or 4
adverse events (vs 64% in the TCHP arm). The failure of the T-DM1 + pertuzu-
mab regimen in both MARIANNE and KRISTINE led to the halt of accrual in
KAITLIN (NCT01966471), an as yet unreported trial randomizing 1846 patients
between taxanes and anthracyclines + trastuzumab + pertuzumab (the regimen
tested in the APHINITY trial) and T-DM1+ pertuzumab following anthracyclines.

More recently, the results of the KATHERINE (NCT01772472) trial are
likely to bring T-DM1 into use in the early setting with substantial impact
on current treatment guidelines [28]. In KATHERINE, patients with resid-
ual invasive disease after neoadjuvant therapy were randomized between
completing 1 year of trastuzumab (743 patients) or of T-DM1 (743
patients). Interim analysis data suggest the superiority of the T-DM1 arm
with 88.3% of patients in the T-DM1 arm and 77% of patients in the
trastuzumab arm free of invasive disease at 3 years (HR 0.50, 95% CI 0.39
to 0.64, p G0.001). All subgroups seem to benefit from T-DM1, though it is
important to mention that only a small number of patients received dual-
blockade as their neoadjuvant treatment (17.9%). Toxicity, while still rare,
was more common in the T-DM1 arm (grade 3 or more AE occurred in
15.4% in the trastuzumab arm and in 25.7% in the T-DM1 arm).

These results add to an already intense debate on how to update the
long-standing trastuzumab (neo)adjuvant standard, together with the
results of the PERSEPHONE, ExteNET, and APHINITY trials [46–48]. Con-
sidering the trend towards more common use of neoadjuvant therapy in
the early setting, the size of the benefit and the clear-cut patient selection,
it is likely that the T-DM1 post-neoadjuvant regimen will be a new stan-
dard. Whether patients who do achieve a complete response truly require
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the standard 1 year of trastuzumab, however, remains an open research
question.

Antibody Drug Conjugates in Development for Breast Cancer

Several ADCs are currently in development for advanced breast cancer (Table 2
and Fig. 1). Most of the agents in development target HER2, a consequence of
the long history of this receptor as a validated therapeutic target, the availability
of trastuzumab as a backbone for building ADCs, the significant incidence of
HER2+ breast cancer, and the fact that HER2 testing is part of the standard of
care. In HER2+ disease the current focus of development is in ADCs capable of
showing efficacy after a patient has received T-DM1 as standard of care. Patients
with HER2 1+ or 2+ with a negative FISH, (HER2-negative) have also been at
the focus of development for ADCs targeting HER2 under the classification of
“HER2-low” despite the absence of efficacy of trastuzumab in this setting [63].
Indeed, early results with a novel and potent anti-HER2 ADC (SYD985) dem-
onstrate promising activity in HER2-low ER+ and triple-negative breast cancer
[64].

Triple-negative disease (TNBC) has also been the target of substantial efforts.
The aggressive nature of the biologic behavior of TNBC—which leads to short
times between start of trial and results as well as the restricted availability of
TNBC-specific targeted agents render TNBC a nearly orphan disease in dire need
of advances—with already some evidence of success with sacituzumab govite-
can [65].

Anti-HER2
XMT–1522

XMT–1522 is an ADC built on the basis of amonoclonal antibody (HT-19) that
does not compete with either trastuzumab or pertuzumab for epitope binding,
bound to an auristatin analogue (dolaflexin) with pre-clinical evidence of
activity in both HER2+ and HER2-low in vitro and in vivo models [66, 67].
XMT–1522 is notable for its high DAR (approximately 12), obtained via a
polymer linker. Dolaflexin, which crosses the cell membrane and can kill
surrounding cells, is also particular for being metabolized, once released inside
the cell, into a still cytotoxic metabolite which is however incapable of leaving
the cell—leading to an initial short yet tangible bystander effect.

One dose escalation study exposed 18 HER2+ and HER2-low breast cancer
patients, with confirmed responses [62]. Though early safety data did not show
important toxicity, recently a death occurred, leading the company to tempo-
rarily halt the study for investigation of this case, though subsequently the trial
was resumed (NCT02952729).

SYD985
SYD985 is an ADC composed of trastuzumab and a synthetic duocar-
mycin analogue, bound by a cleavable link. Once uptake occurs, the
payload is released, leading to irreversible DNA damage and cell death.
Furthermore, cleavage can happen outside the cells and the toxin is
released into the microenvironment. In pre-clinical experiments,
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SYD985 was found to be more potent than T-DM1 and demonstrated
cytotoxicity against low-HER2 cell lines via bystander killing [68].
Results of the breast cancer cohorts of a phase I trial (NCT02277717)
including patients with advanced breast cancer [69] suggest activity (see
Table 2) with responses seen in both HER2-low and HER2+ including
previously exposed to pertuzumab and T-DM1. One notable yet man-
ageable toxicity was ocular complications (conjunctivitis 25%, increased
lacrimation 19%, dry eyes 29%, keratitis 19%, blurred vision 11%) [61,
69]. SYD985 received FDA fast track designation and a phase III study
(TULIP) is currently ongoing in HER2-positive breast cancer patients
(NCT03262935).

Trastuzumab Deruxtecan (DS8201a)
Trastuzumab deruxtecan combines an anti-HER2 antibody and an exatecan
derivate, which can kill not only targeted cells but also surrounding cells
(bystander effect), with some in vivomodel evidence to confirm this hypothesis

Fig. 1. Overview of antibody drug conjugates which have reached clinical development or regulatory approval for use in breast
cancer. TKs tirosine kinase, HER2: human epidermal growth factor receptor 2, EFNA4: aphrin A4, PTK7 protein tyrosine kinase 7,
GPNMB transmembrane glycoprotein NMB, TROP-2 trophoblast cell-surface antigen.
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[70, 71]. A phase I dose-escalation trial followed by a dose expansion, including
both HER2+ (T-DM1 pre-treated) and HER2-low advanced breast cancer has
been presented. Efficacy results were impressive, with a disease control rate
93.9% and 85.3% (see Table 2) in HER2+ andHER2− cases, respectively [60]. It
is important to note, however, that safety results suggest intertitial lung disease
(ILD) as a clinically meaningful side effect of DS8201a—with a recent com-
bined analysis of 7 trials with 448 treated patients suggesting a rate as high as
9.8% with 2.2% of patients developing of grade 3 or higher potential ILD [72].

Trastuzumab deruxtecan is currently being tested in two phase 3 trials. In
NCT03529110, 500 patients with advanced HER2+ disease having failed first
line with a taxane and trastuzumab will be randomized between T-DM1 vs
trastuzumab deruxtecan. In NCT03523585, 600 patients with advanced HER2+
disease having failed T-DM1 will be randomized between trastuzumab-derux-
tecan, trastuzumab + capecitabine, and lapatinib + capacitabine. Further trials
include testing combination with immunotherapy (NCT03523572).

MM-302
MM-302 is and ADC combining an anti-HER2 monoclonal antibody
with liposomal doxorubicin. The goal behind the design of MM-302
was to permit, via better targeting, the use of higher doses of anthracy-
cline, the quintessential chemotherapy agent used against breast cancer.
Early pre-clinical studies demonstrated superior activity of MM-302 as
compared to both regular anthracyclines and liposomal doxorubicin.
Furthermore, evidence suggested that the combination of MM-302 and
trastuzumab is synergestic [73].

Though phase I data showed activity in heavily pre-treated HER2-positive
breast cancer without any evidence of cardiac toxicity, the phase II study
HERMIONE failed to detect any benefit leading to closure of the study by the
IDMC [74]. HERMIONE randomized patients betweenMM-302 + trastuzumab
vs chemotherapy (gemcitabine, capecitabine, or vinorelbine) + trastuzumab
[75].

MEDI 4276
MEDI4276 is a bi-paratopic (also called bi-specific) ADC, which targets
two different epitopes in the HER2 extracellular domain. This bi-
paratopic nature of the monoclonal antibody component of MEDI4276,
which includes both the 39S Fv and trastuzumab scFV epitopes, leads to
deeper inhibition of cancer cell proliferation than trastuzumab alone.
The double binding leads, furthermore, to rapid receptor internalization
and lysosomal destruction—and renders the antibody a valuable carrier
for a payload as an ADC [76]. Initial in vitro and in vivo xenograft
models have shown the potential of the agent. A phase I dose escalation
trial have, however, not shown a large number of responses in breast
cancer (see Table 2) and the future of the drug is currently unknown.

RC48-ADC
RC48-ADC is a novel HER2 targeted ADC, conjugating an auristatin
(monomethyl auristatin E) derivate with a humanized anti-HER2 mono-
clonal antibody (hertuzumab) via a non-cleavable maleimidocaproyl
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(mc) linker designed to only release the toxin once inside a lysosome.
In cell lines and in vivo PDx mice models, RC48-ADC has shown higher
potential than trastuzumab or lapatinib in impeding tumor growth [77].
Two phase I studies have been conducted in China, in heavily pre-
treated advanced HER2+ disease with some signs of efficacy (results in
Table 2) [50, 51]. A phase II (NCT03500380) trial is ongoing in patients
who have received a taxane and trastuzumab vs lapatinib + capecitabine.
The design of this trial, conducted exclusively in China, will render the
interpretation of its results difficult as RC48-ADC is being tested against
an old standard, unless a significant proportion of patients have been
previously treated with T-DM1.

Other Targets
Sacituzumab Govitecan

Trophoblast cell-surface antigen (TROP-2) is a glycoprotein originally
identified as a trophoblastic cell membrane marker but is now known
to be hyperexpressed in a number of tumor types, including breast
cancer. Mice models have suggested that TROP-2 signaling can play an
important role in cancer cell behavior, including proliferation, angiogen-
esis, invasion, and dissemination [78]. Sacituzumab govitecan is com-
posed of an anti-TROP2 (sacituzumab) antibody linked to a moderately
potent irinotecan derivative (govitecan or SN-38). The relatively less
potent cytotoxic effect of govitecan (as compared to auristain or may-
tansine analogues more commonly used) may be offset by the DAR of
7.6 (twice that of T-DM1). Additionally, sacituzumab has been shown to
promote ADCC [79]. The pre-clinical potential has recently been con-
firmed in a large phase I in unselected TNBC (148) and ER+/HER2−
[68] patients, with an ORR of approximately 30% overall though neu-
tropenia was a significant issue (42% grade 3/4), potentially due to the
relatively less stable linker which permits release of the drug in the
blood stream [55, 56]. In the 108 TNBC patients having received at
least two previous lines of treatment, who received the 10-mg/kg dose,
the response rate was 33.3% and the PFS and OS were, respectively,
5.5 months and 13 months [65].

Based on its potential, this agent received breakthrough designation
from the FDA and the phase III ASCENT (NCT02574455) trial was
opened, planning to randomize 328 patients with advanced TNBC who
have failed at least two previous lines of therapy (including at least on
containing a taxane) between sacituzumab govitecan and physicians
choice of therapy (including eribulin). The primary end point is PFS
and results are awaited for 2019/2020.

Glembatumumab Vedotin
The glycoprotein NMB (GPNMB) is hyperexpressed in a large number of
different tumors, including breast cancer (TNBC and HER2+), and is
today recognized as a promoter of malignant behavior in breast cancer
cells [80, 81]. Critically, in cancer cells, GPNMB is predominantly locat-
ed on the membrane, while in normal cells it is more often intracellular,
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making it a particularly interesting target for an ADC [82]. Glembatu-
mumab vedotin conjugates the monoclonal anti-GPNMB antibody
(glembatumumab) with an auristatin derivate (vedotin). Pre-clinical
studies, conducted in cell lines and PDx mouse models, have suggested
that anti-tumoral efficacy is highly correlated with GPNMB expression.

In breast cancer, a wealth of clinical data is today available on glembatu-
mumab vedotin, suggesting limited efficacy, with two published trials—one
phase I/II and one phase II totalizing over 150 treated patients (see Table 2 for
detailed results), with the possibility that selected GPNMB+ patients derive a
substantial benefit (ORR 6% in the general population vs 40% in GPNMB+
patients) [83, 84]. Recently, the results of the METRIC trial, a phase 2b trial
comparing glembatumumab vedotin vs capecitabine in GPNMB+ advanced
TNBC, were reported—with no discernible advantage of the ADC over capeci-
tabine [85]. As a consequence, glembatumumab vedotin is no longer in active
development.

SAR566658
CA6 is a Mucin 1-attached sialoglycotope that is expressed nearly exclusively in
solid tumors, making it an interesting target for an ADC. The ADC SAR566658
conjugates huDS6, an anti-CA6 antibody with DM4, a maytansine derivated
anti-microtubule agent [54]. In a dose escalation phase I trial in multiple solid
tumors (114 patients) which hyperexpressed CA6. SAR566658 induced some
responses, leading to a phase II study in CA6-positive TNBC (NCT02984683),
in second to fourth line, which is currently ongoing.

Ladiratuzumab Vedotin SGN-LIV1A
LIV-1 is a transmembrane protein that promotes epithelial-to-mesenchymal
transition (EMT). It is highly expressed in breast cancer and rarely in normal
tissue [86]. Ladiratuzumab vedotin is an ADC conjugating a humanized anti-
LIV-1 antibody and an auristatin analogue (vedotin), with a protease cleavable
linker which has shown activity in vitro, as well as in mouse models of tumors
with high LIV-1 expression [87].

In a phase I study, out of 614 screened samples for LIV-1 status, 90%
were positive, with moderate to high expression being detected in 68%
of TNBC cases, 82% of ER+/HER2− and 73% of HER2+ samples.
Patients with high or moderate expression were eligible and had re-
ceived at least two previous lines of therapy. Results presented in the
TNBC cohort (63 patients) are promising (see Table 2), and the drug is
now being investigated in multiple phase I and II studies—including
within the I-SPY2 program [53].

PF-06647020
Protein tyrosine kinase 7 (PTK7) is a receptor tyrosine kinase in the Wnt
pathway, highly enriched on tumor-initiating cells (TICs) of TNBC.
Though it does not seem to play a role itself in tumor biology, its
prevalence means the possibility of leveraging it as a target for ADCs.
PTK7-ADC is composed of an anti-PTK7 antibody and an auristatin
derivate (Aur0101), linked by a cleavable valine-citrulline-based linker.
Following in vitro and PDx models showing cytotoxicity and tumor
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regression PF-06647020 has entered clinical testing [88]. Phase I data in
heavily pre-treated unselected solid tumors, including 29 TNBC patients,
show a 21% ORR [52]. Phase I studies in combination with avelumab
and gedatolisib are ongoing.

PF-06647263
Mutations in ephrin receptors (Eph) are often present in tumor tissue,
and some evidence suggests tumor-suppressing activity in normal Eph
signaling while other evidence suggests pro-tumorigenic effects [89, 90].
Their relevance in normal cell behavior and redundancy have made,
however, Eph inhibition toxic and ineffective, but still potentially useful
as a target for cytotoxic payload delivery [91].

PF-06647263 is an ADC conjugating an anti-EFNA4 (an ephrin re-
ceptor) with calicheamicin, a DNA-damaging agent. In vitro studies,
conducted particularly in cell lines and PDX models of EFNA4 hyper-
expressing TNBC cell lines, have confirmed the cytotoxic potential of PF-
06647263 in vitro. In PDX mouse models, tumor regression has likewise
been documented. Phase I results (Table 2), however, were frustrating,
with only two responses, leading to the termination of development in
TNBC [49].

Immunotherapy and ADC Combinations

Immunotherapy—in the form of immune checkpoint blockade targeting
either PD(L)-1 (pembrolizumab, nivolumab, atezolizumab) or CTLA-4
(ipilimumab), has recently changed the natural history of multiple solid
tumors [92]. In breast cancer, some data suggest the possibility of
activity, particularly in TNBC (Impassion 130) and HER2+ disease (PAN-
ACEA), though thus far with activity that is not comparable to that seen
in other diseases [93, 94]. Breast cancer, though still immunogenic, is
relatively less so, particularly when compared with lung cancer, bladder
cancer, or melanoma, with much lower median mutation burden, less
lymphocyte infiltration, and less PD-L1 expression. Therefore, it is likely
that in order to obtain substantial results in breast cancer, immune
check point blockade agents will need to be combined, either sequen-
tially or concomitantly, with other agents [95].

Some pre-clinical evidence suggests that ADCs can prime the tumor
microenvironment and potentially improve responses to checkpoint
blockade [96]. Biopsies taken 3 weeks after exposure to T-DM1 in the
WSG-ADAPT trial suggest increased T cell infiltration. In mouse models,
T cells and macrophages in the tumor microenvironment showed in-
creased CTLA-4 and PD(L)-1 expression and T-DM1 + check point
blockade showed synergistic activity [97].

The KATE2 trial is the first presented study to tests ADC and immuno-
therapy combination. Two-hundred and two patients having failed first-
line treatment for advanced disease were randomized between T-DM +
atezolizumab or T-DM1 + placebo. Though overall a benefit in terms of
PFS was not detectable, a numerical difference was present for patients
with PD-L1-positive disease (8.5 vs 4.1 m) [98]. Other ADCs, including
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trastuzumab deruxtecan, are also being investigated in phase I trials in
combination with immune-checkpoint blockade (NCT03523572).

Functional Imaging

As is the case with other anti-cancer agents, patients receive ADCs without a
clear picture of whether they will derive any benefit from it because of both
innate and acquired resistance as well as tumor heterogeneity. This leads to the
possibility of needless toxicity, expenses as well as wasted time in which the
patient could have received a more effective treatment [99].

Functional imaging holds the potential of addressing this issue.Whole body
imaging using anti-HER2 specific probes, such as 89Zr-trastuzumab (among
many others), is able to identify tumors actively expressing HER2—a matter of
potential clinical use as downregulation/structural receptor alterations are im-
portant mechanisms of trastuzumab resistance. For ADCs, this carries major
consequences as without binding to target activity is marginal. Indeed, the
ZEPHYR trial provides evidence that this concept is clinical useful, by combin-
ing traditional PET/CT with 89Zr-trastuzumab PET/CT as means of response
predictions in patients receiving T-DM1. The results of this study show that
patients with positive HER2 PET/CTs and with an early response on the FDG-
PET/CT have much better outcomes (time to treatment failure 15 m vs
2.8 months for patients with a negative HER2 PET/CT and a non-response on
the first early FDG-PET/CT [100].

Conclusion

ADCs represent an elegant evolution of the concepts behind both chemother-
apy and targeted therapy, which holds the promise to maximize efficacy while
minimizing toxicity. The initial success of T-DM1 in breast cancer led to an
acceleration in the field with over 60 new ADCs being in development. Never-
theless, the current panorama of ADCs also highlights the challenges of cancer
drug development—multiple drugs with complex science, heavy investment
behind it, and with sound pre-clinical evidence showing ultimately little or no
activity in clinical situations. Furthermore, more recent ADCs, despite advances
in linker technology, have displayed a toxicity profile that is similar or more
intense than some types of chemotherapy. Cost, particularly when balanced
against lower than expected efficacy and higher than anticipated toxicity, is also
a substantial concern to the class. In coming years, though some ADCs may
come into clinical use as monotherapy, combinations of ADCs, particularly
with immunotherapy, are likely to further improve outcomes.
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